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Abstract Recent evidence suggests that olfactory stimuli can
influence early stages of visual processing, but there has been
little focus on whether such olfactory-visual interactions con-
vey an advantage in visual object identification. Moreover,
despite evidence that some aspects of olfactory perception
are superior in females than males, no study to date has exam-
ined whether olfactory influences on vision are gender-depen-
dent. We asked whether inhalation of familiar odorants can
modulate participants’ ability to identify briefly flashed im-
ages of matching visual objects under conditions of object
substitution masking (OSM). Across two experiments, we
had male and female participants (N = 36 in each group)
identify masked visual images of odour-related objects (e.g.,
orange, rose, mint) amongst nonodour-related distracters (e.g.,
box, watch). In each trial, participants inhaled a single odour
that either matched or mismatched the masked, odour-related
target. Target detection performance was analysed using a
signal detection (d’) approach. In females, but not males,
matching odours significantly reduced OSM relative to
mismatching odours, suggesting that familiar odours can en-
hance the salience of briefly presented visual objects. We con-
clude that olfactory cues exert a subtle influence on visual

processes by transiently enhancing the salience of matching
object representations. The results add to a growing body of
literature that points towards consistent gender differences in
olfactory perception.

Keywords Multisensory processing . Olfaction . Visual
perception

Introduction

Human olfaction is markedly different from the sense of vi-
sion but has similarly profound effects on behaviour and cog-
nition. Although individuals notoriously underestimate their
sense of smell, the olfactory system has extremely high reso-
lution; humans can likely distinguish more than one trillion
different odorants (Bushdid, Magnasco, Vosshall, & Keller,
2014). Odours can influence sustained attention (Warm,
Dember, & Parasuraman, 1991), concentration (Sakamoto,
Minoura, Usui, Ishizuka, & Kanba, 2005), dual task perfor-
mance (Ho & Spence, 2005), and working memory (Habel
et al., 2007). In addition to these general effects on cognition,
it is becoming increasingly clear that olfactory processes have
unique contributions during multisensory perception.
Olfactory perception is extremely important in flavour percep-
tion in particular (Zampini & Spence, 2012) but also interacts
with the nonchemical senses, including vision.

Olfaction and vision are inextricably linked; multisensory
interactions between these two senses are apparent in many
circumstances. Specific odours have cross-modal associations
with colours (Dematte, Sanabria, & Spence, 2006; Gilbert,
Martin, & Kemp, 1996) and shapes (Hanson-Vaux, Crisinel,
& Spence, 2013; Seo, Arshamian, et al., 2010), and these
associations are consistent across individuals (Gilbert et al.,
1996; Hanson-Vaux et al., 2013; Kemp & Gilbert, 1997;
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Osterbauer et al., 2005). Such associations demonstrate
olfactory-visual convergence and can be useful for studying
object-based multisensory interactions. Previous studies have
shown that matching visual features, such as colour and object
shape, can enhance odour detection (Gottfried & Dolan,
2003), odour discrimination (Dematte, Sanabria, & Spence,
2009), and intensity (Zellner & Kautz, 1990). These interac-
tions also are bidirectional. As noted, certain visual features
can enhance odour perception, but perhaps more unexpected-
ly, specific odours also can influence visual perception (Chen,
Zhou, Chen, He, & Zhou, 2013; Robinson, Mattingley, &
Reinhard, 2013; Zhou, Jiang, He, & Chen, 2010). Under con-
ditions of binocular rivalry, for example, matching odorants
can prolong durations of perceptual dominance of matching
versus mismatching visual objects (Zhou et al., 2010; Zhou,
Zhang, Chen, Wang, & Chen, 2012). We have shown that
priming with a familiar odour can reduce the magnitude of
the attentional blink for matching visual objects presented in
rapid streams of distractor objects at fixation (Robinson et al.,
2013). Likewise, in the spatial domain, Chen and colleagues
(2013) showed that odours can reduce reaction times for im-
ages of matching objects in dot-prime and visual search para-
digms. Such studies demonstrate that olfaction can influence
vision even under conditions in which the experimental
odours are task-irrelevant.

In addition to this behavioural evidence for olfactory-visual
interactions, neuroimaging studies have shed light on the un-
derlying neural processes involved. In a recent study, we used
EEG to investigate how odours influence perception of
matching and nonmatching visual objects as participants com-
pleted an orthogonal visual task. In females, odours enhanced
the amplitude of the N1 component in response to matching
images approximately 140 ms after image presentation.
Congruency effects were apparent regardless of whether the
objects were coloured or greyscale, indicating that odours
might influence object identification mechanisms (Robinson,
Reinhard, & Mattingley, 2015). Gottfried and Dolan (2003)
found that matching odour-image pairs resulted in greater ac-
tivation in the orbitofrontal cortex (OFC) relative to
nonmatching combinations, and this OFC activity correlated
with faster odour detection. Their study was primarily con-
cerned with activity in olfactory areas of the brain; functional
connections between olfactory and visual regions of the brain
remain unknown. Given the evidence that olfaction can influ-
ence early visual processing, it seems conceivable olfactory-
visual interactions might involve occipital cortex.
Furthermore, olfactory-visual interactions might plausibly be
influenced by the features and functions of both the olfactory
and visual sensory systems.

Olfactory perception, unlike the other senses, differs mark-
edly between females and males. Females outperform males
on tasks of odour discrimination, identification, and memory
(Choudhury, Moberg, & Doty, 2003; Larsson, Nilsson,

Olofsson, & Nordin, 2004; Zucco, Aiello, Turuani, &
Koster, 2012), pointing to gender differences in higher order
olfactory tasks involving verbal abilities. Low-level olfactory
perception also might differ between males and females.
Females reportedly have lower olfactory thresholds than
males (Cometto-Muniz & Abraham, 2008; Koelega, 1970),
although several studies have reported no difference in odour
sensitivity between males and females (Lundstrom &
Hummel, 2006; Oberg, Larsson, & Backman, 2002). Gender
differences have been reported for the trigeminal system
(Andersson, Lundberg, Astrom, & Nordin, 2011), which is
stimulated by most odours. In contrast, few gender differences
have been documented for perception in other modalities
(Fairweather, 1976; Sabatinelli , Flaisch, Bradley,
Fitzsimmons, & Lang, 2004). Surprisingly, there has been
little focus on gender differences in multisensory integration
between olfaction and other modalities, despite accumulating
research on interactions between olfaction and vision. Several
olfactory-visual experiments have been conducted with a ma-
jority of female participants (Chen et al., 2013; Seo, Roidl,
Muller, & Negoias, 2010; Seo, Arshamian, et al., 2010; Zhou
et al., 2012), so it is possible that previous results have been
driven by larger multisensory effects in females than males.

Recently, we demonstrated that odours enhanced the N1
component of visual event-related potentials (ERPs) in fe-
males but not males (Robinson et al., 2015). Such results are
consistent with differences in the anatomical structure of the
olfactory system in females and males. For example, Garcia-
Falgueras and colleagues (2006) found marked gender differ-
ences for grey matter density in the olfactory system, suggest-
ing that olfaction is a sexually dimorphic modality.
Specifically, females had greater grey matter density in areas
of OFC, amygdala, and hippocampus, whereas males had
greater density in entorhinal cortex and another region of the
OFC (Garcia-Falgueras et al., 2006). Likewise, Frasnelli and
colleagues (2010) found that females’ odour discrimination
and identification ability is positively correlated with grey
matter thickness in the intraparietal sulcus (IPS) and lingual
gyrus, both areas involved in high-level visual processing
(Grefkes & Fink, 2005; Haxby, Hoffman, & Gobbini, 2000;
Sergent, Ohta, & Macdonald, 1992), whereas these abilities
are negatively correlated with cortical thickness in the same
regions in males (see also Seubert, Freiherr, Frasnelli,
Hummel, & Lundstrom, 2013). Sexual dimorphism within
the olfactory system is likely to differentially influence
olfactory-visual multisensory perception, but to our knowl-
edge no study has investigated how interactions between ol-
faction and vision manifest differently in males and females.

In the current study, we examined the influence of familiar
odours on visual identification under conditions of object sub-
stitution masking (OSM; Enns & Di Lollo, 1997). In a typical
OSM paradigm, participants are asked to discriminate a target
that is surrounded by a four-dot mask (Enns & Di Lollo,
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1997). If the mask remains after the object is briefly presented,
participants typically report seeing the mask but find it diffi-
cult to discriminate the target object. If the mask disappears at
the same time as the object, there is no such deficit in object
discrimination. According to one prominent theory, OSM oc-
curs due to a conflict between the target object and the mask at
different stages of visual processing, reflecting re-entrant pro-
cessing between primary visual cortex (V1), other areas of
occipital cortex and higher cortical areas in the temporal and
parietal lobes (Di Lollo, Enns, & Rensink, 2000; Dux, Visser,
Goodhew, & Lipp, 2010). Another account, the object
updating hypothesis, suggests that OSM is caused by a failure
in individuation of the target and the mask (Lleras & Moore,
2003; Pilling & Gellatly, 2010), possibly due to limitations in
the temporal resolution of visual encoding (Goodhew, Pratt, &
Dux, 2013). Carlson, Rauschenberger, and Verstraten (2007)
found that neural responses to repeated targets subject to OSM
reflected adaptation in V1 but not lateral occipital cortex, sug-
gesting the neural representation of the masked target object
was reduced, if not completely suppressed, in ventral occipital
cortex. Crucially, an ERP study found early stages of visual
processing were intact during OSM, while processing stages
after 130 ms were reduced, and object-specific processing
from 180 ms was eliminated (Harris, Ku, & Woldorff,
2013), supporting the idea that OSM reduces object represen-
tations. There is evidence, however, that masked target objects
can support semantic perception (Goodhew, Visser, Lipp, &
Dux, 2011) and action (Heath, Maraj, Godbolt, & Binsted,
2008), despite not reaching awareness. These lines of evi-
dence suggest ventral object representations might be neces-
sary for awareness.

Previous studies have shown that congruent odours influ-
ence discrimination of visual objects during binocular rivalry
and the attentional blink (Robinson, Mattingley, & Reinhard,
2013; Zhou et al., 2010; Zhou, Jiang, He, & Chen, 2010), but
these paradigms have been shown to reflect bottlenecks at
different levels of processing than OSM. Specifically, OSM
seems to influence object representations despite initial intact
processing of objects. We reasoned that the OSM paradigm
would be a good candidate for investigating whether odours
affect discrimination of familiar visual objects associated with
a characteristic odour. In this study, we asked whether familiar
odorants, such as orange and mint, can alter participants’ abil-
ity to detect matching visual objects, such as images orange or
mint leaves, under conditions of OSM. Given previous find-
ings that such odours can enhance the perceptual salience of
matching visual objects (Chen et al., 2013; Robinson et al.,
2013), we predicted that OSMwould be reduced for matching
odour-object pairs relative to mismatching pairs. We also ex-
amined whether olfactory-visual OSM performance differed
for males and females by recruiting and testing a large cohort
of female (N = 36; Experiment 1) and male (N = 36;
Experiment 2) participants. Based on previous evidence, we

predicted greater olfactory modulation of visual OSM in
females.

Materials and methods

Participants

This study was approved by the Human Research Ethics
Committee of The University of Queensland, in accordance
with the Australian National Health and Medical Research
Council’s guidelines. Informed consent was obtained from
all participants. Experiments 1 and 2 consisted of 36 female
participants (M = 24.42 years, S.D. = 5.42 years) and 36 male
participants (M = 26.81 years, S.D. = 6.24 years), respectively.
The experiments were otherwise identical. The sample size
was chosen based on larger sample sizes from previous
olfactory-visual experiments to allow sufficient power to de-
tect real effects. Power analysis using G*power indicated a
sample size of 34 participants would be needed to detect me-
dium pairwise effects (d = 0.5) with 80% power at alpha =
0.05.

All participants were recruited from The University of
Queensland. They were screened for their ability to distin-
guish between a set of test odours, as described below, and
completed a questionnaire relating to factors, such as age,
odour allergies, and whether they were taking hormone-
related medications. All participants reported normal olfactory
perception, normal or corrected-to-normal vision, were non-
smokers, and had no known odour allergies.

Design and stimuli

The participants’ task was to detect the presence of a masked,
odour-related target image (rose, orange, or mint) amongst a
set of non-odour-related distracter images (e.g., box, hat).
Immediately prior to the onset of the visual display, partici-
pants inhaled a single odorant (rose, orange, mint, or plain air).

We employed an OSM paradigm with two target condi-
tions (target present, target absent), two masking conditions
(simultaneous offset mask, delayed offset mask), and three
odour conditions (odour congruent with target, odour
incongruent with target, no odour). On every trial, four visual
objects were shown concurrently, one in each quadrant of the
display and positioned 8° from a central fixation cross. For
50% of trials, there was one target image and three distracter
images (target-present trials), and for the other 50% of trials,
there were four distracter images (target-absent trials). A
black, four-dot mask surrounded the target. Each dot was a
0.35° diameter circular disk and the four dots were arranged as
the corners of a 3.18° × 3.18° square. On nontarget trials, the
dot-mask surrounded one of the distracters. Only one dot-
mask was displayed on any given trial.
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The visual target was always an odour-related object (im-
ages of an orange, a rose or mint leaves; Figs. 1 and S1). There
were seven different exemplars of each target object. The non-
target distracter images were randomly selected from a set of
16 objects that do not have a typical odour (e.g., hat, tree,
basketball; Figure S2). All images were achromatic
(greyscale) and each was sized to fit within a 3 × 3 imaginary
square. The images were displayed on a uniform grey back-
ground (RGB values: 127, 127, 127). The Cogent Toolbox in
Matlab was used to present the visual stimuli on a 21-inch,
Dell P1130 CRT monitor with a display resolution of 1024 ×
768 pixels and 100-Hz refresh rate. Participants placed their
chin on a chin rest 60 cm from the monitor.

The odours used were orange, mint (Raindrops Essential
Oils), and rose (Queens Fine Foods flavouring essence). As
shown in Fig. 1, there were three visual-olfactory conditions.
In each block, participants were instructed to look for a par-
ticular visual target (orange, rose, or mint). On each trial, they
were asked to inhale an odour and detect whether the target
image (e.g., orange) was present or absent at the location of
the mask. On target-absent trials, a distracter object appeared
at the masked location. The odour was either congruent with
the visual target, incongruent with the visual target, or was
plain air (visual-only condition).

Each participant was assigned two of the three possible
target objects (i.e., rose and orange; rose and mint; or orange
and mint) for the duration of the experiment. Across the
group, equal numbers of participants completed each of the
three possible odour-image pairs. Trials were blocked by
masking condition and target type. There were eight blocks
in the experiment, two blocks for each masking condition
(Bmasked^ - delayed offset mask, and Bunmasked^ - simulta-
neous offset mask) and target types (two of orange, rose, and
mint). In each block, there were 72 trials. Trials were
randomised within each block and blocks were randomised

throughout the experiment. In total, there were 96 trials for
each combination of odour condition (congruent, incongruent
and no odour) and target condition (target and nontarget).
Participants were offered rest breaks in between blocks. An
experimental session took approximately 50 minutes.

Participants were instructed to look for a visual target (or-
ange, rose, or mint). On each trial, they had to inhale an odour
and detect whether the target object (e.g., orange) was present
or absent at the location of the mask. On target-absent trials, a
distracter object appeared at the masked location. The odour
was either congruent with the visual target, incongruent with
the visual target, or was plain air (visual-only condition). All
visual stimuli were shown in greyscale.

Procedure

Odour discrimination test Participants first completed a
three-alternative, forced-choice odour discrimination task.
Three different odours were presented to participants: two
critical odours (two of rose, mint, and orange, as used in the
main experimental task) and plain air (no odour). Each odour
was presented 5 times, and the 15 trials were randomised. On
each trial, participants were given 3 seconds to prepare for
inhalation, after which the odour was presented for 4 seconds.
Participants pressed a button to indicate which odour they
perceived. The next trial began when participants made their
response.

Target detection task Figure 2 shows an example trial for the
masked and unmasked conditions of the olfactory-visual
OSM task. At the start of each trial, a fixation cross appeared
centrally, and simultaneously a tone was presented as a cue for
the participants to inhale through their nose. A four-channel
olfactometer delivered odours to participants by driving clean
air at 1.5 litres per minute through bottles containing undiluted

Fig. 1 Experimental design
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odour solution. Odours from the four lines emerged at a funnel
placed in front of a chin rest, under the participants’ nose. The
odour was presented for 1500 ms. The four visual objects and
single four-dot mask were then displayed for 30ms. The mask
cued participants to report on the target object within the cor-
responding quadrant of the display. In the simultaneous offset
condition, the dots disappeared at the same time as the four
images. In the delayed offset condition, the dots remained
visible for another 320 ms after the four images disappeared.
Participants were asked to indicate whether the object at the
location of the mask was the designated target (Bpresent^) or a
nontarget (Babsent^), by pressing the left or right arrow keys
with the index or middle finger of their right hand,
respectively.

Distracter (nontarget) objects appeared in the remaining
three (nonmasked) locations. Participants had to inhale an
odour and then detect whether the masked image was the

target or a nontarget. Within each block, odours could be
either congruent or incongruent with the target object, with
equal probability. Plain air (no odour) was used as a baseline.

Data analysis

Target detection sensitivity (d’) was calculated for each of the
masking and congruency conditions per participant and was
averaged across participants. A small number of individuals
were excluded from the analyses because their d’ scores were
below 0.1 for the delayed offset condition (N = 2 females in
Experiment 1; N = 1 male in Experiment 2). Inspection of the
data revealed that these participants performed well below
chance for target-present trials (≤37.50% hits, N = 1 female,
1 male) or target absent trials (32.64% correct rejection, N = 1
female), reflecting a strong bias for absent and present re-
sponses, respectively. The pattern of results described below

Odour presented

1500ms

2000ms

Time

present  ?  absent

+

+

+

get ready for odour

Odour presented

1500ms

2000ms

Time

present  ?  absent

+

+

+

get ready for odour

Masked condition

(delayed dot offset)

Unmasked condition

(simultaneous dot offset)

30ms

30ms

320ms

320ms

Until response

Until response

Fig. 2 Example trials for the masked and unmasked conditions of the olfactory-visual OSM experiment
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did not change if data from these participants were included in
the analysis. Two participants correctly detected the target on
all trials in one condition (hit rate = 1), meaning d’ could not
be computed, so their hit rates were calculated by (n – 0.5)/n,
where n is the number of target-present trials (Stanislaw &
Todorov, 1999).

For each experiment, a 3 × 2 within-subjects analysis of
variance (ANOVA) was conducted to determine the effects of
congruency (congruent, incongruent, no odour) and masking
(simultaneous versus delayed offset) on visual sensitivity, as
indexed by d’. Significant interactions between congruency
and masking were followed up by investigating the influence
of odours onmasking magnitude, which was calculated as the
difference in sensitivity between the simultaneous- and de-
layed mask-offset conditions. An α level of 0.05 was used
for all statistical tests.

As a complement to null hypothesis significance testing,
the effects of odour congruency on visual masking were
assessed using Bayesian analyses to quantify the strength of
evidence for both null and alternative hypotheses (Morey &
Rouder, 2011). Bayes factors were calculated for all pairwise
comparisons using the BayesFactor package in R. A Bayes
factor (B) represents the strength of support for the alternative
hypothesis (H1) relative to the null; values of B > 3 suggest
substantial evidence in favour of H1, whereas values smaller
than one third are regarded as providing substantial evidence
in favour of the null hypothesis (Dienes, 2011; Jeffreys, 1961).
Bayesian statistics were performed on the critical hypotheses,
namely, that a congruent odour should reduce masking mag-
nitude relative to the incongruent odour (B(congruent < incongru-

ent)) and no odour (B(congruent < no odour)) conditions and that an
incongruent odour should enhance masking relative to the no
odour condition (B(no odour < incongruent)). B statistics also were
reported for effects in the opposite direction.

Effect sizes were calculated for all statistical comparisons.
Generalised eta-squared values (ηg

2) were calculated for
ANOVA and ANCOVA results, and Hedges’ gav or gs were
calculated for paired and independent samples t tests, respec-
tively (Bakeman, 2005; Lakens, 2013).

Results

Odour discrimination test

In the odour discrimination task performed prior to the exper-
imental task, female participants correctly identified the odour
on 91.0% of trials (S.E.M. = 1.6%), significantly higher than
chance (33.3%), t(33) = 35.92, p < 0.001. Males correctly
identified the odour on 85.1% of trials (S.E.M. = 1.8%), also
significantly above chance, t(34) = 29.41, p < 0.001.
Performance was significantly higher in females than males,
t(67) = 2.43, p = 0.018, gs = 0.579, B(females > males) = 5.77,

B(males > females) = 0.08, indicating that females were better at
discriminating the test odours than males.

Experiment 1 – Female participants

Overall, for target-present trials, females (N = 34) correctly
detected the target image in 68.3% (S.E.M. = 2.8%) of trials
in the delayed-offset condition and on 86.3% (S.E.M. = 1.5%)
of trials in the simultaneous-offset condition. For target-absent
trials, they responded correctly on 73.3% (S.E.M. = 2.24%) of
trials in the delayed-offset condition and in 78.3% (S.E.M. =
1.9%) in the simultaneous-offset condition. Sensitivity mea-
sures revealed d’ values of 1.23 for delayed-offset trials and
2.04 for simultaneous-offset trials.

Figure 3a shows the mean difference in the magnitude of
the masking effect (i.e., the difference in d’ between the
simultaneous- and delayed-offset conditions) for the three
odour conditions (congruent, incongruent, no odour). The
masking effect for female participants was greatest for the
incongruent condition, somewhat lower for the no-odour con-
dition, and smallest for the congruent condition. A 3 × 2
ANOVAwas performed to assess the impact of odour-image
congruency and masking condition on d’ scores. The analysis
revealed a significant main effect of masking condition, F(1,
33) = 90.30, p < 0.001, ηg

2 = 0.359, such that sensitivity in the
delayed-offset condition (M = 1.23) was significantly lower
than that for the simultaneous-offset condition (M = 2.04).
There was no significant main effect of congruency, F(2,66)
= 0.78, p = 0.462, ηg

2 = 0.002, but there was a significant
interaction between congruency and masking, F(2,66) =
3.80, p = 0.028, ηg

2 = 0.012. To investigate this significant
interaction, the effect of odour condition on masking magni-
tude was assessed using paired t tests with a Bonferroni cor-
rection (α = 0.017). Masking magnitude in the congruent

Fig. 3 Maskingmagnitude across odour condition for Experiments 1 and
2
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odour condition was significantly lower than in the incongru-
ent odour condition, t(33) = −2.76, p = 0.009, gav = 0.444,
B(congruent < incongruent) = 9.12, B(congruent > incongruent) = 0.05.
The common language effect size indicates that after control-
ling for individual differences, the likelihood that a congruent
odour will reduce masking relative to an incongruent odour is
68.2%. There was no significant difference between the no-
odour condition and the congruent odour condition, t(33) =
1.61, p = 0.118, gav = 0.271, B(congruent < no odour) = 1.10,
B(congruent > no odour) = 0.08, or between the no-odour and
incongruent odour conditions, t(33) = −1.21, p = 0.233, gav
= 0.226, B(no odour < incongruent) = 0.63, B(no odour > incongruent) =
0.09.

Masking magnitude was calculated as the difference in d’
between the simultaneous- and delayed-offset conditions; a
larger masking effect reflects a greater decrement in the
delayed-offset condition relative to the simultaneous offset
condition. a) In females, a congruent odour significantly re-
duced masking relative to an incongruent odour. b) In males,
there was no effect of odour congruency on masking magni-
tude. * p < 0.05. Error bars represent one standard error of the
mean.

Experiment 2 – Male participants

For target-present trials, males (N = 35) correctly detected the
target object on 65.9% (S.E.M. = 2.7%) of trials in the
delayed-offset condition and 84.8% (S.E.M. = 1.2%) of trials
in the simultaneous-offset condition. For target-absent trials,
they responded correctly on 68.7% (S.E.M. = 2.0%) of trials in
the delayed-offset condition and on 75.8% (S.E.M. = 1.60%)
of trials in the simultaneous-offset condition. Sensitivity cal-
culations revealed d’ values of 0.97 and 1.86 for the delayed-
and simultaneous-offset conditions, respectively.

Figure 3b shows the mean difference in the magnitude of
the masking effect for the congruent, incongruent and no-
odour conditions. Masking magnitude did not differ across
the three odour conditions. A 3 × 2 ANOVA on sensitivity
scores revealed a significant main effect of masking condition,
F(1,34) = 168.90, p < 0.001, ηg

2 = 0.377, such that sensitivity
in the delayed-offset condition was significantly lower than in
the simultaneous-offset condition. However, there was no sig-
nificant main effect of congruency, F(2,68) = 1.85, p = 0.165,
ηg

2 = 0.006, and no significant interaction between congruen-
cy and masking, F(2,68) = 0.17, p = 0.845, ηg

2 < 0.001. To
assess the evidence that odour congruency had no effect on
masking magnitude, pairwise comparisons were performed
for each combination of odour conditions, as was done in
Experiment 1. There was no difference between the congruent
and incongruent conditions, t(34) = 0.69, p = 0.494, gav =
0.100, B(congruent < incongruent) = 0.12, B(congruent > incongruent) =
0.34, the no odour and congruent conditions, t(34) = −0.37, p
= 0.712, gav = 0.082, B(congruent < no odour) = 0.14, B(congruent > no

odour) = 0.25, or the no-odour and incongruent conditions,
t(34) = −0.13, p = 0.895, gav = 0.026, B(no odour < incongruent)

= 0.16, B(no odour > incongruent) = 0.20. Overall, Bayes analyses
revealed substantial evidence in favour of the null hypothesis,
indicating that odours had no effect on masking of visual
images in males.

Comparison of results from experiments 1 and 2

To directly compare the results of Experiments 1 and 2, we
conducted a 3 × 2 × 2 ANOVA to investigate the effect of
odour-target congruency, masking and gender on target sensi-
tivity. Analyses revealed a significant effect of gender, F(1,67)
= 4.02, p = 0.049, ηg

2 = 0.037, such that target-detection
sensitivity was lower overall for males (M = 1.42) than fe-
males (M = 1.64). As expected, there was also a significant
main effect of masking, F(1,67) = 242.75, p < 0.001, ηg

2 =
0.368, such that sensitivity was lower in the delayed-offset
condition than in the simultaneous-offset condition. There
was no significant main effect of congruency, F(2,134) =
1.28, p = 0.282, ηg

2 = 0.002, and no significant two-way
interactions between congruency and gender, F(2,134) =
1.57, p = 0.213, ηg

2 = 0.002, masking and gender, F(1,67) =
0.40, p = 0.528, ηg

2 = 0.001, or congruency and masking, F(2,
134) = 1.26, p = 0.286, ηg

2 = 0.002. There was, however, a
marginal three-way interaction between congruency, masking,
and gender, F(2,134) = 2.86, p = 0.061, ηg

2 = 0.004. This
result reflected the effect of odour-image congruency on
masking magnitude in females but not males.

As outlined earlier, females performed better than males in
the olfactory discrimination task. To determine whether olfac-
tory discrimination ability, rather than gender per se, might
have been responsible for the difference in the magnitude of
masking between the two groups, we conducted an analysis of
covariance (ANCOVA) on masking magnitude with factors of
odour condition (congruent, incongruent, no odour) and gen-
der (male, female), and the covariate of odour discrimination
score. There were no significant main effects of odour condi-
tion, F(2,130) = 1.24, p = 0.293, ηg

2 = 0.007, gender, F(1,65)
= 0.40, p = 0.532, ηg

2 = 0.004, or odour discrimination score,
F(1,65) = 0.27, p = 0.607, ηg

2 = 0.003. Furthermore, there
were no significant interactions between odour condition
and odour discrimination score, F(2,130) = 0.55, p = 0.580,
ηg

2 = 0.003, gender and odour discrimination score, F(1,65) =
0.43, p = 0.516, ηg

2 = 0.004, or odour condition, gender, and
odour discrimination score, F(2,130) = 0.23, p = 0.793, ηg

2 =
0.001. A marginal interaction between odour condition and
gender remained, F(2,130) = 2.81, p = 0.064, ηg

2 = 0.016,
indicating that odour discrimination ability did not account
for the observed odour congruency effect in females.

To summarise, we found that in females, but not males,
familiar odours reduced OSM for matching visual images
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relative to mismatching images. This effect was not associated
with olfactory discrimination ability.

Discussion

This study was designed to test the hypothesis that an odour
can enhance detection of a matching visual object during ob-
ject substitution masking (OSM) and that this effect would be
larger in females than males. We found that a congruent odour
reduced the magnitude of masking relative to an incongruent
odour, but only in females. These findings show that sense of
smell can enhance visual discrimination for matching
olfactory-visual object pairs. Essentially, it seems odours
prime visual representations of matching objects, thus making
themmore salient and more difficult to mask. Previous studies
have shown that olfactory-visual integration serves to enhance
perception when olfactory and visual information is congruent
(Chen et al., 2013; Robinson et al., 2013). The current study
builds on these previous findings by showing that cross-modal
associations between odours and their corresponding visual
objects can enhance object identification when visual aware-
ness is disrupted. Furthermore, the results suggest that the
olfactory and visual systems might be functionally more tight-
ly linked in females than males.

This study was designed to investigate whether odour-
image congruency influences perception differentially for
males and females. Overall, congruent odours significantly
reduced masking relative to incongruent odours in females,
whereas this effect was absent in males. In the additional anal-
ysis comparing the results of Experiments 1 and 2, the three-
way interaction between odour congruency, masking, and
gender was not significant (p = 0.061), but the direction of
the trend was as expected and was confirmed by the planned
analyses within the two individual experiments. Moreover,
Bayesian statistics, typically more conservative than tradition-
al null hypothesis tests, revealed that there was enough evi-
dence to conclude that odours exerted no effect on visual
masking in males. This is a striking result, because no previ-
ous studies have reported a gender difference for OSM, indi-
cating this effect is not due to a difference in visual perception
alone. Females in the study were in fact more sensitive to the
visual targets overall, as reflected in their larger mean d-prime
values, than males, ruling out any potential ceiling effects in
males. It seems logical that the gender differences arose from
differences in the olfactory system. Crucially, however, olfac-
tory ability as measured in this study did not account for dif-
ferential effects of odour condition on masking for females
and males. Therefore, multisensory integration between olfac-
tion and vision evidently manifests differently in males and
females, perhaps reflecting different neural mechanisms for
olfactory perception. Many studies have noted differences in
olfactory preferences between males and females; for

example, women prefer the scent of MHC-dissimilar men
(Wedekind & Furi, 1997; Wedekind, Seebeck, Bettens, &
Paepke, 1995). It could be that women are more motivated
to draw links between odours and visual objects for purposes,
such as sexual selection, which leads to stronger connections
between olfactory and visual areas of the brain than males. As
noted earlier, a previous study found that grey matter thick-
nesses in IPS and lingual gyrus were positively correlatedwith
olfactory abilities in females but not males (Frasnelli et al.,
2010). Furthermore, in females odours enhanced early visual
processing as indexed by ERPs (Robinson et al., 2015). The
specific mechanism for this gender difference remains to be
determined, but we suggest that females might have stronger
functional connections between the olfactory and visual sys-
tems in the brain, leading to better associations between
odours and visual features of objects.

Our observation of reduced masking in females with con-
gruent relative to incongruent odours can potentially elucidate
the stages of perceptual processing over which visual and
olfactory inputs interact in the brain. During object substitu-
tion masking, early feed-forward processing remains intact,
and the earliest modulation of neural activity is observed at
around 130-170 ms, with a slight reduction due to masking
(Harris et al., 2013). Importantly, however, object category-
specific activity, as indexed by a face-house comparison ob-
served in the N170 ERP component, is completely eliminated
by OSM (Carlson et al., 2007; Harris et al., 2013; Reiss &
Hoffman, 2007). A recent study found OSM does not require
distributed spatial or temporal attention, suggesting mecha-
nisms of OSM are not related to attentional processes
(Filmer, Mattingley, & Dux, 2015). In the current study, it is
likely that congruent odours influenced a relatively early per-
ceptual stage of visual processing not disrupted during OSM.
Previous behavioural studies have suggested that olfaction
and vision are integrated at an early stage of perceptual pro-
cessing (Seo, Arshamian, et al., 2010; Zhou et al., 2010,
2012), and ERPs clearly show that odours enhance processing
of matching images at the N1 component in females, peaking
at approximately 135 ms after image presentation (Robinson
et al., 2015).

The current results are consistent with the notion that
odours influence re-entrant visual processing. It could be that
odours enhance the salience of matching images such that
early feed-forward processes are stronger and the objects more
resilient to masking. Alternatively, odours might directly en-
hance recurrent processes. More specifically, visual re-entrant
processes supporting conscious perception might be influ-
enced by matching inputs from other sensory modalities, in
this case olfaction. Interestingly, awareness in OSM has been
linked to re-entrant activation of primary visual cortex (V1)
from higher visual areas (Boehler, Schoenfeld, Heinze, &
Hopf, 2008). Odours might therefore enhance the representa-
tion of matching visual objects within occipital brain regions,
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thereby allowing masked images to reach awareness (at least
in females).

The results from Experiment 1 of this study reflect object-
based multisensory interactions arising from natural associa-
tions between visual and olfactory features of objects (e.g.,
orange odour and orange fruit image). Interestingly, odours
enhanced discrimination of matching greyscale objects, indi-
cating a connection between odours and visual object identity
that is not dependent on colour. This is in agreement with our
previous study that found odours had no effect on evoked
responses to objects matching in colour but not form
(Robinson et al., 2015). In contrast, various studies have
found colours enhance olfactory discrimination (Dematte
et al., 2009), indicating a major difference between the two
types of olfactory-visual integration. It is possible that visual-
driven olfactory enhancement is more reliant on semantic or
conceptual representations, whereas olfactory-driven visual
enhancement is object-based and involves specialised associ-
ations between odours and visual forms. To our knowledge,
there is no evidence to suggest that males and females differ in
their sensitivity to semantic or conceptual priming, indicating
that our observed effects arose from direct multisensory pro-
cessing rather than conceptual priming or imagery.

The results of the current study reveal that a matching
odour can reliably improve detection of a masked image in
females. This indicates an important role for olfaction in visual
processing and suggests that odours influence a discrimination
stage of object recognition. Importantly, our study shows that
interactions between olfaction and vision manifest differently
in males and females. Future research could use neuroimaging
methods to determine where and when in the brain integration
between olfactory and visual information occurs and how this
differs between males and females.
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