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a b s t r a c t 

Visual categorization is the brain ability to rapidly and automatically respond to a certain category of inputs. 
Whether category-selective neural responses are purely visual or can be influenced by other sensory modalities 
remains unclear. Here, we test whether odors modulate visual categorization, expecting that odors facilitate the 
neural categorization of congruent visual objects, especially when the visual category is ambiguous. Scalp elec- 
troencephalogram (EEG) was recorded while natural images depicting various objects were displayed in rapid 
12-Hz streams (i.e., 12 images / second) and variable exemplars of a target category (either human faces, cars, or 
facelike objects in dedicated sequences) were interleaved every 9 th stimulus to tag category-selective responses at 
12/9 = 1.33 Hz in the EEG frequency spectrum. During visual stimulation, participants (N = 26) were implicitly 
exposed to odor contexts (either body, gasoline or baseline odors) and performed an orthogonal cross-detection 
task. We identify clear category-selective responses to every category over the occipito-temporal cortex, with the 
largest response for human faces and the lowest for facelike objects. Critically, body odor boosts the response 
to the ambiguous facelike objects (i.e., either perceived as nonface objects or faces) over the right hemisphere, 
especially for participants reporting their presence post-stimulation. By contrast, odors do not significantly mod- 
ulate other category-selective responses, nor the general visual response recorded at 12 Hz, revealing a specific 
influence on the categorization of congruent ambiguous stimuli. Overall, these findings support the view that the 
brain actively uses cues from the different senses to readily categorize visual inputs, and that olfaction, which 
has long been considered as poorly functional in humans, is well placed to disambiguate visual information. 
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. Introduction 

Vision is commonly considered the dominant sense in humans
hereas olfaction is deemed as poorly functional. This is illustrated
y the fact that nearly 3 out of 4 persons are more afraid of blind-
ess than of any other sensory deprivation, while no one report anos-
ia as the scariest deprivation ( Hutmacher, 2019 ; although the recent
OVID19 pandemic probably changed this representation). The function
f olfaction has long been confined to alertness ( Herrick, 1933 ), as we
re consistently better at detecting than identifying an odor ( Cain, 1979 ;
eshurun and Sobel, 2010 ). Odor recognition appears undetermined and
exible ( Barwich, 2019 ; Cain, 1979 ), being largely influenced by con-
extual cues such as colors (e.g., Morrot et al., 2001 ; Zellner et al., 1991 )
r verbal labels ( Herz and von Clef, 2001 ). As a result, olfactory-visual
nteractions have often been investigated through the lens of vision mod-
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lating odor perception (e.g., Gottfried and Dolan, 2003 ; Jadauji et al.,
012 ; Manesse et al., 2020 ). 

Over the last decades, it has yet been progressively established that
umans possess a keen sense of smell ( McGann, 2017 ; Schaal and
orter, 1991 ). Mounting evidence reveals how olfaction influences other
ensory modalities, in particular vision. Odors indeed attenuate the at-
entional blink for congruent visual objects ( Robinson et al., 2013 ), help
olor recognition if odors and colors were previously paired ( Demattè
t al., 2006 ), improve congruent object detection in visual scenes
 Seigneuric et al., 2010 ; Seo et al., 2010 ), and bias perception towards
he congruent object during binocular rivalry ( Zhou et al., 2010 ). At
he neural level, odor (in)congruency modulates the scalp electroen-
ephalographic (EEG) activity elicited by a visual stimulus ( Ohla et al.,
018 ), or by an auditory cue that follows paired odor and visual stim-
li and signals that the visual stimulus must be explicitly categorized
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 Hörberg et al., 2020 ). Olfactory-visual integration activates a broad
eural network ( Ripp et al., 2018 ), including regions traditionally con-
idered as visual, and which respond as a function of the reported con-
ruency between a visual object and an odor ( Lundström et al., 2019 ). 

The influence of odors on vision has also been extensively de-
cribed for one of the most important objects of the human visual en-
ironment, i.e., faces. Odors facilitate face memory ( Cecchetto et al.,
020 ; Steinberg et al., 2012 ) and orient judgments of face attrac-
iveness ( Demattè et al., 2007 ; Parma et al., 2012 ; Rikowski and
rammer, 1999 ), face sex ( Kovács et al., 2004 ), or face-evoked per-

onality traits ( Cook et al., 2015 , 2017 , 2018 ; Dalton et al., 2013 ;
i et al., 2007 ). Emotional body odors (i.e., collected in anxiogenic
r happy contexts) elicit (in)congruency effects on the perception of
acial expressions ( Kamilo ğlu et al., 2018 ; Mujica-Parodi et al., 2009 ;
ocha et al., 2018 ; Wudarczyk et al., 2016 ; Zernecke et al., 2011 ;
hou and Chen, 2009 ), which is also biased by hedonically-contrasted
on-body odors ( Cook et al., 2017 ; Leleu et al., 2015a ; Leppänen and
ietanen, 2003 ; Seubert et al., 2010 ; Syrjänen et al., 2017 , 2018 ). The
eural underpinnings of these odor influences on facial information
ave been explored, revealing various patterns of modulations in “vi-
ual ” brain regions ( Cecchetto et al., 2020 ; Wudarczyk et al., 2016 ;
ovak et al., 2015 ; Seubert et al., 2010 ), or in the EEG activity elicited by

he face stimulus ( Adolph et al., 2013 ; Cook et al., 2017 ; Forscher and
i, 2012 ; Leleu et al., 2015b ; Poncet et al., 2021 ; Rubin et al., 2012 ;
yrjänen et al., 2018 ). Interestingly, given the high relevance of the
ense of smell at the beginning of life ( Schaal et al., 2020 , for review)
ompared to the relative immaturity of the visual system ( Braddick and
tkinson, 2011 ), odors strongly influence how infants look at faces
 Durand et al., 2020 , 2013 ), or how their brain responds to facial in-
ormation ( Jessen, 2020 ; Leleu et al., 2020 ; Rekow et al., 2021 , 2020 ). 

Despite consensual evidence that odors influence visual perception,
everal important questions remain unanswered. First , whether odors
re truly able to influence neural visual categorization is unclear. Visual
ategorization is the brain ability to rapidly (i.e., at a glance) and auto-
atically (i.e., without volitional control) respond to a certain class of

isual objects (e.g., Bugatus et al., 2017 ; Thorpe et al., 1996 ), relying on
 set of category-selective regions in the ventral occipito-temporal cor-
ex (VOTC). Category-selective neural responses can thus be measured
n the absence of an explicit behavioral task, and are optimally defined
y contrasting different exemplars of one category to many other stim-
li from different categories ( Hagen et al., 2020 ; Jacques et al., 2016b ).
ell-known category-selective visual regions (e.g., the fusiform gyrus)

ave been associated with odor effects in neuroimaging studies reviewed
bove ( Cecchetto et al., 2020 ; Lundström et al., 2019 ; Seubert et al.,
010 ; Wudarczyk et al., 2016 ). However, their activity was often de-
ived from a contrast between different behavioral responses to a single
ategory rather than a contrast between different visual categories irre-
pective of behavior. Similarly, odor effects have been rarely explored
or category-selective responses in EEG studies, and these effects were
ometimes measured at late latencies over parietal and frontal regions
e.g., Hörberg et al., 2020 ; Ohla et al., 2018 ), contrary to occipito-
emporal category-selective EEG responses (e.g., Jacques et al., 2016a ).
o our knowledge, the only EEG studies measuring how odors modulate
 category-selective visual response have been conducted in 4-month-
ld infants ( Leleu et al., 2020 ; Rekow et al., 2021 , 2020 ). Whether odors
ffect automatic visual categorization in the adult brain is still to be es-
ablished. 

Second , whether olfactory-visual interaction operates for the mere
ategorization of a visual object as a face (i.e., generic face categoriza-
ion) must be examined. Both faces and body odors convey a wealth
f information about our conspecifics (e.g., identity, sex, age) and their
nternal states (e.g., emotion, health). Therefore, prior interest for odor-
ace integration has been put on such fine-grained information (see
amon et al., 2021 ; Spence, 2021 ; Syrjänen et al., 2021 for recent re-
iews). As far as we know, the influence of a body odor on generic face
ategorization has only been investigated at 4 months of age. Mater-
2 
al body odor orients the infant’s gaze towards a face when the face is
aired with a car ( Durand et al., 2013 ), and enhances a face-selective
eural response over the right occipito-temporal cortex ( Leleu et al.,
020 ). The latter effect is selective to face categorization, as no effect is
ound for a nonface category (i.e., cars: Rekow et al., 2020 ), except for
onface objects perceived as faces (i.e., facelike objects; Rekow et al.,
021 ). Hence, whether odor effects on generic face categorization are
aintained in adulthood must be explored. 

Third and finally, whether the putative odor influence on category-
elective responses in the adult brain depends on the ambiguity of the
isual input has to be delineated, considering that the adult visual sys-
em readily categorizes faces and other visual objects from the sole
isual input in typical conditions. Indeed, odor effects on category-
elective neural responses in 4-month-old infants ( Leleu et al., 2020 ;
ekow et al., 2021 , 2020 ) have been observed when the visual sys-

em is still immature and visual experience is poor compared to that
f adults. In addition, the strength of the odor effect for a given in-
ant increases as the sole visual input is weakly effective in evoking
 response ( Rekow et al., 2021 ), in line with the inverse effective-
ess principle of multisensory integration ( Regenbogen et al., 2016 ;
tein and Meredith, 1993 ). Similarly, numerous adult studies found the
argest odor effects on facial expression recognition for ambiguous stim-
li ( Forscher and Li, 2012 ; Leleu et al., 2015a ; Mujica-Parodi et al.,
009 ; Novak et al., 2015 ; Rubin et al., 2012 ; Zernecke et al., 2011 ;
hou and Chen, 2009 ). Accordingly, whether congruent odors act as
isambiguating cues on category-selective visual responses in the adult
rain (i.e., the so-called disambiguation function of multisensory inte-
ration; Ernst and Bülthoff, 2004 ) has to be explored. 

Here we address these unresolved issues using an EEG frequency-
agging approach. We focus on the visual categorization of human faces,
onface objects resembling faces (i.e., facelike objects), and cars. Dur-
ng visual stimulation, participants were alternatively and blindly ex-
osed to a body, a gasoline or a baseline (i.e., mineral oil) odor con-
ext, the two formers being chosen for their expected congruency with
ace(like) and car stimuli, respectively. Following previous studies in in-
ants ( Leleu et al., 2020 ; Rekow et al., 2021 , 2020 ), and since faces and
ars are readily categorized in the adult brain whereas facelike objects
re more ambiguous (i.e., they elicit a lower response than genuine hu-
an faces and are reported by only a fraction of participants in such
 rapid and implicit mode of visual stimulation; Rekow et al., 2022 ),
e hypothesized that the congruent body odor context mainly enhances

he visual categorization of facelike objects, this effect depending on the
erceptual awareness of a face in these objects (i.e., face pareidolia). 

. Materials and methods 

.1. Data availability 

Data (participant information and preprocessed EEG data) are freely
ccessible at the following link: https://osf.io/72ebd/ . 

.2. Participants 

Twenty-six participants (14 females, 4 left-handed, mean age ± SD:
5 ± 4.5 years old) were recruited and compensated for their partici-
ation. All were healthy at the time of the study and reported normal
r corrected-to-normal vision, and no history of allergy, sensory impair-
ent, psychiatric or neurological disorder. The work described has been

arried out in accordance with The Code of Ethics of the World Medical
ssociation (Declaration of Helsinki) for experiments involving humans
nd was approved by the local ethics committee (CERUBFC-2021-05-
1-014). Participants provided written informed consent prior to be-
inning. A full debriefing after the experiment explained the whys and
hereabouts of the study and revealed they have been exposed to im-
licit olfactory stimulation during testing. An additional consent was
hus obtained after full disclosure. Participants were differentiated in

https://www.osf.io/72ebd/
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Figure 1. Stimuli and experimental paradigm. A. Examples of variable unsegmented images used as stimuli and depicting base objects ( N = 170), human faces 
( N = 66, 33 females), cars ( N = 66) and facelike objects ( N = 66). B. Excerpt of ≈ 1.5s (out of 24) of visual stimulation at a 12-Hz rate of image presentation (i.e., 
12 images per second, 83 ms per image). Base objects are presented while faces, cars or facelike objects (in different sequences) are inserted every 9 th stimulus (i.e., 
at a 1.33-Hz category-selective rate, 750 ms between two exemplars). C. Odor contexts (baseline, gasoline and body odor) are presented throughout each sequence 
(one odor per sequence). 
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wo groups according to their reported awareness of facelike stimuli
ost-experiment (see 2.5. Procedure). 

.3. Visual stimuli 

We used 368 natural images of objects unsegmented from their back-
round (examples in Figure 1 A) divided in 4 subsets: 66 human faces (33
emales), 66 cars, 66 facelike stimuli (i.e., nonface objects inducing face
areidolia) and 170 base objects of numerous living and non-living cate-
ories (e.g., plants, vegetables, animals, man-made objects). All facelike
timuli depicted object categories that were also used as base objects
e.g., in Figure 1 A, base object categories are matched with those in the
acelike stimuli).. These stimuli have been used in previous experiments
sing an analogous approach in infants ( Leleu et al., 2020 ; Rekow et al.,
021 , 2020 ) and adults (e.g., Quek et al., 2018 ; Rekow et al., 2022 ).
n particular, facelike stimuli were previously selected from a larger set
ollowing a pretest evaluating their facelikeness in a previous study (see
ekow et al., 2022 , for details). Each image contained a single item, de-
icted off-centered in the image to increase physical variability across
ategory exemplars. In addition, items varied in size, viewpoint, lighting
ondition and background. After being cropped to a square, they were
esized to 300 × 300 pixels. Displayed on a screen at a 57-cm distance,
hey roughly covered 8.3° of visual angle. 

.4. Odor stimuli 

Three odor contexts were used: a generic human body odor (i.e., a
omposite body odor pooled across 8 donors), a gasoline odor, and a
aseline odor (i.e., scentless mineral oil). The two formers were chosen
or their congruency with the visual categories (i.e., face(like)s and cars)
nd the latter as a control odor condition. Pilot experiments with inde-
endent raters were conducted to characterize the sensory properties of
ody odors and match the gasoline odor with them (see Supplementary
ethods for details). These odor stimuli were perceived with equivalent
3 
ntensity and pleasantness (all t s < 0.9, all p s > .38; see Supplementary
ethods for details). 

The body odor consisted in axillary sweat samples collected from
6 independent non-smokers donors (8 females, mean age ± SD: 25 ±
 years old) who followed a 24-hour hygiene procedure (see Supple-
entary Methods for details). Samples were collected on 2 cotton pads
 donor (one under each armpit), cotton pads being subsequently cut
n 8 units (i.e., 16 units / donor in total) and frozen until the time of
he experiment. Two composites of 8 individuals each (4 females) were
reated by matching sampling duration and age across them (see Table
1). Since 16 samples were collected for each donor, 16 pools of 8 sam-
les were created for each composite and each participant of the EEG
xperiment was exposed to only one pool from one composite (i.e., 13
articipants to each composite). The gasoline odor consisted in 1 mL of
0 − 3 gasoline oil diluted in mineral oil and disposed on a volume of cot-
on pads equivalent as for the body odor condition (i.e., 1 cotton pad, cut
n 8 units). The odorless baseline odor consisted in a cotton pad impreg-
ated with 1 mL of scentless mineral oil and also cut in 8 units. Odors
or each participant were prepared before testing in a separate room:
nits of cotton pads containing body odor, gasoline or mineral oil were
ut in dedicated 60 mL sealed glass flasks and left at room temperature
 + 20°C). 

.5. Procedure 

EEG was recorded in a sound and light-attenuated cabin equipped
ith an air-vacuum. To reduce additional olfactory noise, the non-

moker experimenter used scentless soap and avoided consuming any
dorant product prior to testing. In the cabin, participants were seated
t a 57-cm distance from the screen with their head on a chinrest. The
creen (24-inch LED) displayed images with a refresh rate of 60 Hz
nd a resolution of 1920 × 1080 pixels on a uniform grey background
i.e., 128/255 in greyscale). To diffuse the odorants, we used an odor-
elivering device adapted from previous studies ( Leleu et al., 2015b ;
oncet et al., 2021 ). The three odor flasks were connected to a device
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elivering a constant flow of scentless air originating from a tank of pres-
ured air purified by charcoal filters and set at room temperature. The
irflow was delivered at an undetectable pressure (i.e., 0.5 bar) to avoid
he mechanical sensation of air on the skin and to ensure unawareness
f olfactory stimulation throughout the experiment. The airflow was di-
ected to one of the three flasks by a hand-activated valve from where
 tube was connected to the chinrest to diffuse odors directly under the
ose of the participants in the cabin. The flasks and the odor diffusing
ystem were hidden from the participants and remain unnoticed until
he end of the experiment (see below). 

We used an EEG frequency-tagging approach ( Norcia et al., 2015 ) to
easure rapid (i.e., single-glance) and automatic (i.e., without explicit

ntention) visual categorization in the brain. The design was adapted
rom previous studies which successfully isolated category-selective re-
ponses at different levels of brain organization in adults (e.g., Gao et al.,
018 ; Hagen et al., 2020 ; Jacques et al., 2016a ), and infants ( de Heer-
ng and Rossion, 2015 ; Leleu et al., 2020 ; Rekow et al., 2021 , 2020 ).
ase objects were presented without inter-stimulus interval at a rapid
2-Hz rate (i.e., 12 images / second, ≈ 83 ms per image, Figure 1 B)
nd images of either human faces, cars, or facelike objects (one target
ategory per sequence) were periodically interspersed every 9 th stim-
lus, corresponding to a category-selective rate of 1.33 Hz (i.e., 12 /
; 750 ms between each category exemplar). With this approach, we
solate two distinct brain responses in the EEG frequency spectrum: (1)
 general visual response at 12 Hz and harmonics (i.e., integer multi-
les) elicited by the information rapidly changing 12 times per second
e.g., local contrast) and (2) a category-selective response at 1.33 Hz
nd harmonics reflecting the visual categorization of the target cate-
ory. The latter response is a direct differential response to the target
ategory (i.e., reflecting its discrimination from the other categories dis-
layed in the sequence that generalizes across the various exemplars of
he target category) elicited by populations of neurons that selectively
espond to this category in the VOTC ( Gao et al., 2018 ; Hagen et al.,
020 ; Jonas et al., 2016 ). 

The visual stimulation sequences were as follows: After a fixed in-
erval of 1.5 seconds, a fade-in ramping from 0 to 100% contrast depth
asted 1.417 s before 23.333 s of full-contrast stimulation. A 0.667-s
ade-out of decreasing contrast followed and the sequence closed on a
.083 s of post-stimulation interval of grey background. For the target
ategories, each set of 66 images was randomly divided into two 33
timuli sets, each set being used in a single sequence. All base objects
ere used in every sequence. During each sequence, stimuli were ran-
omly selected from their respective sets. Given the high volatility of the
asoline odor, two 1 mL samples were presented each for one half of the
xperiment. The nine experimental conditions were presented 4 times
ach: 3 odor contexts (body, gasoline, baseline) × 3 visual categories
human faces, facelike objects, cars) × 4 repetitions (2 subsets of stim-
li presented twice). Each participant was thus tested for 36 sequences
rganized in 12 blocks of 3 sequences. In each block, odor conditions
ere paired each with one visual category, such that every odor and
isual conditions were presented once within a block. These odor-visual
ssociations were alternated between blocks. 

After ensuring the participant was still and ready, the experimenter
tarted odor diffusion and launched visual sequences. Odor diffusion
tarted 5 seconds before each visual sequence and remains for the whole
equence. A minimum interval of 25 seconds was introduced between
isual sequences and during which the baseline odor was diffused. In
ther words, at the end of each visual sequence, the experimenter im-
ediately launched the baseline odor if the previous trial was odorant

i.e., body or gasoline odors) and waited 25 seconds before asking the
articipant if they were ready for the next sequence. 

To ensure that participants stayed focus on the visual stimulation,
hey performed an orthogonal behavioral task consisting in the detec-
ion of a 250 × 250 pixel-large white cross (3-pixel thick, 200 ms dura-
ion) superimposed on the images at the center of the screen. The cross
ppeared randomly six times per sequence, with a 2-second-minimum
4 
nterval between appearances. Participants were instructed to press the
pacebar (simultaneously with both index fingers) as rapidly as possi-
le when they detect the cross. An ANOVA was run on accuracy and
esponse times for correct detections, and revealed no effect of Category
face, car, facelike), Odor (body, gasoline, baseline), and Category × Odor
nteraction (all F s < 1). The mean accuracy was near ceiling (97.7 ± 0.3
 SD ) %) with a mean response time of 396 ± 28 ( SD ) ms. 

After the EEG experiment, participants were asked to fill a ques-
ionnaire intended to document the non-detection of odors during the
xperiment and their evaluation, and naivety regarding the frequency-
agging approach and the tagged categories. No participants declared
aving noticed the presence of the airflow and the diffusion of odors
uring the experiment, nor the periodicity of the visual stimulation, or
he dissociation of sequences based on the target categories. A short in-
erview completed this questionnaire, to document whether participants
etected the facelike stimuli during which three questions were asked in
he following order: “did you notice something particular during the ex-
eriment? ”, “did you notice something about the visual stimuli? ”, “did
ou notice the presentation of facelike objects? ”. Questions were asked
equentially if the participants did not mention themselves the facelike
bjects. Based on their replies, participants were split into two groups,
epending on whether they had mentioned illusory faces in at least one
f the three questions. A total of 9 participants (i.e., 35%) declared hav-
ng perceived the facelike stimuli on the course of the experiment; they
ill be henceforth designated as perceptually “aware ” participants vs.

unaware ” participants for those who did not notice the facelike ob-
ects (i.e., the 17 remaining participants). Next, the experimenter dis-
losed the diffusion of odors and participants were asked to rate the
dorants (see Supplementary Methods, Tables S2 and S3). Gasoline and
ody odors did not differ in perceived pleasantness, intensity and famil-
arity (all t s < 1.95, all p s > .06), and perceptually aware and unaware
articipants did not differ in these ratings. Importantly, the two groups
f participants were equally exposed to the two body-odor composites
see Supplementary Methods). 

.6. EEG recording and preprocessing 

Scalp electroencephalogram (EEG) recording started once the partic-
pant was installed in the cabin. It was continuously acquired until the
nd of the experiment. A 64-channel Biosemi Active-Two amplifier sys-
em was used, with Ag/AgCl electrodes disposed according to the 10–10
lassification montage (BioSemi, The Netherlands) and sampled at 1024
z. Reference and ground were constituted by the active electrode CMS

Common Mode Sense) and the passive electrode DRL (Driven Right
eg), respectively. Electrode offset was set below ± 15 𝜇V for all elec-
rodes. 

EEG analyses were run on Letswave 6 ( https://www.letswave.org/ )
mplemented on Matlab 2017 (MathWorks, USA). Continuous individual
atasets were first highpass filtered at 0.1 Hz using a 4 th -order Butter-
orth filter, then resampled to 200 Hz. Epochs were segmented from

he start of the fade-in until 0.583 s after the end of fade-out (i.e., for
6 s) resulting in 36 segments per participant. To identify eye-blinks
nd additional high (i.e., > 200μV) artifacts over frontal or temporal
lectrodes, an Independent Component Analysis (ICA) using a square
ixing matrix was computed for each epoch and participant. The mean
 SD number of ICs removed was 4 ± 2 (range: 1–8). Additional artifact-

idden electrodes were linearly interpolated from 3 to 5 (depending on
dge/central locations) immediately neighboring channels, for an aver-
ge of 2 ± 2 interpolations per participant (range: 0–7). Epochs were
hen re-referenced to the average of the 64 channels. 

.7. EEG frequency ‐domain analysis 

EEG data analysis was largely similar to previous frequency-
agging studies on visual categorization ( Jacques et al., 2016a ;
ekow et al., 2022 ; see Retter and Rossion, 2016 for a discussion).

https://www.letswave.org/
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t  
pochs were precisely segmented to comprise an exact number of
ategory-selective 1.33-Hz cycles, i.e., into 24-s-long epochs, starting
rom the end of the fade-in (i.e., first target category exemplar) to the
nd of the fade-out, for a total of 32 cycles. To reduce neural activity
on-phase-locked to the presentation of the target stimuli, epochs were
hen individually averaged for the 4 repetitions of each condition, re-
ulting in 9 epochs of 24 s per participant (i.e., 1 per experimental con-
ition). A fast Fourier transform (FFT) was applied to every epoch and
mplitude spectra were extracted for all channels with a high frequency
esolution of 1/24 = 0.0417 Hz. 

Next, we evaluated the number of harmonics to retain for having a
horough estimation of each brain response ( Retter et al., 2021 ). To con-
ider an identical number of harmonics across experimental conditions,
ndividual data were grand-averaged across odor contexts and visual
ategories, and channels were pooled together. Z -scores were computed
n amplitude spectra as the difference between each frequency bin and
he mean surrounding noise estimated from the 20 adjacent bins (10
n each side) excluding the most extreme (minimum and maximum)
nd immediately adjacent bins, divided by the standard deviation of the
oise. Harmonics were considered until Z -scores ceased to be consecu-
ively significant ( Z > 1.64, p < .05, one-tailed, signal > noise). For the
ategory-selective response, harmonics were significant until the 14 th 

armonic (i.e., 18.67 Hz). For the general visual response, harmonics
ere significant until the 4 th harmonic (i.e., 48 Hz; harmonics above the
0-Hz response elicited by AC power were not considered). To provide
 summary representation of both responses ( Retter et al., 2021 ), they
ere compiled by summing significant harmonics (excluding the 12-Hz
armonic (i.e., general response) for the category-selective response)
or each condition, channel and participant. In the following sections,
entions of both responses will refer to these overall responses summed

cross harmonics. 
The magnitude of each brain response was quantified by a baseline-

orrected amplitude value expressed in microvolt (μV) obtained by sub-
racting the mean background noise from the raw amplitudes, based
n the same noise estimation as defined above. Considering that each
isual category may recruit different neural populations, we defined re-
ions of interest (ROIs, Figure S1) separately for each category from
roup-level data. Baseline-corrected amplitudes at each electrode were
anked from highest to lowest (Tables S4 and S5). For the three category-
elective responses, the six best electrodes were P10, PO8, P8, P9, PO7
nd P7 (different order for each visual category; Table S4). Two ROIs
ere thus considered over the right occipito-temporal cortex (rOT) and

he left occipito-temporal cortex (lOT) to account for putative hemi-
pheric asymmetries. For all three visual categories, a single ROI was
uilt for the general visual response over the middle occipital cortex (4
est channels: O1/2, Oz, Iz). For both brain responses, ROIs were used
or statistical analyses. 

Statistical analyses were computed separately for the category-
elective and general visual responses. The significance of each brain re-
ponse at both group and individual levels was estimated using Z -scores
see above) calculated on uncorrected amplitudes. Repeated-measures
NOVA were also run on individual baseline-corrected amplitudes. For

he category-selective response, Odor (body, gasoline, baseline), Cate-
ory (faces, cars, facelike objects) and Hemisphere (rOT, lOT) were used
s within-subject factors, and Group (aware, unaware) as a between-
ubject factor. For the general visual response, the same factors were
onsidered without the factor Hemisphere (only one ROI). Mauchly’s test
or sphericity violation was computed and Greenhouse-Geisser correc-
ion ( 𝜀 ) for degrees of freedom was applied whenever sphericity was vi-
lated. Effect sizes are reported with partial eta squared ( 𝜂p 

2 ). Since the
mplitude of the category-selective response can be highly different be-
ween visual categories ( Jacques et al., 2016a ; see Rekow et al., 2022 for
he difference between the face- and facelike-selective responses), the
dor effect on the weakest category-selective response might be masked
y the largest responses in the omnibus ANOVA. Hence, we also ran
 repeated-measures ANOVA after having normalized each category-
5 
elective response by its overall amplitude over the scalp ( McCarthy and
ood, 1985 ). For significant Odor effects, orthogonal contrasts were

alculated to qualify the effects depending on the congruency between
dors and visual categories (e.g., for an odor effect on the selective
esponse to facelike objects, contrasts are: body odor vs. gasoline and
aseline, and gasoline vs. baseline, expecting the first one as the only
ignificant contrast explaining most of the effect). A significant Odor
ffect for a specific category was then further explored by computing
he amplitude difference between odor conditions expressed in non-
ormalized baseline-corrected amplitudes (e.g., body odor minus the
verage of gasoline and baseline) and conducting a repeated measures
NOVA on this mean odor effect including Hemisphere and Group as
ithin- and between-subject factors, respectively. Z -scores (see above)
ere also calculated to estimate the significance of the effect ( Z > |1.96|,
 < .05, two-tailed, effect ≠ 0). 

. Results 

In a first section, we characterize the selective responses to human
aces, cars and facelike objects by estimating their significance and com-
aring their amplitude across categories irrespective of the odor context.
n a second section, we examine how odors influence each category-
elective response, before considering the specific effect of body odor
n the facelike-selective response according to participants’ awareness
f facelike objects in a third section. Finally, the fourth section describes
he general visual response and its sensitivity to odor contexts. 

.1. Neural categorization of human faces, cars, and facelike objects 
cross odor contexts 

Despite the high constraints put on the visual system to categorize
uman faces, cars, and facelike objects at a glance within 12-Hz streams
f numerous living and non-living objects, the three visual categories
licit a clear selective response distributed on several harmonics (i.e.,
.33 Hz and integer multiples) in the EEG frequency spectrum, espe-
ially over the occipito-temporal cortex ( Figure 2 A). Summed across
armonics and averaged across hemispheres, every response is signif-
cant ( Z = 21.1, 11.3, and 2.13 respectively for the face-, car-, and
acelike-selective responses, all p s < .017). The face-selective response is
he largest (mean amplitude across hemispheres ± SEM : 2.56 ± 0.21 μV),
ollowed by the car-selective response (1.38 ± 0.12 μV, 54% of the face-
elective response) and the facelike-selective response (0.29 ± 0.05 μV,
1% of the car-selective response, 12% of the face-selective response),
s revealed by a main effect of Category ( F (1.6, 38.1) = 60, 𝜀 = 0.79, p
 .001, 𝜂p 

2 = 0.71). Accordingly, while every participant presents with
 significant (i.e., Z > 1.64) face-selective response and 25 participants
ut of 26 with a significant car-selective response, the facelike-selective
esponse is significant in only 14 participants out of 26. In addition, the
hree responses present with a larger amplitude over the right hemi-
phere (rOT > lOT, main effect of Hemisphere: F (1, 24) = 8.31, p = .008,

p 
2 = 0.26; Figure 2 B), especially the facelike-selective response (0.36
 0.08 μV vs. 0.23 ± 0.05 μV, i.e. + 59% over rOT; faces: 2.88 ± 0.29
V vs. 2.25 ± 0.22 μV, + 28% over rOT; cars: 1.61 ± 0.19 μV vs. 1.16 ±
.09 μV, + 39% over rOT). 

.2. Category ‐selective responses as a function of odor context 

Given the very low amplitude of the facelike-selective response com-
ared to the two other responses, the omnibus ANOVA did not reveal
ny significant interaction involving the Category and Odor factors (all
 s < 1.79, all ps > .13; Table S6). We therefore conducted another
NOVA with the same factors after having normalized the responses by

heir whole-scalp amplitude ( McCarthy and Wood, 1985 ) to equate their
agnitude, and found a significant Category × Odor interaction ( F (2.3,
5.8) = 4.47, 𝜀 = 0.58, p = .012, 𝜂p 

2 = 0.16). As visible in Figure 3 ,
he Odor effect is significant for the facelike-selective response ( F (2,
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Figure 2. EEG frequency spectrum averaged across odor contexts for each visual category. A. Left: Grand-averaged FFT amplitude spectra (uncorrected) recorded for 
sequences presenting human faces (orange), cars (light green) and facelike objects (dark green) among base objects. All types of sequences elicit clear responses (larger 
than surrounding frequencies) at the 12-Hz frequency of stimulation and at the 1.33-Hz category-selective frequency and its harmonics (i.e., integer multiples, here 
displayed from 2.67 Hz to 10.67 Hz) over bilateral occipito-temporal channels (P9/10, PO7/8 and P7/8). Right: 3D head-maps (back view, same scale) showing the 
topography and the magnitude (in baseline-corrected amplitude) of each category-selective response summed across harmonics ( Σ). B. Baseline-corrected amplitude 
of the category-selective responses summed across significant harmonics ( Σ) compared to surrounding frequencies ( ± 0.5 Hz, baseline-corrected amplitude ≈ 0, signal 
≈ noise) over the right occipito-temporal region (rOT). The black line depicts the mean of the group and colored lines represent individual responses. Adjusted-scale 
3D head-maps (back view) are shown for each category. 

Figure 3. Category-selective responses according to odor context. Summed baseline-corrected amplitudes of the category-selective responses for each visual category 
(left: human faces, middle: cars, right: facelike objects), odor context (green: baseline odor, light blue: gasoline odor, dark blue: body odor; dots represent individual 
data) and hemisphere (dotted line: lOT, solid line: rOT). Corresponding 3D head-maps (back view, adjusted scales) are below each condition. Error bars represent 
standard errors of the mean; ∗ : p < .05. 
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8) = 5.12, p = .009, 𝜂p 
2 = 0.18), while non-significant for both the

ace-selective and car-selective responses (all F s < 1; Table S7). For the
acelike-selective response, a significant difference between the body
dor context and the two other contexts ( F (1, 24) = 9.58, p = .005,

p 
2 = 0.29) explains 70% of the effect. The remaining difference be-

ween the baseline and gasoline odors is not significant ( F (1, 24) = 2.48,
 = .13, 𝜂p 

2 = 0.09). 
In the body odor context, the facelike-selective response ( Figure 3 ,

ight panel) is particularly great over the right hemisphere (rOT), with
 ≈ 54% larger amplitude in this odor context than in the two other
ontexts (0.47 ± 0.09 μV vs. 0.27 ± 0.09 and 0.34 ± 0.11 μV for the
aseline and gasoline odors, respectively). In contrast, the response is
ess variable over lOT, its amplitude ranging from 0.16 ± 0.06 to 0.28
 0.07 μV, the latter being observed for the gasoline odor context. As
 result, we found a significant Odor effect over rOT ( F (2, 48) = 3.71,
6 
 = .032, 𝜂p 
2 = 0.13), but not lOT ( F (2, 48) = 1.32, p = .28, 𝜂p 

2 = 0.05).
he effect over rOT is almost entirely driven (97%) by the difference
etween the body odor and the two other odor contexts ( F (1, 24) = 11.4,
 = .003, 𝜂p 

2 = 0.32). Moreover, individual Z -scores over rOT revealed
hat the facelike-selective response is significant for 10 participants out
f 26 in the baseline and gasoline odor contexts, increasing up to 17
articipants in the body odor context. Over lOT, significant individual
esponses are observed for only 4 (baseline), 6 (body), and 7 (gasoline)
articipants out of 26. 

For the face-selective response ( Figure 3 , left panel), amplitude
aries between 2.86 ± 0.29 and 2.91 ± 0.32 μV across odor contexts over
OT. Over lOT, the response is of 2.35 ± 0.19 and 2.30 ± 0.25 μV in the
aseline and gasoline odor contexts, respectively, while slightly lower
n the body odor context (2.09 ± 0.24 μV), as indicated by a marginal
dor × Hemisphere interaction ( F (2, 48) = 2.49, p = .093, 𝜂p 

2 = 0.09).
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Figure 4. Facelike-selective response according to odor context and perceptual 
awareness of facelike objects. A. Summed baseline-corrected amplitudes of the 
facelike-selective response for each group of participants (perceptually aware 
and unaware) and odor context (green: baseline odor, light blue: gasoline odor, 
dark blue: body odor) illustrated by 3D head-maps (back view). B. Body odor 
effect (body minus other odors) for each group of participants (aware: orange, 
unaware: grey, dots represent individual data) and hemisphere (lOT: unframed, 
rOT: framed) with corresponding 3D head-maps (back view). Error bars rep- 
resent standard errors of the mean, ∗ : p < .05; ∗ ∗ ∗ : p < .001. C. Significance 
of individual responses over rOT. Top: Proportion of significant individual re- 
sponses by odor context for perceptually aware (left) and unaware (right) par- 
ticipants. Bottom: highest individual Z -scores (each dot represents a participant) 
ranked in ascending order for each group of participants and colored by odor 
context (green: baseline odor, light blue: gasoline odor, dark blue: body odor). 
Significance threshold ( Z > 1.64, p < .05) is indicated by the dotted line (non- 
significant Z -scores are lighter). 
μ  

r  

w  

r  

1  
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he car-selective response ( Figure 3 , middle panel) is even more stable
cross odor contexts, its amplitude varying between 1.60 ± 0.18 and
.63 ± 0.21 μV over rOT, and between 1.13 ± 0.10 and 1.19 ± 0.11 μV
ver lOT. 

.3. Body odor effect on the facelike ‐selective response according to 
eported face pareidolia 

Figure 4 depicts the facelike-selective response differentiated be-
ween participants according to their reported awareness of facelike
bjects post experiment. Interestingly, the body odor effect previously
escribed over the right hemisphere for the whole group of participants
ppears more clearly visible for perceptually aware than unaware par-
icipants. Albeit slightly increased by the body odor, the amplitude of
he facelike-selective response is close in the three odor contexts for un-
ware participants (body: 0.39 ± 0.11 μV, gasoline: 0.33 ± 0.14 μV,
aseline: 0.34 ± 0.12 μV), while more strongly increased by body odor
or aware participants (body: 0.62 ± 0.13 μV, gasoline: 0.35 ± 0.18 μV,
aseline: 0.14 ± 0.11 μV; about 153% larger amplitude in the body odor
ontext; Figure 4 A). 

Hence, to further investigate the difference between the body odor
ontext and the two other contexts (i.e., the body odor effect) on the
acelike-selective response for both groups of participants, we calcu-
ated the amplitude difference between the body odor and the mean
f the two other odors ( Figure 4 B) and conducted another ANOVA on
his body odor effect using Hemisphere (rOT, lOT) as a within-subject
actor and Group (aware, unaware) as a between-subject factor. This
nalysis yielded a non-significant effect of Group ( F (1,24) = 1.59,
 = .22, 𝜂p 

2 = 0.06) and a marginal effect of Hemisphere ( F (1,24) = 4.15,
 = .053, 𝜂p 

2 = 0.15), qualified by a significant Hemisphere × Group in-
eraction ( F (1,24) = 4.38, p = .047, 𝜂p 

2 = 0.15). The body odor effect
s larger for perceptually aware than unaware participants in the right
emisphere (aware: + 0.38 ± 0.09 μV vs. unaware: + 0.05 ± 0.08 μV; F
1,24) = 6.81, p = .015, 𝜂p 

2 = 0.22), but not in the left (aware: -0.04
 0.12 μV vs. unaware: + 0.06 ± 0.09 μV; F < 1). Therefore, the body
dor effect is larger in the right than the left hemisphere only for aware
articipants ( F (1,24) = 6.52, p = .017, 𝜂p 

2 = 0.21; unaware: F < 1),
ith every aware participant (9/9) showing a positive odor effect in the

ight hemisphere ( Figure 4 B), compared to only half of the unaware par-
icipants (9/17, i.e., 52%). Z -scores calculated on the mean body odor
ffect for each group of participants additionally showed that the effect
s significant only for perceptually aware participants in the right hemi-
phere (rOT: Z = 3.81, p < .001 vs. lOT: Z = -0.25, p = .80; unaware
articipants: rOT and lOT: Z = 0.58 and 0.51 respectively, all p s > .56). 

Finally, individual responses are markedly different across odor con-
exts according to participants’ awareness of facelike objects. Z -scores
alculated for each odor context over rOT revealed that only 3 out of 9
erceptually aware participants (i.e., 33%) have a significant facelike-
elective response in the baseline and gasoline odor contexts ( Z > 1.64,
 < .05), compared to 8 participants (89%) in the body odor context
 Figure 4 C). By contrast, the number of perceptually unaware partici-
ants with a significant response only slightly increases from 7 out of
7 (41%) in both baseline and gasoline contexts to 9 (53%) in the body
dor context. In addition, when considering only participants with at
east one significant response in one odor context (i.e., 8 and 12 partic-
pants for the aware and unaware groups, respectively), 7 (88%) aware
articipants have their highest Z -score in the body odor context com-
ared to only 2 (17%) unaware participants ( Figure 4 C). 

.4. General visual response 

The 12-Hz streams of images elicit a clear neural activity at the same
requency and harmonics over the middle occipital cortex, reflecting the
eneral visual response to all cues rapidly changing 12 times per second
e.g., local contrast). Summed across significant harmonics ( Figure 5 ),
he response has a mean baseline-corrected amplitude of 1.83 ± 0.16
7 
V, and is very robust, with every single participant having a significant
esponse over the middle-occipital ROI ( Z -scores ranging from 28 to 228
hen collapsing the nine conditions, all p s < 0.001). The general visual

esponse does not differ as a function of the visual category displayed at
.33 Hz, the odor context or the perceptual awareness of facelike objects
all F s < 2.07, all p s > .13). 
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Figure 5. General response to the rapid visual stream. A. Baseline-corrected amplitude of the general visual response summed across significant harmonics ( Σ) 
compared to surrounding frequencies ( ± 0.5 Hz, baseline-corrected amplitude ≈ 0, signal ≈ noise) over the middle occipital ROI (O1, Oz, O2, Iz) for each category 
averaged across odor contexts. Individual spectra are depicted by colored lines and the mean amplitude by a black line, together with corresponding 3D head-maps 
(back view). B. Summed baseline-corrected amplitude of the general response dissociated by odor context (green: baseline odor, light blue: gasoline odor, dark blue: 
body odor, dots represent individual data) for each visual category. Error bars represent standard errors of the mean. 
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. Discussion 

By using EEG frequency-tagging to track categorical occipito-
emporal responses to faces, cars and facelike objects, and by implic-
tly exposing participants to body, gasoline, and baseline odor contexts,
e provide evidence for the influence of congruent, but not incongru-

nt, odors on rapid and automatic visual categorization at both group
nd individual levels. This olfactory-visual interaction is effective only
hen the target category is ambiguous, i.e., body odor selectively facil-

tates the neural categorization of a variety of facelike objects as faces,
specially for participants who report their presence. No odor effect is
bserved on the middle occipital response elicited by the fast train of
timuli, or on the behavioral response to the cross-detection task, ruling
ut any general influence of the mere presence of odors. The present
tudy thus reveals a facilitating effect of congruent odors on neural vi-
ual categorization when the interpretation of the visual input is equivo-
al, in line with the disambiguating function of multisensory integration
 Ernst and Bülthoff, 2004 ). 

Following prior studies using the same approach (e.g., Jacques et al.,
016a ; Rossion et al., 2015 ), we provide a direct measure of neural vi-
ual categorization in the form of category-selective responses (i.e., dif-
erential responses to the target categories relatively to numerous and
iversified other living and non-living objects) that generalize across
ariable category exemplars. These responses reflect rapid (i.e., each im-
ge appears for 83 ms) and automatic categorization (i.e., visual stimuli
ere irrelevant to the explicit cross-detection task). The two unambigu-
us categories (i.e., faces and cars) elicit a robust selective response at
he predefined 1.33-Hz frequency and harmonics, clearly visible in the
mplitude spectrum and highly reliable across individuals. The facelike-
elective response is also clearly isolated in the EEG frequency spectrum,
lbeit less reliable across participants. The magnitude of the category-
elective responses differs across categories, with the largest response for
uman faces and the lowest response for facelike objects, corroborating
revious studies ( Hagen et al., 2020 ; Jacques et al., 2016a ; Rekow et al.,
022 ). Every category-selective response is mostly distributed over the
ccipito-temporal cortex with a right hemisphere advantage, in line
ith the critical role of this region in automatic visual categorization
 Bugatus et al., 2017 ; Gao et al., 2018 ; Hagen et al., 2020 ; Jacques et al.,
016b ). 

Importantly for our purpose, we found that the selective response to
acelike objects over the right hemisphere is about two times larger in
he presence of body odor. This observation accords well with previous
tudies showing that congruent odors modulate visual object percep-
8 
ion at both behavioral (e.g., Robinson et al., 2013 ; Seigneuric et al.,
010 ; Seo et al., 2010 ; Zhou et al., 2010 ) and neural (e.g., Ohla et al.,
018 ) levels. In addition, it indicates that body odors, as powerful “so-
ial chemosignals ” conveying much information about our conspecifics
 de Groot et al., 2017 for review), do not only influence the perception
f fine-grained facial information (e.g., facial expression; Adolph et al.,
013 ; Mujica-Parodi et al., 2009 ; Rubin et al., 2012 ; Wudarczyk et al.,
016 ; Zernecke et al., 2011 ; Zhou and Chen, 2009 ), but also improve the
eneric categorization of a visual stimulus as a face. It is worth noting
hat neither a facilitating nor an inhibiting odor effect was observed for
ncongruent associations (i.e., gasoline effect for face/facelike stimuli
r body odor effect for cars), contrary to a recent report of incongru-
nt odors interfering with visual categorization ( Hörberg et al., 2020 ).
owever, in that latter study, interference was observed on explicit be-
avior and late (i.e., 300-900 ms) frontal and parietal EEG responses to
 delayed auditory cue signaling that the visual stimulus must be cate-
orized. Thus, odors could have not interfered with the automatic visual
ategorization of the stimulus at its onset, but rather with the controlled
nd delayed decision on that stimulus. 

Our study reveals that odors are specifically prone to facilitate the
isual categorization of congruent inputs when their perceptual inter-
retation is not straightforward, i.e., for facelike objects. Indeed, gen-
ine human faces are unambiguously categorized from the sole visual
nput even under high stimulation constraints. At brief durations (i.e.,
3 ms as in the present study; Retter et al., 2020 ), or with degraded
nputs (i.e., low-pass filtered stimuli; Quek et al., 2018 ), all partici-
ants report having seen faces and the face-selective response mea-
ured with EEG frequency-tagging is already saturated (and remains
table when presentation conditions become less constraining). By con-
rast, even with full-spectrum stimuli presented for a longer duration
i.e., 167 ms), not all participants notice facelike objects, which elicit
 lower category-selective response than human faces ( Rekow et al.,
022 ). This is likely due to the fact that facelike stimuli represent
arious objects similar to the other objects displayed in the stimula-
ion sequence (see Figure 1 ). Therefore, the visual system must go be-
ond this similarity to produce a differential response to facelike vs.
ther objects and generalize this response across widely variable face-
ike objects. In this situation, inputs from other sensory systems are
deal to resolve ambiguity according to prior multisensory experience
 Ernst and Bülthoff, 2004 ). Because body odors are often associated
ith faces and heighten attention to person-related cues ( Cecchetto

t al., 2019 ), they are well-suited to tilt the balance towards the “face ”
nterpretation. This is consistent with previous studies showing that
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dors disambiguate facial expression perception ( Forscher and Li, 2012 ;
eleu et al., 2015a ; Mujica-Parodi et al., 2009 ; Novak et al., 2015 ;
ubin et al., 2012 ; Zernecke et al., 2011 ; Zhou and Chen, 2009 ).
ore broadly, this can also be related to the inverse effectiveness prin-

iple (e.g., Stein and Meredith, 1993 ; Regenbogen et al., 2016 ), stating
hat multisensory integration increases as a reverse function of unisen-
ory responses. Accordingly, here, olfactory-visual integration is partic-
larly effective when the response to visual stimuli is scarce, i.e., for the
mbiguous facelike objects. 

Such inverse relationship between olfactory-visual integration and
he strength of the sole visual response has already been observed for
acelike categorization in infants ( Rekow et al., 2021 ). At the neural
evel, the disambiguating effect of odors suggests effective connectiv-
ty between the olfactory and the visual systems, in line with body
dors activating the lateral fusiform gyrus ( Prehn-Kristensen et al.,
009 ; Zheng et al., 2018 ; Zhou and Chen, 2009 ), a category-selective
isual region that hosts face-selective areas. It was also observed
hat the sole presentation of odors activates the right occipital cortex
 Djordjevic et al., 2005 ; Royet et al., 2001 , 1999 ; Zatorre et al., 2000 ),
uggesting that odors alone can trigger visual imagery ( Parma et al.,
017 for review). In sum, odors could function as a prime to improve
he detection of congruent inputs in other sensory modalities, e.g., body
dors alerting to the potential presence of a person, thus in the present
ase, favoring the categorization of a face in common objects configured
s faces. 

Regarding hemispheric asymmetry, the body odor effect on face-
ike categorization is confined to the right hemisphere, and there is a
on-significant decrease of the face-selective response with body odor
ver the left hemisphere. In fact, these observations relate to previ-
usly reported modulations of both face- and facelike-selective neu-
al responses in infants exposed to maternal body odor ( Leleu et al.,
020 ; Rekow et al., 2021 , 2020 ). This indicates that body odor re-
nforces the well-known dominance of the right hemisphere for face
erception ( Behrmann and Plaut, 2020 ; Grill-Spector et al., 2017 ;
agen et al., 2020 ; Jonas et al., 2016 ; Rossion and Lochy, 2021 ). This

ight-hemispheric dominance has been related to the perception of the
hole face configuration ( Caharel et al., 2013 ; Rossion et al., 2011 ).
ence, we can speculate that body odor, by evoking the presence of a
erson, favors the perception of a whole face pattern from a single fix-
tion at a stimulus interpretable as facelike. In addition, systematic re-
iews on the hemispheric lateralization of the neural responses to odors
roposed that the right hemisphere is more involved than the left in
he recognition of the odor source ( Brand et al., 2001 ; Royet, 2004 ).
herefore, the right hemisphere also appears as a good candidate for

ntegrating information across the senses to facilitate the categorization
f (multi)sensory inputs, putatively relying on large-scale connectivity
etween distant brain regions dedicated to the same semantic domain
 Mahon and Caramazza, 2011 ). 

Strikingly, the body odor effect on facelike categorization is mainly
bserved for perceptually aware participants, i.e., participants who re-
ort face pareidolia post-stimulation. One may thus suggest that body
dor, by enhancing facelike-selective neural activity in the visual cor-
ex, triggers the subjective experience of a face in facelike objects. Ad-
ittedly, awareness status was defined after the experiment based on
 single declarative report. It is thus unclear whether body odor made
ome participants become aware of the facelike objects, or whether the
dor effect is observed because participants were already aware of the
acelike objects. However, two elements lead us to favor the first in-
erpretation. First, the magnitude of category-selective responses mea-
ured with EEG frequency-tagging has been previously related to partic-
pants’ awareness of the visual category (facelike objects: Rekow et al.,
022 ; human faces: Retter et al., 2020 ), with larger amplitudes when
articipants explicitly report perception. By contrast, here, the facelike-
elective response is of close amplitude for perceptually aware and un-
ware participants in the baseline and gasoline odor contexts (and even
lightly lower for aware participants in the baseline context). This sug-
9 
ests that aware participants were not more generally prone to face
areidolia than unaware participants, but specifically more sensitive to
acelikeness when exposed to body odor. Second, in a side experiment,
e tested another 26 participants for their ability to report face parei-
olia after being presented with similar 12-Hz visual streams of facelike
s. nonface objects without any odor context (see Supplementary Infor-
ation for details). Only 4 participants (15%) noticed the presence of

acelike objects compared to 9 aware participants (35%) in the main ex-
eriment. This observation thus converges with the interpretation that
xposition to body odor elicits awareness of facelike objects in some
articipants. Future studies should obviously elaborate on this issue by
irectly manipulating awareness in a single group of participants. 

In conclusion, we show that neural visual categorization - i.e., the
bility of the brain to rapidly and automatically respond to a given
isual category - is shaped by concurrent odor inputs, provided they
re congruent (i.e., semantically-related) with the visual stimulus and
an facilitate its interpretation (disambiguation). It is worth noting that
hile our results indicate a specific association between body odor and

acelike categorization, we cannot exclude the same type of association
or other categories, including cars. Actually, we rather consider that
he influence of odors on visual categorization is a general phenomenon
hen the visual information is ambiguous - odors orienting perception

owards the most probable visual category ( Ernst and Bülthoff, 2004 ).
ere we used a large set of facelike objects as ambiguous faces, without
ny equivalent for cars. Indeed, face pareidolia is ubiquitous in humans
nd pareidolia less often occurs for nonface visual categories, reflecting
he high saliency of the “face ” category for our species. Future stud-
es should thus evaluate the generalizability of our findings to various
isual categories by using degraded stimuli or challenging stimulation
arameters that hamper visual categorization. 

ata availability statement 

Data (participant information and preprocessed EEG data) are freely
ccessible at the following data repository https://osf.io/72ebd/ . 

eclaration of interest 

The authors declare no competing interest. 

redit authorship contribution statement 

Diane Rekow: Conceptualization, Investigation, Data curation, For-
al analysis, Methodology, Visualization, Writing – original draft,
riting – review & editing. Jean-Yves Baudouin: Conceptualization,

unding acquisition, Project administration, Writing – review & edit-
ng. Karine Durand: Funding acquisition, Writing – review & editing.
rnaud Leleu: Conceptualization, Methodology, Funding acquisition,
roject administration, Formal analysis, Supervision, Writing – review
 editing. 

cknowledgment 

This work was financially supported by the “Conseil Régional Bour-
ogne Franche-Comté” (PARI grant), the FEDER (European Funding
or Regional Economic Development), the French “Investissements
’Avenir ” program, project ISITE-BFC (contract ANR-15-IDEX-03; to
YB, KD and DR), and the French National Research Agency (contract
NR-19-CE28-0009 to AL). The authors are grateful to Renaud Brochard
nd the “Institut Universitaire de France ” for financial support in per-
orming EEG, to Andréa Prino for her assistance in the pilot study,
o body odor donors, and to every participant of the pilot and main
tudies. 

https://www.osf.io/72ebd/


D. Rekow, J.-Y. Baudouin, K. Durand et al. NeuroImage 255 (2022) 119181 

S

 

t

R

A  

 

B  

B  

 

B  

 

B  

 

B  

 

C  

 

 

C

C  

 

C  

 

C  

 

 

C  

 

 

C  

 

 

D  

D  

 

d  

 

d  

D  

D  

D  

 

D  

 

D  

 

E  

F  

 

G  

 

G  

 

G  

 

H  

 

H  

H  

H  

 

H  

J  

 

 

J  

 

 

 

 

J  

 

J  

 

J  

 

 

K  

 

K  

 

 

L  

 

L  

 

 

L  

 

L  

 

L  

L  

 

M  

 

M  

 

M  

 

M  

M  

M  

 

 

N  

 

N  

 

O  

 

P  

 

 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.neuroimage.2022.119181 . 

eferences 

dolph, D., Meister, L., Pause, B.M., 2013. Context counts! social anxiety modulates the
processing of fearful faces in the context of chemosensory anxiety signals. Frontiers
in human neuroscience 7, 283. doi: 10.3389/fnhum.2013.00283 . 

arwich, A.-S., 2019. A Critique of Olfactory Objects. Front. Psychol. 10. doi: 10.3389/fp-
syg.2019.01337 . 

ehrmann, M., Plaut, D.C., 2020. Hemispheric Organization for Visual Object Recogni-
tion: A Theoretical Account and Empirical Evidence. Perception 030100661989904.
doi: 10.1177/0301006619899049 . 

raddick, O., Atkinson, J., 2011. Development of human visual function. Vi-
sion Research, Vision Research 50th Anniversary Issue: Part 2 51 1588–1609.
doi: 10.1016/j.visres.2011.02.018 . 

rand, G., Millot, J.-L., Henquell, D., 2001. Complexity of olfactory lateralization processes
revealed by functional imaging: a review. Neuroscience & Biobehavioral Reviews 25,
159–166. doi: 10.1016/S0149-7634(01)00005-7 . 

ugatus, L., Weiner, K.S., Grill-Spector, K., 2017. Task alters category representa-
tions in prefrontal but not high-level visual cortex. NeuroImage 155, 437–449.
doi: 10.1016/j.neuroimage.2017.03.062 . 

aharel, S., Leleu, A., Bernard, C., Viggiano, M.-P., Lalonde, R., Rebaï, M., 2013. Early
holistic face-like processing of Arcimboldo paintings in the right occipito-temporal
cortex: Evidence from the N170 ERP component. International Journal of Psychophys-
iology 90, 157–164. doi: 10.1016/j.ijpsycho.2013.06.024 . 

ain, W.S., 1979. To know with the nose: keys to odor identification. Science 203, 467–
470. doi: 10.1126/science.760202 . 

ecchetto, C., Fischmeister, F.P.S., Gorkiewicz, S., Schuehly, W., Bagga, D., Parma, V.,
Schöpf, V., 2020. Human body odor increases familiarity for faces during encoding-
retrieval task. Human Brain Mapping doi: 10.1002/hbm.24920 . 

ecchetto, C., Lancini, E., Bueti, D., Rumiati, R.I., Parma, V., 2019. Body odors (even when
masked) make you more emotional: behavioral and neural insights. Scientific Reports
9. doi: 10.1038/s41598-019-41937-0 . 

ook, S., Fallon, N., Wright, H., Thomas, A., Giesbrecht, T., Field, M., Stancak, A.,
2015. Pleasant and Unpleasant Odors Influence Hedonic Evaluations of Human
Faces: An Event-Related Potential Study. Front. Hum. Neurosci. 9. doi: 10.3389/fn-
hum.2015.00661 . 

ook, S., Kokmotou, K., Soto, V., Fallon, N., Tyson-Carr, J., Thomas, A., Giesbrecht, T.,
Field, M., Stancak, A., 2017. Pleasant and unpleasant odour-face combinations influ-
ence face and odour perception: An event-related potential study. Behavioural Brain
Research 333, 304–313. doi: 10.1016/j.bbr.2017.07.010 . 

ook, S., Kokmotou, K., Soto, V., Wright, H., Fallon, N., Thomas, A., Giesbrecht, T.,
Field, M., Stancak, A., 2018. Simultaneous odour-face presentation strengthens hedo-
nic evaluations and event-related potential responses influenced by unpleasant odour.
Neuroscience Letters 672, 22–27. doi: 10.1016/j.neulet.2018.02.032 . 

alton, P., Mauté, C., Jaén, C., Wilson, T., 2013. Chemosignals of stress influence social
judgments. PLoS ONE 8, e77144. doi: 10.1371/journal.pone.0077144 . 

amon, F., Mezrai, N., Magnier, L., Leleu, A., Durand, K., Schaal, B., 2021. Olfaction in
the Multisensory Processing of Faces: A Narrative Review of the Influence of Human
Body Odors. Front Psychol 12, 750944. doi: 10.3389/fpsyg.2021.750944 . 

e Groot, J.H.B., Semin, G.R., Smeets, M.A.M., 2017. On the communicative function
of body odors: a theoretical integration and review. Perspectives on Psychological
Science 12, 306–324. doi: 10.1177/1745691616676599 . 

e Heering, A., Rossion, B., 2015. Rapid categorization of natural face images in the infant
right hemisphere. eLife 4, 14. doi: 10.7554/eLife.06564 . 

emattè, M.L., Österbauer, R., Spence, C., 2007. Olfactory cues modulate facial attrac-
tiveness. Chemical Senses 32, 603–610. doi: 10.1093/chemse/bjm030 . 

emattè, M.L., Sanabria, D., Spence, C., 2006. Cross-Modal Associations Between Odors
and Colors. Chemical Senses 31, 531–538. doi: 10.1093/chemse/bjj057 . 

jordjevic, J., Zatorre, R.J., Petrides, M., Boyle, J.A., Jones-Gotman, M.,
2005. Functional neuroimaging of odor imagery. NeuroImage 24, 791–801.
doi: 10.1016/j.neuroimage.2004.09.035 . 

urand, K., Baudouin, J.-Y., Lewkowicz, D.J., Goubet, N., Schaal, B., 2013. Eye-catching
odors: olfaction elicits sustained gazing to faces and eyes in 4-month-old infants. PLoS
ONE 8, 1–8. doi: 10.1371/journal.pone.0070677 . 

urand, K., Schaal, B., Goubet, N., Lewkowicz, D.J., Baudouin, J.-Y., 2020. Does any
mother’s body odor stimulate interest in mother’s face in 4-month-old infants? In-
fancy 25. doi: 10.1111/infa.12322 . 

rnst, M.O., Bülthoff, H.H., 2004. Merging the senses into a robust percept. Trends in
Cognitive Sciences 8, 162–169. doi: 10.1016/j.tics.2004.02.002 . 

orscher, E.C., Li, W., 2012. Hemispheric Asymmetry and Visuo-Olfactory Integration in
Perceiving Subthreshold (Micro) Fearful Expressions. J. Neurosci. 32, 2159–2165.
doi: 10.1523/JNEUROSCI.5094-11.2012 . 

ao, X., Gentile, F., Rossion, B., 2018. Fast periodic stimulation (FPS): a highly effec-
tive approach in fMRI brain mapping. Brain Structure and Function 223, 2433–2454.
doi: 10.1007/s00429-018-1630-4 . 

ottfried, J.A., Dolan, R.J., 2003. The Nose Smells What the Eye Sees: Cross-
modal Visual Facilitation of Human Olfactory Perception. Neuron 39, 375–386.
doi: 10.1016/S0896-6273(03)00392-1 . 

rill-Spector, K., Weiner, K.S., Kay, K., Gomez, J., 2017. The Functional Neu-
roanatomy of Human Face Perception. Annual Review of Vision Science 3, 167–196.
doi: 10.1146/annurev-vision-102016-061214 . 
10 
agen, S., Jacques, C., Maillard, L., Colnat-Coulbois, S., Rossion, B., Jonas, J., 2020. Spa-
tially Dissociated Intracerebral Maps for Face- and House-Selective Activity in the Hu-
man Ventral Occipito-Temporal Cortex. Cereb Cortex doi: 10.1093/cercor/bhaa022 . 

errick, C.J., 1933. Morphogenesis of the brain. Journal of Morphology 54, 233–258.
doi: 10.1002/jmor.1050540202 . 

erz, R.S., von Clef, J., 2001. The Influence of Verbal Labeling on the Perception of Odors:
Evidence for Olfactory Illusions? Perception 30, 381–391. doi: 10.1068/p3179 . 

örberg, T., Larsson, M., Ekström, I., Sandöy, C., Lundén, P., Olofsson, J.K., 2020. Olfac-
tory Influences on Visual Categorization: Behavioral and ERP Evidence. Cereb Cortex
doi: 10.1093/cercor/bhaa050 . 

utmacher, F., 2019. Why Is There So Much More Research on Vision Than on Any Other
Sensory Modality? Front. Psychol. 10. doi: 10.3389/fpsyg.2019.02246 . 

acques, C., Retter, T.L., Rossion, B., 2016a. A single glance at natural face images generate
larger and qualitatively different category-selective spatio-temporal signatures than
other ecologically-relevant categories in the human brain. NeuroImage 137, 21–33.
doi: 10.1016/j.neuroimage.2016.04.045 . 

acques, C., Witthoft, N., Weiner, K.S., Foster, B.L., Rangarajan, V., Hermes, D.,
Miller, K.J., Parvizi, J., Grill-Spector, K., 2016b. Corresponding ECoG and
fMRI category-selective signals in human ventral temporal cortex. Neu-
ropsychologia, Special Issue: Functional Selectivity in Perceptual and Cog-
nitive Systems - A Tribute to Shlomo Bentin (1946-2012) 83, 14–28.
doi: 10.1016/j.neuropsychologia.2015.07.024 . 

adauji, J.B., Djordjevic, J., Lundstrom, J.N., Pack, C.C., 2012. Modulation of Olfactory
Perception by Visual Cortex Stimulation. Journal of Neuroscience 32, 3095–3100.
doi: 10.1523/JNEUROSCI.6022-11.2012 . 

essen, S., 2020. Maternal odor reduces the neural response to fearful faces
in human infants. Developmental Cognitive Neuroscience 45, 100858.
doi: 10.1016/j.dcn.2020.100858 . 

onas, J., Jacques, C., Liu-Shuang, J., Brissart, H., Colnat-Coulbois, S., Maillard, L., Ros-
sion, B., 2016. A face-selective ventral occipito-temporal map of the human brain
with intracerebral potentials. Proceedings of the National Academy of Sciences 113,
E4088–E4097. doi: 10.1073/pnas.1522033113 . 

amilo ğlu, R.G., Smeets, M.A.M., de Groot, J.H.B., Semin, G.R., 2018. Fear Odor Facili-
tates the Detection of Fear Expressions Over Other Negative Expressions. Chem Senses
43, 419–426. doi: 10.1093/chemse/bjy029 . 

ovács, G., Gulyás, B., Savic, I., Perrett, D.I., Cornwell, R.E., Little, A.C., Jones, B.C.,
Burt, D.M., Gál, V., Vidnyánszky, Z., 2004. Smelling human sex hormone-like
compounds affects face gender judgment of men. NeuroReport 15, 1275–1277.
doi: 10.1097/01.wnr.0000130234.51411.0e . 

eleu, A., Demily, C., Franck, N., Durand, K., Schaal, B., Baudouin, J.-Y., 2015a. The Odor
Context Facilitates the Perception of Low-Intensity Facial Expressions of Emotion.
PloS ONE 10, 1–19. doi: 10.1371/journal.pone.0138656 . 

eleu, A., Godard, O., Dollion, N., Durand, K., Schaal, B., Baudouin, J.-Y., 2015b. Con-
textual odors modulate the visual processing of emotional facial expressions : An ERP
study. Neuropsychologia 77, 366–379. doi: 10.1016/j.neuropsychologia.2015.09.014 .

eleu, A., Rekow, D., Poncet, F., Schaal, B., Durand, K., Rossion, B., Baudouin, J.-Y., 2020.
Maternal odor shapes rapid face categorization in the infant brain. Developmental
Science 23, e12877. doi: 10.1111/desc.12877 . 

eppänen, J.M., Hietanen, J.K., 2003. Affect and Face Perception: Odors Mod-
ulate the Recognition Advantage of Happy Faces. Emotion 3, 315–326.
doi: 10.1037/1528-3542.3.4.315 . 

i, W., Moallem, I., Paller, K.A., Gottfried, J.A., 2007. Subliminal Smells can Guide Social
Preferences. Psychol Sci 18, 1044–1049. doi: 10.1111/j.1467-9280.2007.02023.x . 

undström, J.N., Regenbogen, C., Ohla, K., Seubert, J., 2019. Prefrontal Control Over
Occipital Responses to Crossmodal Overlap Varies Across the Congruency Spectrum.
Cerebral Cortex 29, 3023–3033. doi: 10.1093/cercor/bhy168 . 

ahon, B.Z., Caramazza, A., 2011. What drives the organization of object knowledge in
the brain? Trends in Cognitive Sciences 15, 97–103. doi: 10.1016/j.tics.2011.01.004 .

anesse, C., Fournel, A., Bensafi, M., Ferdenzi, C., 2020. Visual priming influ-
ences olfactomotor response and perceptual experience of smells. Chemical Senses
doi: 10.1093/chemse/bjaa008 . 

cCarthy, G., Wood, C.C., 1985. Scalp distributions of event-related potentials: an ambi-
guity associated with analysis of variance models. Electroencephalography and clini-
cal neurophysiology 62, 203–208. doi: 10.1016/0168-5597(85)90015-2 . 

cGann, J.P., 2017. Poor human olfaction is a 19th-century myth. Science 356.
doi: 10.1126/science.aam7263 . 

orrot, G., Brochet, F., Dubourdieu, D., 2001. The Color of Odors. Brain and Language
79, 309–320. doi: 10.1006/brln.2001.2493 . 

ujica-Parodi, L.R., Strey, H.H., Frederick, B., Savoy, R., Cox, D., Botanov, Y.,
Tolkunov, D., Rubin, D., Weber, J., 2009. Chemosensory Cues to Conspecific Emo-
tional Stress Activate Amygdala in Humans. PLOS ONE 4, e6415. doi: 10.1371/jour-
nal.pone.0006415 . 

orcia, A.M., Appelbaum, L.G., Ales, J.M., Cottereau, B.R., Rossion, B., 2015. The steady-
state visual evoked potential in vision research: A review. Journal of vision 15, 1–16.
doi: 10.1167/15.6.4 . 

ovak, L.R., Gitelman, D.R., Schuyler, B., Li, W., 2015. Olfactory-visual integration facil-
itates perception of subthreshold negative emotion. Neuropsychologia 77, 288–297.
doi: 10.1016/j.neuropsychologia.2015.09.005 . 

hla, K., Höchenberger, R., Freiherr, J., Lundström, J.N., 2018. Superadditive and Sub-
additive Neural Processing of Dynamic Auditory-Visual Objects in the Presence of
Congruent Odors. Chem Senses 43, 35–44. doi: 10.1093/chemse/bjx068 . 

arma, V., Gordon, A.R., Cecchetto, C., Cavazzana, A., Lundström, J.N., Olsson, M.J.,
2017. Processing of Human Body Odors. In: Buettner, A. (Ed.), Springer Handbook
of Odor, Springer Handbooks. Springer International Publishing, Cham, pp. 127–128.
doi: 10.1007/978-3-319-26932-0_51 . 

https://doi.org/10.1016/j.neuroimage.2022.119181
https://doi.org/10.3389/fnhum.2013.00283
https://doi.org/10.3389/fpsyg.2019.01337
https://doi.org/10.1177/0301006619899049
https://doi.org/10.1016/j.visres.2011.02.018
https://doi.org/10.1016/S0149-7634(01)00005-7
https://doi.org/10.1016/j.neuroimage.2017.03.062
https://doi.org/10.1016/j.ijpsycho.2013.06.024
https://doi.org/10.1126/science.760202
https://doi.org/10.1002/hbm.24920
https://doi.org/10.1038/s41598-019-41937-0
https://doi.org/10.3389/fnhum.2015.00661
https://doi.org/10.1016/j.bbr.2017.07.010
https://doi.org/10.1016/j.neulet.2018.02.032
https://doi.org/10.1371/journal.pone.0077144
https://doi.org/10.3389/fpsyg.2021.750944
https://doi.org/10.1177/1745691616676599
https://doi.org/10.7554/eLife.06564
https://doi.org/10.1093/chemse/bjm030
https://doi.org/10.1093/chemse/bjj057
https://doi.org/10.1016/j.neuroimage.2004.09.035
https://doi.org/10.1371/journal.pone.0070677
https://doi.org/10.1111/infa.12322
https://doi.org/10.1016/j.tics.2004.02.002
https://doi.org/10.1523/JNEUROSCI.5094-11.2012
https://doi.org/10.1007/s00429-018-1630-4
https://doi.org/10.1016/S0896-6273(03)00392-1
https://doi.org/10.1146/annurev-vision-102016-061214
https://doi.org/10.1093/cercor/bhaa022
https://doi.org/10.1002/jmor.1050540202
https://doi.org/10.1068/p3179
https://doi.org/10.1093/cercor/bhaa050
https://doi.org/10.3389/fpsyg.2019.02246
https://doi.org/10.1016/j.neuroimage.2016.04.045
https://doi.org/10.1016/j.neuropsychologia.2015.07.024
https://doi.org/10.1523/JNEUROSCI.6022-11.2012
https://doi.org/10.1016/j.dcn.2020.100858
https://doi.org/10.1073/pnas.1522033113
https://doi.org/10.1093/chemse/bjy029
https://doi.org/10.1097/01.wnr.0000130234.51411.0e
https://doi.org/10.1371/journal.pone.0138656
https://doi.org/10.1016/j.neuropsychologia.2015.09.014
https://doi.org/10.1111/desc.12877
https://doi.org/10.1037/1528-3542.3.4.315
https://doi.org/10.1111/j.1467-9280.2007.02023.x
https://doi.org/10.1093/cercor/bhy168
https://doi.org/10.1016/j.tics.2011.01.004
https://doi.org/10.1093/chemse/bjaa008
https://doi.org/10.1016/0168-5597(85)90015-2
https://doi.org/10.1126/science.aam7263
https://doi.org/10.1006/brln.2001.2493
https://doi.org/10.1371/journal.pone.0006415
https://doi.org/10.1167/15.6.4
https://doi.org/10.1016/j.neuropsychologia.2015.09.005
https://doi.org/10.1093/chemse/bjx068
https://doi.org/10.1007/978-3-319-26932-0_51


D. Rekow, J.-Y. Baudouin, K. Durand et al. NeuroImage 255 (2022) 119181 

P  

 

P  

 

P  

 

Q  

 

R  

 

 

R  

 

R  

 

R  

 

 

 

R  

 

R  

 

R  

 

R  

 

R  

 

 

R  

 

R  

 

R  

 

 

R  

 

R  

 

R  

R  

 

R  

 

 

 

R  

 

S  

 

 

S  

 

 

S  

 

S  

S  

 

 

S  

 

S  

S  

 

S  

 

S  

 

S  

 

T  

W  

Y  

 

Z  

 

Z  

Z  

 

 

Z  

 

Z  

 

Z  
arma, V., Tirindelli, R., Bisazza, A., Massaccesi, S., Castiello, U., 2012. Subliminally Per-
ceived Odours Modulate Female Intrasexual Competition: An Eye Movement Study.
PLOS ONE 7, e30645. doi: 10.1371/journal.pone.0030645 . 

oncet, F., Leleu, A., Rekow, D., Damon, F., Durand, K., Schaal, B., Baudouin, J.-Y., 2021.
Odor-evoked hedonic contexts influence the categorization of facial expressions in the
human brain. Biological Psychology 158. doi: 10.1016/j.biopsycho.2020.108005 . 

rehn-Kristensen, A., Wiesner, C., Bergmann, T.O., Wolff, S., Jansen, O., Mehdorn, H.M.,
Ferstl, R., Pause, B.M., 2009. Induction of empathy by the smell of anxiety. PloS one
4, e5987. doi: 10.1371/journal.pone.0005987 . 

uek, G.L., Liu-Shuang, J., Goffaux, V., Rossion, B., 2018. Ultra-coarse, single-glance
human face detection in a dynamic visual stream. NeuroImage 176, 465–476.
doi: 10.1016/j.neuroimage.2018.04.034 . 

egenbogen, C., Johansson, E., Andersson, P., Olsson, M.J., Lundström, J.N., 2016.
Bayesian-based integration of multisensory naturalistic perithreshold stimuli. Neu-
ropsychologia, Special Issue: Synaesthesia and Multisensory Processes 88, 123–130.
doi: 10.1016/j.neuropsychologia.2015.12.017 . 

ekow, D., Baudouin, J.-Y., Brochard, R., Rossion, B., Leleu, A., 2022. Rapid neural cate-
gorization of facelike objects predicts the perceptual awareness of a face (face parei-
dolia). Cognition 222 (May 2022), 105016. doi: 10.1016/j.cognition.2022.105016 . 

ekow, D., Baudouin, J.-Y., Poncet, F., Damon, F., Durand, K., Schaal, B., Rossion, B.,
Leleu, A., 2021. Odor-driven face-like categorization in the human infant brain. PNAS
118. doi: 10.1073/pnas.2014979118 . 

ekow, D., Leleu, A., Poncet, F., Damon, F., Rossion, B., Durand, K., Schaal, B.,
Baudouin, J.-Y., 2020. Categorization of objects and faces in the infant brain
and its sensitivity to maternal odor: further evidence for the role of intersen-
sory congruency in perceptual development. Cognitive Development 55, 100930.
doi: 10.1016/j.cogdev.2020.100930 . 

etter, T.L., Jiang, F., Webster, M.A., Rossion, B., 2020. All-or-none face categorization in
the human brain. NeuroImage 213, 116685. doi: 10.1016/j.neuroimage.2020.116685 .

etter, T.L., Rossion, B., 2016. Uncovering the neural magnitude and spatio-temporal dy-
namics of natural image categorization in a fast visual stream. Neuropsychologia 91,
9–28. doi: 10.1016/j.neuropsychologia.2016.07.028 . 

etter, T.L., Rossion, B., Schiltz, C., 2021. Harmonic Amplitude Summation for
Frequency-tagging Analysis. Journal of Cognitive Neuroscience 33, 2372–2393.
doi: 10.1162/jocn_a_01763 . 

ikowski, A., Grammer, K., 1999. Human body odour, symmetry and attractiveness. Pro-
ceedings of the Royal Society of London. Series B: Biological Sciences 266, 869–874.
doi: 10.1098/rspb.1999.0717 . 

ipp, I., Nieden, A.-N.zur, Blankenagel, S., Franzmeier, N., Lundström, J.N., Freiherr, J.,
2018. Multisensory integration processing during olfactory-visual stimulation —An
fMRI graph theoretical network analysis. Human Brain Mapping 39, 3713–3727.
doi: 10.1002/hbm.24206 . 

obinson, A.K., Mattingley, J.B., Reinhard, J., 2013. Odors enhance the salience
of matching images during the attentional blink. Front. Integr. Neurosci. 7.
doi: 10.3389/fnint.2013.00077 . 

ocha, M., Parma, V., Lundström, J.N., Soares, S.C., 2018. Anxiety Body Odors as Context
for Dynamic Faces: Categorization and Psychophysiological Biases. Perception 47,
1054–1069. doi: 10.1177/0301006618797227 . 

ossion, B., Dricot, L., Goebel, R., Busigny, T., 2011. Holistic face categorization in higher
order visual areas of the normal and prosopagnosic brain: toward a non-hierarchical
view of face perception. Frontiers in human neuroscience 4, 1–30. doi: 10.3389/fn-
hum.2010.00225 . 

ossion, B., Lochy, A., 2021. Is human face recognition lateralized to the right hemisphere
due to neural competition with left-lateralized visual word recognition? A critical
review. Brain Struct Funct doi: 10.1007/s00429-021-02370-0 . 

ossion, B., Torfs, K., Jacques, C., Liu-Shuang, J., 2015. Fast periodic presentation of
natural images reveals a robust face-selective electrophysiological response in the
human brain. Journal of vision 15, 1–18. doi: 10.1167/15.1.18 . 

oyet, J.-P., 2004. Lateralization of Olfactory Processes. Chemical Senses 29, 731–745.
doi: 10.1093/chemse/bjh067 . 

oyet, J.-P., Hudry, J., Zald, D.H., Godinot, D., Grégoire, M.C., Lavenne, F., Costes, N.,
Holley, A., 2001. Functional Neuroanatomy of Different Olfactory Judgments. Neu-
roImage 13, 506–519. doi: 10.1006/nimg.2000.0704 . 

oyet, J.-P., Koenig, O., Gregoire, M.-C., Cinotti, L., Lavenne, F., Bars, D.L.,
Costes, N., Vigouroux, M., Farget, V., Sicard, G., Holley, A., Mauguière, F.,
Comar, D., Froment, J.-C., 1999. Functional Anatomy of Perceptual and Se-
mantic Processing for Odors. Journal of Cognitive Neuroscience 11, 94–109.
doi: 10.1162/089892999563166 . 
11 
ubin, D., Botanov, Y., Hajcak, G., Mujica-Parodi, L.R., 2012. Second-hand stress: in-
halation of stress sweat enhances neural response to neutral faces. Scan 7, 208–212.
doi: 10.1093/scan/nsq097 . 

chaal, B., Porter, R.H., 1991. Microsmatic Humans ” Revisited: The Generation and
Perception of Chemical Signals. In: Slater, P.J.B., Rosenblatt, J.S., Beer, C., Milin-
ski, M. (Eds.), Advances in the Study of Behavior. Academic Press, pp. 135–199.
doi: 10.1016/S0065-3454(08)60321-6 . 

chaal, B., Saxton, T.K., Loos, H., Soussignan, R., Durand, K., 2020. Olfaction scaf-
folds the developing human from neonate to adolescent and beyond. Philosoph-
ical Transactions of the Royal Society B: Biological Sciences 375, 20190261.
doi: 10.1098/rstb.2019.0261 . 

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

eo, H.-S., Roidl, E., Müller, F., Negoias, S., 2010. Odors enhance visual attention to con-
gruent objects. Appetite 54, 544–549. doi: 10.1016/j.appet.2010.02.011 . 

eubert, J., Loughead, J., Kellermann, T., Boers, F., Brensinger, C.M., Habel, U., 2010. Mul-
tisensory integration of emotionally valenced olfactory-visual information in patients
with schizophrenia and healthy controls. Journal of Psychiatry and Neuroscience 35,
185–194. doi: 10.1503/jpn.090094 . 

pence, C., 2021. The scent of attraction and the smell of success: crossmodal influ-
ences on person perception. Cognitive Research: Principles and Implications 6, 46.
doi: 10.1186/s41235-021-00311-3 . 

tein, B.E., Meredith, M.A., 1993. The merging of the senses. The MIT Press, Cambridge,
MA . 

teinberg, C., Dobel, C., Schupp, H.T., Kissler, J., Elling, L., Pantev, C., Junghöfer, M.,
2012. Rapid and highly resolving: affective evaluation of olfactorily conditioned faces.
Journal of Cognitive Neuroscience 24, 17–27. doi: 10.1162/jocn_a_00067 . 

yrjänen, E., Fischer, H., Liuzza, M.T., Lindholm, T., Olofsson, J.K., 2021. A Review of
the Effects of Valenced Odors on Face Perception and Evaluation. i-Perception 12.
doi: 10.1177/20416695211009552 , 20416695211009550 . 

yrjänen, E., Liuzza, M.T., Fischer, H., Olofsson, J.K., 2017. Do Valenced Odors and Trait
Body Odor Disgust Affect Evaluation of Emotion in Dynamic Faces? Perception 46,
1412–1426. doi: 10.1177/0301006617720831 . 

yrjänen, E., Wiens, S., Fischer, H., Zakrzewska, M., Wartel, A., Larsson, M., Olofsson, J.K.,
2018. Background Odors Modulate N170 ERP Component and Perception of Emo-
tional Facial Stimuli. Front. Psychol. 9. doi: 10.3389/fpsyg.2018.01000 . 

horpe, S., Fize, D., Marlot, C., 1996. Speed of processing in the human visual system.
Nature 381, 520–522. doi: 10.1038/381520a0 . 

udarczyk, O.A., Kohn, N., Bergs, R., Goerlich, K.S., Gur, R.E., Turetsky, B., Schneider, F.,
Habel, U., 2016. Chemosensory anxiety cues enhance the perception of fearful faces –
An fMRI study. NeuroImage 143, 214–222. doi: 10.1016/j.neuroimage.2016.09.002 . 

eshurun, Y., Sobel, N., 2010. An Odor is Not Worth a Thousand Words: From Multidi-
mensional Odors to Unidimensional Odor Objects. Annual Review of Psychology 61,
219–241. doi: 10.1146/annurev.psych.60.110707.163639 . 

atorre, R.J., Jones-Gotman, M., Rouby, C., 2000. Neural mechanisms involved
in odor pleasantness and intensity judgments. NeuroReport 11, 2711–2716.
doi: 10.1097/00001756-200008210-00021 . 

ellner, D.A., Bartoli, A.M., Eckard, R., 1991. Influence of color on odor identification and
liking ratings. Am J Psychol 104, 547–561. doi: 10.2307/1422940 . 

ernecke, R., Haegler, K., Kleemann, A.M., Albrecht, J., Frank, T., Linn, J., Brück-
mann, H., Wiesmann, M., 2011. Effects of Male Anxiety Chemosignals on the Eval-
uation of Happy Facial Expressions. Journal of Psychophysiology 25, 116–123.
doi: 10.1027/0269-8803/a000047 . 

heng, Y., You, Y., Farias, A.R., Simon, J., Semin, G.R., Smeets, M.A.M., Li, W.,
2018. Human chemosignals of disgust facilitate food judgment. Sci Rep 8, 1–10.
doi: 10.1038/s41598-018-35132-w . 

hou, W., Chen, D., 2009. Fear-Related Chemosignals Modulate Recogni-
tion of Fear in Ambiguous Facial Expressions. Psychol Sci 20, 177–183.
doi: 10.1111/j.1467-9280.2009.02263.x . 

hou, W., Jiang, Y., He, S., Chen, D., 2010. Olfaction Modulates Visual Perception in
Binocular Rivalry. Current Biology 20, 1356–1358. doi: 10.1016/j.cub.2010.05.059 . 

https://doi.org/10.1371/journal.pone.0030645
https://doi.org/10.1016/j.biopsycho.2020.108005
https://doi.org/10.1371/journal.pone.0005987
https://doi.org/10.1016/j.neuroimage.2018.04.034
https://doi.org/10.1016/j.neuropsychologia.2015.12.017
https://doi.org/10.1016/j.cognition.2022.105016
https://doi.org/10.1073/pnas.2014979118
https://doi.org/10.1016/j.cogdev.2020.100930
https://doi.org/10.1016/j.neuroimage.2020.116685
https://doi.org/10.1016/j.neuropsychologia.2016.07.028
https://doi.org/10.1162/jocn_a_01763
https://doi.org/10.1098/rspb.1999.0717
https://doi.org/10.1002/hbm.24206
https://doi.org/10.3389/fnint.2013.00077
https://doi.org/10.1177/0301006618797227
https://doi.org/10.3389/fnhum.2010.00225
https://doi.org/10.1007/s00429-021-02370-0
https://doi.org/10.1167/15.1.18
https://doi.org/10.1093/chemse/bjh067
https://doi.org/10.1006/nimg.2000.0704
https://doi.org/10.1162/089892999563166
https://doi.org/10.1093/scan/nsq097
https://doi.org/10.1016/S0065-3454(08)60321-6
https://doi.org/10.1098/rstb.2019.0261
https://doi.org/10.1068/p6740
https://doi.org/10.1016/j.appet.2010.02.011
https://doi.org/10.1503/jpn.090094
https://doi.org/10.1186/s41235-021-00311-3
http://refhub.elsevier.com/S1053-8119(22)00306-8/sbref0084
https://doi.org/10.1162/jocn_a_00067
https://doi.org/10.1177/20416695211009552
https://doi.org/10.1177/0301006617720831
https://doi.org/10.3389/fpsyg.2018.01000
https://doi.org/10.1038/381520a0
https://doi.org/10.1016/j.neuroimage.2016.09.002
https://doi.org/10.1146/annurev.psych.60.110707.163639
https://doi.org/10.1097/00001756-200008210-00021
https://doi.org/10.2307/1422940
https://doi.org/10.1027/0269-8803/a000047
https://doi.org/10.1038/s41598-018-35132-w
https://doi.org/10.1111/j.1467-9280.2009.02263.x
https://doi.org/10.1016/j.cub.2010.05.059

	Smell what you hardly see: Odors assist visual categorization in the human brain
	1 Introduction
	2 Materials and methods
	2.1 Data availability
	2.2 Participants
	2.3 Visual stimuli
	2.4 Odor stimuli
	2.5 Procedure
	2.6 EEG recording and preprocessing
	2.7 EEG frequency-domain analysis

	3 Results
	3.1 Neural categorization of human faces, cars, and facelike objects across odor contexts
	3.2 Category-selective responses as a function of odor context
	3.3 Body odor effect on the facelike-selective response according to reported face pareidolia
	3.4 General visual response

	4 Discussion
	Data availability statement
	Declaration of interest
	Credit authorship contribution statement
	Acknowledgment
	Supplementary materials
	References


