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As a stereo odor cue, internostril odor influx could help us in many spatial tasks, including localization and navigation. Studies have also revealed
that this benefit could be modulated by the asymmetric concentrations of both influxes (left nose vs right nose). The interaction between olfac-
tion and vision, such as in object recognition and visual direction judgment, has been documented; however, little has been revealed about the
impact of odor cues on sound localization. Here we adopted the ventriloquist paradigm in auditory—odor interactions and investigated sound
localization with the concurrent unilateral odor influx. Specifically, we teased apart both the “nature” of the odors (pure olfactory stimulus vs.
mixed olfactory/trigeminal stimulus) and the location of influx (left nose vs. right nose) and examined sound localization with the method of
constant stimuli. Forty-one participants, who passed the Chinese Smell Identification Test, perceived sounds with different azimuths (0°, 5°, 10°,
and 20° unilaterally deflected from the sagittal plane by head-related transfer function) and performed sound localization (leftward or rightward)
tasks under concurrent, different unilateral odor influxes (10% v/v phenylethyl alcohol, PEA, as pure olfactory stimulus, 1% m/v menthol as
mixed olfactory/trigeminal stimulus, and propylene glycol as the control). Meanwhile, they reported confidence levels of the judgments. Results
suggested that unilateral PEA influx did not affect human sound localization judgments. However, unilateral menthol influx systematically biased
the perceived sound localization, shifting toward the odor source. Our study provides evidence that unilateral odor influx could bias perceived
sound localization only when the odor activates the trigeminal nerves.
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Introduction et al., 2014) that the odors type might influence. Allocentric
localization refers to navigating the target in a limited but
open space. It is independent of the odor type when 2 nostrils
are involved (Welge-Luessen et al., 2014). Using odor cues,
humans can successfully scent-track along the odor path on
the ground and improve their performances by boosting the
sensitivities of internostril comparisons (Porter et al., 2007).
Egocentric localization refers to the discrimination of odors
in one of the nostrils (left vs. right). It has been revealed to be
dependent on the trigeminality of the odor. Humans could ful-
fill egocentric odor localization tasks upon trigeminal stimuli,
which activate the trigeminal nerve (cranial nerve V, CN V),
such as isoamyl acetate (Kleemann et al., 2009). Nevertheless,
humans cannot discriminate which nostril receives the pure
olfactory stimuli that solely activate the olfactory nerve

Humans often use visual cues to navigate the environments
and localize the objects, overlooking the otherwise com-
parable odor function. We usually regard olfaction as an
alternative when other functions of specific sensory modal-
ities deteriorate or even are disabled, e.g., in blind individ-
uals (Dunglison, 1856). However, odors render immediate
vital information for survival—approaching food sources
and life partners but avoiding predators and other forms of
danger. Odor localization is ubiquitous in nearly all forms
of creatures throughout the evolution, from unicellular or-
ganisms, which climbed the nutrients’ gradient to “make a
living (Adler, 1966), to multicellular organisms, creatures de-
veloped multisensory strategies to navigate, as seen in birds”
odor plume (Papi et al., 1971), shrimps’ diving strategy ac- . :
cording to gravitational information (Hamner and Hamner, (Cranial Nerve 1, CN I) when compared with other senses,

1977), and sharks’ stereo olfaction (Gardiner and Atema, e.g., vision and audition (Frasnelli et al., 2010; Kleemann et
2010; Gardiner et al., 2015). al., 2009; Kobal, 1994; except Porter et al., 2005). Those find-

ings suggested the constraint of “trigeminality” in egocentric
odor localization.

Although humans could not localize pure olfactory stimuli
explicitly in an egocentric manner, it has been revealed to in-
fluence the crossmodal perception “implicitly” and resolve

More complicated than we imagined, odors could activate
the olfactory and trigeminal systems, clustering odors into
pure olfactory stimuli or mixed trigeminal/olfactory stimuli.
As shown in a large body of literature, there are 2 types of
odor localization (allocentric and egocentric; Welge-Luessen
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the otherwise ambiguous directional perception in other sen-
sory modalities. This influence was achieved by a top-down
fashion of sensory association or by a bottom-up manner of
crossmodal perceptual integration. After being paired (asso-
ciated) with dots which move in a specific direction, odors
could shift the perceived direction of ambiguous visual dot
motion towards their paired pattern (Kuang and Zhang,
2014). Moreover, odor influxes with asymmetric concentra-
tions could trigger a biased directional perception of visual
stimuli. Wu (2020) used apparent optic flow with a centrifugal
center to test odor-induced visual localization bias. This bias
was mediated by the internostril ratio of odor concentrations
instead of the absolute odor concentration discrepancies.

The above crossmodal capture in localization has been
found in various sensory combinations (Mateeff et al.,
1985; Soto-Faraco et al., 2004). Not only did olfaction-
related stimuli involve in multisensory spatial judgment, but
somatosensory-related stimuli could also bias the localization
in another sensory modality, such as affecting the perceived
auditory localization. Receptors for somatosensory are dis-
tributed all over the skin and inside the body. Such recep-
tors are responsible for conveying the information of physical
forces (e.g., touch), chemical environment (e.g., intranasal
trigeminal odors) or temperature to the brain. Previous re-
search suggested that spatial-incongruent tactile stimuli could
influence sound localization in an external coordinate system
(Bruns and Roder, 2010; Caclin et al., 2002), representing
that tactile stimulation could bias the apparent location of a
synchronous sound (Caclin et al., 2002). However, whether
another form of somatosensory stimuli (intranasal trigem-
inal odors) could bias perceived sound localization remains
unknown.

In our daily life, sound localization is as vital as the visual
one. It is even more decisive in conveying critical location
information when the accompanying visual object is uncer-
tain for recognition or not available for immediate sight
(e.g., an approaching car towards the rear of a pedestrian).
On many occasions, visual cues could bias/facilitate the
concurrent sound localization due to the functional super-
iority of visual modality over the auditory one in spatial
tasks (Jiang and Chen, 2013; Sanabria et al., 2007; Welch
and Warren, 1980), as realized in the ventriloquist effect.
The ventriloquist effect has been initially demonstrated in
audiovisual interaction in which the concurrent visual cues
could bias perception of sound location toward the pos-
ition of the visual distractor, even subjects trying to ignore
them (for a review, see Chen and Vroomen, 2013). This
illusion has been extended to the interaction between vi-
sion and other senses like touch (Merz et al., 2020) and
chemical senses (Kuang and Zhang, 2014; Wu et al., 2020),
providing an effective tool to study the interaction among
various sensory modalities.

Notably, the previous research provided great possibilities
that odors (both pure olfactory odor and mixed trigeminal/ol-
factory odor) might bias sound localization judgment. To as-
sess the potential bias of chemosenses (i.e., odor) upon sound
perception and the underlying constraints, we exploited the
ventriloquism between odor and audition and aimed to an-
swer (i) whether unilateral odor input (both pure olfactory
stimuli and trigeminal stimuli) could bias perceived sound
location; (ii) if so, whether/how pure olfactory stimuli and
trigeminal stimuli imposed differential effects upon the sound
localization. Given the trigeminality of the odor contributes
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prominently to fulfilling localization, we anticipated that the
efficacy of odor-sound interaction in localization is contin-
gent on the specific odor stimulations (pure olfactory stimuli
vs. trigeminal stimuli), and the trigeminal odors would play
an upper hand in “capturing” sound localization than the
pure olfactory stimuli achieve.

Materials and methods

Participants

According to the calculation by GPower, 34 participants were
required to reach a power of 0.8 (Faul et al., 2007). Forty-one
participants (40 right handed, 15 males and 26 females, age:
22.6 = 3.2 [SD] years) from Peking University attended the
experiments. They did not have a history of nasal operation
or suffer from common cold, rhinitis, or any neurological
and psychiatric conditions. Before experiments, they had to
pass the Chinese smell identification test to exclude olfactory
dysfunction (Feng et al., 2019), in which they should cor-
rectly identify at least 34 of 40 odor items using a 4-alterna-
tive forced-choice paradigm. This study was proved by the
Academic Affairs Committee of the School of Psychological
and Cognitive Sciences at Peking University and complied
with the Declaration of Helsinki. Participants read and signed
the informed consent before formal experiments.

Materials

The experimental program was written with Psychotoolbox
(Brainard, 1997; Pelli, 1997) and conducted on MATLAB
R2020b (Mathworks, Natrick, MA, USA).

Audio stimuli

A pure sound (250 Hz, 50 dB, 1,500 ms) was generated by
MATLAB and delivered to a headset (AirPods Pro, China).
Sound azimuth control was achieved by the head-related
transfer function (HRTF) generated from the MIT dataset
(Gardner and Martin, 1994), which provided the necessary
parameters of sound azimuths (e.g., interaural time differ-

ence, interaural level difference, etc.) as physical sounds
did.

Olfactory stimuli

Phenylethyl alcohol (PEA, rose smell, D&B, 99% for ana-
lysis) and menthol (mint smell, Heowns, 98% for analysis)
were dissolved in propylene glycol (odorless, Amethyst, 99 %
for analysis), respectively, to get 10% v/v PEA and 1% m/v
menthol (Kobal et al., 1989). PEA is regarded as a pure ol-
factory stimulus, while menthol is regarded as a mixed ol-
factory/trigeminal stimulus (from here on, referred to as
trigeminal stimulus). Propylene glycol was also used as the
control group in the formal experiment. All 3 stimuli (30 mL
each) were placed in identical 250-mL glass jars. Participants
sniffed the odorants from the glass jars via odorless silicone
tubes.

Procedure

In our study, we implemented a ventriloquism paradigm with
sound localization under the presence of odors. Meanwhile,
we asked participants to rate their confidence in sound lo-
calization to check their attention and avoid potential re-
sponse bias. To start the localization task, participants sat in
front of a table and were required to keep their heads still

2202 J9qWaAoN €0 uo Jasn Aseiqi Ausianiun Bupjed Aq 266+16/29/6209ela/oswayd/e60L 0L /10p/a1o1le/aswayo/wod dno-olwapede//:sdiy wouy papeojumoq



Chemical Senses, 2022, Vol. 47

2500 ms, exhalation cue

Exhale or hold your breath

200 ms blank screen

Inhale signal

1000 ms inhalation signal, indicating a inhalation cue (+) will appear on next screen

VN

1500 ms pure sound
Azimuth: 0° (20 trials), £5° (10 trials), £10° (10 trials), £20° (10 trials)

Press Left or Right Arrow

Forced judgement task (Reaction time < 10s)

Sound direction?

Confidence level (7-point Likert Scale)
Reaction time <10 s

Confidence level?

5000 ms

ITl

Exhale or hold your breath

Fig. 1. Schematic illustration of one trial of the sound localization task. Participants inhaled the odor and heard the sound simultaneously. Sound azimuth
was defined as the angle deflected from the sagittal plane (“—" means leftward, “+" means rightward). ITl, intertrial interval; response: Left or Right.
Confidence: from 1 to 7 (1 means “just guess,” 7 means “very confident.” The higher, the more confident).

in a ventilated room. Participants could freely breathe unless
there was a specific instruction. The complete paradigm is
shown in Fig. 1. A typical trial began with the visual pres-
entation of a breathing instruction for 2,500 ms, indicating
that participants should exhale or just hold their breath at
this stage. Then it went a 200-ms blank screen, followed by a
1000-ms inhalation pre-cue. After that, participants inhaled/
smelt the odors and meanwhile heard a 1,500-ms pure sound
(azimuths: =20°, -10°, -5°, 0°, +5°, +10°, +20°; minus refers
to left field while plus refers to right field). The sound azi-
muth setting was based on the resolution of the HRTF and
the approximate difference limen (DL) (6) (Mills, 1958).
The simulated sound was unilaterally deflected from the sa-
gittal plane in 7 logarithmic steps (i.e., 0°, +0, 20, and =460).
Participants finally made a 2-alternative forced-choice judg-
ment of whether the sound came from the left or right field
and reported their confidence level (the 7-point Likert scale, 1
means “just guess,” while 7 means “extremely confident”) of
the response within 10 s consecutively. The intertrial interval
(ITT) was 5,000 ms. The experiment consisted of 5 blocks
containing 5 odor-nostril conditions (bilateral propanediol as
control, left PEA, right PEA, left menthol, and right menthol).
The orders of conditions were counterbalanced among parti-
cipants. To purge the leftover of previous odor, we turned on
the air conditioner between blocks. Each block was divided
into 2 sub-blocks, each having 40 trials. There was a 2-min
forced break between sub-blocks. Therefore, one block con-
sisted of 80 trials with 20 trials for 0° and 10 trials each for
other sound azimuths. All trials were pseudo-randomly given
in order.

Data analysis

Psychophysical curves were fitted with Boltzmann sigmoid
function, f(x) = 1/(1+e®*) in Origin (OriginLab Corp.,
Northampton, MA, USA), where x refers to the sound azi-
muth and x* refers to the point of subjective equivalence
(PSE), at which sound azimuth participants reported 50%
rightward judgments. DL, or just noticeable difference, refers
to the minimum azimuth that participants could discriminate
different sound azimuths. DL for each participant was cal-
culated according to the interquartile range of the function.
Furthermore, we conducted a series of repeated measures
analysis of variance (ANOVAs), multivariate analysis of vari-
ance, and paired sample #-tests using IBM SPSS Statistics 27
(SPSS Inc., Chicago, IL, USA) and JASP (Love et al., 2019). All
statistical approaches were 2-tailed and set at the significant
level of 0.05.

Results

Three participants were excluded from statistical analysis due
to the ill-fitting of the Boltzmann sigmoid function (R* < 0.4)
or initial rightward bias of sound localization (i.e., 100% of
rightward judgments at sound azimuth = 0).

Localization for individual sound azimuths

We assessed whether unilateral odor influx influenced per-
ceived sound at azimuth = 0°, where the sound direction
information was most ambiguous (Fig. 2). For PEA, no signifi-

cant effect of sound localization bias was found (F,,,=0.555,
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Fig. 2. The proportion of rightward judgments at azimuth = 0 under different odornostril conditions. (a) Unilateral PEA influx did not pose a significant
rightward response difference compared with the control group at azimuth = 0. (b) Right menthol influx caused an increased rightward judgment
compared with the control group at azimuth = 0. All error bars stand for standard error mean (SEM), **P < 0.01.

P = 0.576, partial n* = 0.015, Bayes factors of H, over H,
BF, = 7.691). However, unilateral menthol influx imposed
a significant effect on perceived sound localization (F,,, =
13.922, P < 0.001, partial n? = 0.273). Further paired sample
t-tests revealed that this significant effect was contributed
by the right menthol influx (z,, = 3.396, P = 0.002, Cohen’s
d =0.608), with a 9.87% more report of rightward judgments
at sound azimuth = 0° compared with the control group, in-
stead of left menthol influx (¢, = -1.449, P = 0.156, Cohen’s
d =0.248, BF,, =2.192).

At every sound azimuth, we calculated Bayesian factors H
over H, (BF,,) of odor effect on sound localization perception
to test whether there were more (or less) rightward judgments
with odor influx at specific sound azimuth (see Supplementary
Tables 1 and 2). The results from Bayesian ANOVA showed
all BF, values of odor conditions were higher than 3 at every
azimuth and even higher than 10 when the sound azimuth
was larger than 10°, which gave evidence that odor influx
did not influence the sound localization judgment at a large
azimuth input.

37 =

PSE shift

To examine the performance of sound localization, we fitted
a series of psychophysical curves that delineated the propor-
tions of rightward judgment as a function of the sound azi-
muth under different odor-nostril conditions (Fig. 3a and b).
PSEs for the individuals were shown in Figs. 3¢ and 4d. PSE
under control group is shifted rightward with an approximate
angle of 1.13° (¢, = -2.590, P = 0.014, Cohen’s d = 0.420).
Intriguingly, PSE shifted discrepantly under different odor-
nostril conditions. As shown in Fig. 3e and f, unilateral PEA
influx did not cause a significant PSE shift (F,_, = 0.106, P =
0.900, partial 0> = 0.003, BF , = 11.234). However, unilateral

menthol influx systematically biased the perceived sound local-
ization (F, o ... [Huynh-Feldt adjusted degree of freedom]
=17.000, P < 0.001, partial 0> = 0.315), shifting toward the
odor side with the PSE shift of approximate a quarter of the
DL (PSE shift of right menthol influx: -1.15 = 0.42 [SEM];
PSE shift of left menthol influx: 0.91 = 0.30 [SEM]; DL at
control group: —4.45 = 0.32 [SEM]). That was, right men-
thol influx made PSE shifted rightward (-1.146° =+ -0.417°
[SEM], 95% CI [-2.191°,-0.101°]), and vice versa (0.918° =
0.301° [SEM], 95% CI [0.163°, 1.673°]). Confidence curves
(Fig. 4) were U-shaped and were not different among different
odor-nostril conditions (Fy5 16 = 0.458, P = 0.993, partial n?
= 0.018), showing that participants were well-instructed and
responded to the perceived sound direction as required.

Different limen

Different limen (DL) revealed participants’ discrimination of
sound azimuth (the higher DL, the lower the discriminative
ability/sensitivity to the sound azimuth of the participant).
DL at control group was not significantly different from 5°
(t, = -1.726, P = 0.093, BF, = 1.948), which was the ini-
tial 0. Results suggested that all main effects and interactions
regarding odor-nostril conditions were insignificant (F, , =
0.830, P = 0.508, BF, = 17.688), showing that participants
had comparable sensitivities of sound localization in the pres-
ence of all given odor conditions.

Discussion

The current study supported our hypothesis that unilateral
odor influx, with binasal odor discrepancy, could bias human
perceived sound localization to the odor side. Moreover, this
odor-induced ventriloquism depends on the trigeminality of
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Fig. 3. PSE shift of unilateral odor influx on sound direction perception. (a, b) Psychophysical curves of sound direction judgment under different
odornostril conditions (control, left PEA influx, right PEA influx, left menthol influx, and right menthol influx). Negative values on the horizontal axis
mean leftward sound stimuli, and positive values on the horizontal axis mean rightward sound stimuli. (c, d) individual PSE under different odornostril
conditions. Middle dots and 2 arrows represent one participant. Unilateral menthol influx led to a systematic bias in perceived sound direction, shifting
towards the odor side. (e, f) PSE shift of individual data. All error bars stand for standard error mean (SEM), **P < 0.01.
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Fig. 4. The confidence level (the 7-point Likert scale, 1 means “just
guess,” while 7 means “extremely confident”) of the sound direction
judgment under different odornostril conditions (control, left PEA influx,
right PEA influx, left menthol influx, and right menthol influx). Negative
values on the horizontal axis mean leftward sound stimuli, and positive
values on the horizontal axis mean rightward sound stimuli. All error bars
stand for standard error mean (SEM).

the odor. Only odors that activate trigeminal nerves (in our
study, it is menthol instead of PEA) could bias the sound
localization.

This odor-induced ventriloquism could be interpreted by
either the crossmodal capture effect of odor upon sound
(Millot et al., 2016), or the modality precision/appropri-
ateness hypothesis. The modality precision hypothesis sug-
gests that the modality which is more precise in specific
functioning (e.g., localization) dominates when the infor-
mation from 2 sensory modalities is conflicting (Welch and
Warren, 1980). Compared with the audition, olfaction out-
performed the relocation task with a higher absolute cor-
rect rate (Schifferstein et al., 2010). From this point of view,
odor containing olfactory and/or trigeminal properties is
at least not weaker or better than audition in localization.
Therefore, the concurrent but spatially discrepant odor in-
puts could combine and integrate with the sound to convey
reliable spatial representation, influencing the sound local-
ization judgment. Essentially, the prerequisite is that odors
should convey directional information (Croy et al., 2014;
Kikuta et al., 2010), which was satisfied through activation
in the trigeminal-related cortex (i.e., somatosensory cortex
and intraparietal sulcus) under unilateral trigeminal odor
stimulus (Croy et al., 2014).

2202 J9qWaAoN €0 uo Jasn Aseiqi Ausianiun Bupjed Aq 266+16/29/6209ela/oswayd/e60L 0L /10p/a1o1le/aswayo/wod dno-olwapede//:sdiy wouy papeojumoq



In our study, we found differential bias effects between PEA
and menthol. The functional divergence associated with those
stimuli had led to the observed difference in the bias effect.
Menthol activates the trigeminal system that can convey dir-
ectional information, whereas PEA activates only the olfac-
tory nerve. The current observation that intranasal trigeminal
stimuli could bias perceived sound localization was in line
with the previous research that tactile stimuli to the fingertips
bias auditory localization toward tactile stimulation (Caclin
et al., 2002). The only difference was that trigeminal odor
contained intranasal somatosensory stimuli instead of direct
tactile stimulation. Trigeminal stimuli (e.g., menthol) could
provide directional information, which is an essential factor
of binasal odor localization. The reason trigeminal activation
is fundamental in odor localization could be well interpreted
by the high trigeminal sensitivity and olfactory degeneration
during evolution. The trigeminal system involves nociceptive
input, which is highly related to alerting and humans’ survival.
However, as for the olfactory system, the size of the human
olfactory lobe decreased compared with other highly devel-
oped animals, which could be explained by successful bipedal
movement (Raithel and Gottfried, 2021). Under such circum-
stances, the chemotaxis strategy, using concentration gradient
to navigate, is enough. Human olfaction then becomes less
vital in keeping a living compared with other animals.

In addition, the stereo olfaction of humans is constrained by
objective physiological factors, for instance, neuronal pathway,
interpreting the relative reliability of the olfactory localization
and trigeminal localization. Although odors activate ipsilateral
mitral and tufted cells (M/T cells), the primary olfactory cortex
(POC) could receive afferent signals as well from contralateral
M/T cells rapidly in the direct pathway through anterior com-
missure (Dalal et al., 2020) or in the indirect pathway through
activating mirror-symmetric M/T cells (Dalal et al., 2020;
Grobman et al., 2018; Kermen et al., 2020). Directional infor-
mation of pure olfactory stimuli might dissipate in the higher
olfactory cortex since odor perception united before that. This
dissipation provides some explanation as to why humans do
not have reliable stereo olfaction. However, the intranasal tri-
geminal system maintains directional information for a longer
path (Croy et al., 2014; Doty et al., 1997; Iannilli et al., 2008)
compared with olfaction before the POC, providing the neural
possibilities to integrate with sound.

As mentioned above, our study highlighted that unilat-
eral menthol influx could bias perceived sound localization.
To analyze the potential mechanism of the menthol-induced
bias, we proposed 2 possible pathways (direct and indirect) of
this trigeminus-sound integration. Overall speaking, we sug-
gested that 3 integration regions in the brain were involved
in such trigeminus-sound integration through the direct and
indirect pathways, including superior temporal gyrus/sulcus
(STG/STS) (Beauchamp, 2005; Beauchamp et al., 2004),
intraparietal sulcus (IPS) (Beauchamp etal.,2010; Regenbogen
et al., 2018), and prefrontal cortex (PFC) (Zimmerman and
Lahav, 2012). For the direct pathway, we speculated that dir-
ectional information from the trigeminal cortex (e.g., som-
atosensory cortex) and sound information integrated in IPS
near the somatosensory cortex, or STG/STS, which involves
sound-related integration. For the indirect pathway, we con-
ceived that trigeminal odor influenced sound localization by
transmitting directional information to the olfactory cortex,
finally integrating with sound in STS/STG and PFC, which
were involved in olfactory processing. Furthermore, we
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tended to explain the biological feasibility of the indirect
pathway. From the neuronal perspective, although trigeminal
nerves and olfactory nerves projected to the higher cortex
independently, information from the trigeminal cortex was
found to project to the olfactory cortex. Previous research dis-
covered that even pure trigeminal stimulus (e.g., CO,) could
activate the olfactory cortex (Carlson et al., 2013). Moreover,
trigeminal information and olfactory information were re-
ported in a preprint to integrate in the POC and the superior
temporal cortex. This trigeminal-olfactory costimulation
could also enhance POC-OFC (orbitofrontal cortex) connect-
ivity (Karunanayaka et al., 2021). These findings showed the
trigeminal and olfactory nerves were not isolated from each
other and were functionally connected. From this point of
view, directional information from trigeminal odor should be
biologically possible to be conveyed to the primary or higher
olfactory cortex and then integrated with sound.

Notably, a recent comparable study from Wu reported suc-
cess in ventriloquism of PEA-induced optic flow bias (Wu et
al., 2020). Our divergent results might result from the nature
of sensory modalities and different experimental operations.
Although we both used PEA as the inducer, vision and audi-
tion are distinct senses in terms of localization robustness.
Since ventriloquism depends on the relative reliability of the
2 stimuli (Alais and Burr, 2004), the effect should vary from
vision to audition. Moreover, Wu did not pledge the syn-
chronization of visual and olfactory stimuli. However, an ap-
propriate short stimuli-onset asynchrony (or time window)
should be controlled since it is one of the fundamental con-
straints for successful multisensory integration (Otto et al.,
2013). Putting breathing as a free factor might cause various
sampling frequencies and odor influx volumes of the partici-
pants. In our experimental setting, we required participants to
inhale/smell when the sound was given to keep the odor and
auditory stimuli simultaneously presented.

Admittedly, breath regulation (when to exhale and when to
inhale) not only ensured the synchronism of the odor stimuli,
but might attract participants’ attention to odor informa-
tion (although they were required to neglect it). Extra atten-
tion to olfaction in localization tasks (Spence et al., 2000;
Spence, Kettenmann, et al., 2001; Spence, McGlone, et al.,
2001) or potential response bias to the odor might become an
inevitable contributor to the ventriloquism that participants
might use odor information to judge the sound localization.
However, selective attention or response bias cannot explain
well the results of our study. The confidence-azimuth curves
were distinctly U-shape, showing the participants indeed
judged the sound direction as we required. Furthermore, the
results of Bayesian factors H over H, (BF,,) of odor effect
on sound localization perception suggested that odou\r influx
did not influence sound localization judgment when the azi-
muth was larger than 10°, whose pattern was in accordance
with the principle of inverse effectiveness in multisensory in-
tegration (the stronger/more reliable the unimodal stimulus is,
the weaker the integration benefits), supporting our interpret-
ation of odor-sound integration (Stein and Meredith, 1993).

However, there are still some limitations in our study. We
found a systematic rightward bias at azimuth = 0 in the con-
trol group, which might be interpreted by the participants’
handedness or the innate bias of the HRTFE. Although this bias
did not interrupt our main findings, it still could be balanced
by selecting participants and using real speakers in future re-
search. Another limitation is that we only employed one pure
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or trigeminal odor in the present study due to the pragmatic
difficulties of implementing more stimulants and recruiting
more participants, so we should remain cautious in drawing
the conclusion. However, we anticipate the effects would
also be observed among other intranasal trigeminal agonists.
Additionally, we tried to control participants’ breath to en-
sure synchronism of the stimuli but at the cost of the potential
extra attention during inhalation. Besides, we compressed the
ITI into 5 seconds to prevent severe olfactory fatigue in late
trials. However, too short ITI might lead to a situation where
the previous trial condition influences participants’ present
judgment due to the order effect. The optimal ITI could be
tested in further studies.

Overall, our study unveiled the ventriloquism that unilat-
eral trigeminal odors could bias perceived sound location,
shifting towards the odor side. This bias is prevalent and with
a stable sensitivity of sound localization judgment, bolstered
by the fact that the DL did not change with the odor. The
exact neural mechanism and the potential gender-specific dif-
ferences under such ventriloquism could be explored in fur-
ther research.
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