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Summary  

The perceived location of a sound can be mislocated towards a spatially discordant but 

temporally synchronous visual stimulus. This is referred to as the spatial ventriloquist effect. 

However, whether chemosensory cues can similarly bias sound localization remains largely 

unaddressed. Hence, the present EEG study adopted a dynamic sound localization paradigm 

with concurrent bimodal odorant stimulation. Participants heard sequences of sounds varying 

in location. After each sound, participants made a two-alternative forced choice localization 

judgment (left vs. right). Critically, in a subset of occasions, but unbeknown to the participants, 

the sounds originated from a central location. Furthermore, in the first half of the sequence, 

sound presentation could be accompanied by a task-irrelevant, trigeminally potent odorant in 

the left, right, or both nostril(s). Auditory-only trials and birhinal stimulation served as controls. 

For central sounds in the second half of the sequence, the proportion of right-ward responses 

increased with right-nostril stimulation but decreased with left-nostril stimulation relative to 

the control conditions, showing an after-effect of odorant stimulation for ambiguous sound 

cues. This odorant-induced localization bias diminished with increasing spatial discernability of 

the sounds. On the contrary, alpha power lateralization, a correlate of auditory spatial attention, 

was most susceptible to odorant stimulation when the spatial disparity between the senses was 

largest, as reflected in diminished alpha lateralization for incongruent chemosensory-sound 

stimulation. No such effect was present in a multivariate decoding analysis of alpha power. We 

discuss the present findings in light of cross-modal interactions and a proposed common 

attentional control system between the senses. 

 

Keywords: spatial ventriloquism effect, cross-modal interactions, spatial attention, 

chemosensory, sound localization, alpha lateralization, multivariate pattern analysis  
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1. Introduction 

When conflicting sensory information is processed through different senses, we may observe 

that one sensory domain influences or biases the other domain. For instance, in the audiovisual 

domain, the ‘spatial ventriloquism effect’ describes how the perceived location of a sound is 

shifted towards a concurrently presented but spatially divergent visual stimulus (for a review, 

see1). The ventriloquism effect has also been investigated in other modalities, such as the visuo-

tactile domain2, but to a lesser extent. In contrast, much less is known about the interaction 

between our chemical senses and other sensory modalities. 

To  date, a limited number of studies has revealed cross-modal interactions between 

olfaction and vision, showing that odorant stimulation can modulate visual motion processing3 

as well as visuo-spatial navigation4. Focusing on cross-modal interactions between 

chemosensation and audition, a behavioral study by Liang and colleagues5 recently 

investigated whether odorants can bias the perceived location of a centrally presented sound 

towards the stimulated nostril. Specifically, the participants’ left or right nostril was stimulated 

with a pure olfactory stimulus (phenylethyl alcohol, rose smell) or a bimodal (i.e., olfactory-

trigeminal) stimulus (menthol, mint smell) while performing a two-alternative forced choice 

sound localization task (left versus right). The authors found that centrally presented sounds 

were more frequently categorized as originating from the right side if participants received 

monorhinal rightward odorant stimulation. Critically, the odorant-induced sound localization 

bias was only present with a bimodal olfactory-trigeminal stimulus but not with a pure olfactory 

stimulus. In line with research showing that humans can only localize monorhinally presented 

odors when they stimulate the trigeminal system6–8, this demonstrates that trigeminal 

stimulation is essential to evoke a chemosensory spatial ventriloquism effect.  

While the findings by Liang and colleagues5 clearly demonstrate the influence of trigeminal 

cues on the perception of ambiguous sound sources, the underlying electrophysiological 

mechanisms have not been investigated to date. Hence, the aim of the current study is two-

fold: First, we aim to replicate the behavioral odorant-induced sound localization bias found 

by Liang et al., using a different bimodal stimulus (i.e., isopropanol) and a modified, EEG-

compatible design. Further, we aim to shed light on the underlying neurocognitive 

mechanisms, focusing on the modulation of univariate and multivariate EEG-correlates of 

spatial attention. Specifically, the present investigation focuses on attentional modulations of 

alpha oscillations.  

An abundant body of research has linked hemispheric modulations of alpha power to the 

allocation of spatial attention in various domains, such as anticipatory shifts of spatial 

attention9–12, attentional orienting within working memory13–16
, or attentional selection from a 

stimulus array17,18
. Across those domains, converging evidence has shown similar patterns of 

parieto-occipital alpha power lateralization for visual10,14,15 and auditory19–22 shifts of covert 

spatial attention. Together with other neuroimaging findings, this has amounted to the notion 

of a common supramodal attention system23, but see also 24,25
. In the last years, increasing popularity 

of machine learning classification methods have further resulted in a surge of studies showing 

that the locus of spatial attention can be decoded from the pattern of alpha activity across the 

scalp26–30. 

Adopting a cross-modal perspective, investigations of alpha power modulations are mainly 

situated in the context of intersensory orienting (i.e., concerning shifts of attention from one 
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modality to another), proposing its involvement in the inhibition of processing in task-

irrelevant sensory cortices and the re-allocation of resources across sensory systems31–34. 

However, to date, it remains unknown whether alpha power lateralization or classification 

accuracy based on multivariate alpha power signals are susceptible to cross-modal interactions 

between a task-relevant and a task-irrelevant modality during the deployment of spatial 

attention, as reflected in the spatial ventriloquism effect.  

Therefore, in the present study, participants completed a sound localization paradigm, in 

which they were presented with a sequence of sounds from various lateralized locations (see 

Figure 1-B). After each sound presentation, participants made a two-alternative forced choice 

judgement, indicating the spatial location of the sound as coming from the left or right side. 

Critically, in a subset of occasions, but unbeknown to the participants, the sounds were 

presented at a central location, creating a situation of maximal spatial uncertainty. Sounds were 

grouped into a sequence of eight consecutive tones (Figure 1-C). Concurrently, during the first 

half of the sequence, sound presentation could be accompanied by bimodal odorant 

stimulation in the left, right, or both nostrils (Figure 1-D). In addition to the birhinal stimulation 

condition, a subset of auditory-only trials served as a neutral control condition. Participants 

were informed that the chemosensory stimulation was task-irrelevant. 

In line with the results by Liang and colleagues5, we expect that monorhinal stimulation 

biases the reported sound localization towards the stimulated nostril, especially under 

conditions of high spatial uncertainty. More precisely, for centrally presented sounds, we 

expect an increase of right-ward judgements during right-nostril stimulation and a decrease of 

right-ward indications during left-nostril stimulation. Analogously, faster responses are 

expected when participants classify a centrally presented sound in accordance with the side of 

odorant stimulation (congruent trials) as opposed to incongruent responses or responses in 

the control conditions. The impact of odorant stimulation on sound localization is expected to 

substantial decrease or potentially disappear at farther lateralized sound locations with little to 

now spatial uncertainty. We further contrast responses for sounds that were directly paired 

with an odorant stimulation and those who might be affected by the after-effect of the 

stimulation that usually out-lasts the actual stimulation35,36. 

On the electrophysiological level, we aim to show whether alpha power lateralization during 

shifts of auditory spatial attention is boosted by a congruent, lateral odorant stimulation or 

diminished by an incongruent odorant in comparison to a spatially unspecific odorant 

condition and a control condition without any odorant stimulation. In addition, to fully exploit 

the multivariate nature of the EEG recordings, we apply a pattern classification routine to 

decode the locus of auditory spatial attention from the scalp topography of alpha-band power, 

while participants receive congruent or incongruent odorant stimulation. Previously, it has 

been shown that such multivariate measures can be sensitive to effects that are not reflected 

in univariate measures of spatial attention29
. 

To foreshadow the main findings, the present results substantiate previous behavioral 

evidence for an odorant-induced sound localization bias when spatial cues in the auditory 

domain are extremely ambiguous. Critically, we show that the magnitude of alpha power 

lateralization is modulated by the spatial congruency of sound-odor-stimulation at outer (+/- 

15° azimuth), but not at inner (+/-5° azimuth) or central (0° azimuth) sound locations. 

Multivariate decoding of auditory spatial attention was diminished by concurrent odor-
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stimulation; however, this remained insensitive to the differences between the odor-

stimulation conditions. Taken together, the present study provides compelling evidence for a 

spatial ventriloquism effect in the auditory-chemosensory domain and for the first time, sheds 

light on the underlying electrophysiological underpinnings. The findings present an important 

contribution to our understanding of cross-modal interactions between auditory perception 

and chemosensory processing.  
 

 

 

 

Figure 1. Localization judgements in dynamic sound localization paradigm is modulated by an after-effect 

of monorhinal bimodal odorant stimulation when sound cues are highly ambiguous. (A) To determine the 

concentration that is trigeminally potent for each individual subject, participants completed an odorant localization 

task in the beginning of the experiment. (B) During the sound localization paradigm, sounds could be presented at 

five different location (-15°, -5°, 0°, +5°, -15° azimuth in the horizontal plane). (C) Schematic illustration of an 

auditory only sound sequence of eight tones. Participants were required to indicate the perceived direction of the 

sound (left vs. right) via button press with their dominant hand of. The inter stimulus interval was between 950 and 

1050 ms and the inter sequence interval was 3 s. (D) Illustration of a sound sequence that was accompanied by a 

bimodal odorant stimulation either in the left, right, or both nostril(s). The inter-sequence interval was 13.6 s. (E) 

Boxplots illustrate the proportion of right-button presses for centrally presented sounds (left) and the proportion 

of correct responses for the lateralized sounds (right). Lines in the boxplots indicate the median whereas the plus 

indicates the mean, and whiskers denote +-1.5 IQR. * p < .05, ** p <.01 in one-sided post hoc planned contrasts. 

Cong = Congruent, Incong = Incongruent, A-only = Auditory-only.  
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2 Results 

2.1 Behavioral Results 

After-effect of monorhinal trigeminal stimulation biases sound localization when sound cues 

are highly ambiguous 

A two-way rmANOVA (stimulation x sequence half) on the proportion of right-ward 

judgements in response to central sounds was conducted to assess the influence of odorant-

stimulation on sound localization under conditions of high spatial uncertainty. While there was 

no significant main effect of sequence halves, F(1,72) = 0.112, p = .741, ηp
2 = 0.005, we observed 

a significant main effect of stimulation, F(3,72) = 4.590, p = .005. ηp
2= 0.161, as well as a 

significant interaction, F(3,72) = 3.563, p = .018, ηp
2= 0.129.  

Using planned contrasts, we tested left and right-nostril stimulation against the control 

conditions (auditory-only, birhinal stimulation), separately for trials within the first and the 

second half of the sound sequence. In the first sequence half, congruent right-nostril 

stimulation had an increasing effect on right-ward judgements compared to the birhinal 

control condition, t(111.475) = 2.074, p = .020, d = 0.517. The other comparisons in the first 

sequence half were not significant (all p ≥ 0.282). In line with an after-effect of odorant 

stimulation, in the second sequence half, left nostril stimulation significantly decreased the 

proportion of right-ward judgements compared to the birhinal, t(111.475) = -2.153, p = .017, 

d = -0.430, and auditory-only control conditions, t(111.475) = -2.199, p = .015, d = -0.411. In 

contrast, right-nostril stimulation significantly increased the right-ward indications compared 

to birhinal stimulation, t(111.475) = 2.441, p = .008, d = 0.676, and compared to the auditory-

only control condition, t(111.475) = 2.395, p = .009, d = 0.378.  

Response times for central sounds are not affected by odorant stimulation 

An analogous two-way rmANOVA for reaction times in response to the centrally presented 

sounds did neither render a significant main effect of stimulation, F(3,60) = 0.861, p = .466, ηp
2 

= 0.41, or of sequence half, F(1,20) = 0.981, p = .334, ηp
2 = 0.047, nor a significant interaction 

effect, F(3,60) = 0.399, p = .754 ηp
2 = 0.020. This suggests that response times are not affected 

by odorant stimulation.   

Odorant-induced sound localization bias diminishes with increasing spatial discernability of 

sound cues 

To assess whether the observed odorant-induced sound localization bias persists when sound 

cues become increasingly discernable, we performed a three-way rmANOVA (stimulation x 

sound position x sequence half) on the proportion of correction responses for lateralized 

sounds. A significant main effect of sound position, F(1,24) = 34.749, p < .001, ηp
2= 0.591, 

confirms the descriptive pattern of better performance for strongly lateralized (i.e., +/-15°, M 

= 98.14%, SD = 4.32%) as opposed to less strongly lateralized sounds (i.e., +/- 5°, M = 92.48%, 

SD = 6.54%, see Figure 1-E). Further, a significant main effect of stimulation, F(2.005,48.130) = 

3.243, p = 0.048, ηp
2= 0.119, was obtained after Greenhouse-Geisser correction (approx. χ2(5) 

= 16.613, p = .005, GGε = 0.668). The latter was modulated by sound position, as indicated by 
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a significant interaction between stimulation and sound position, F(3,72) = 5.252, p = .002, ηp
2= 

0.180. None of the effects involving the factor sequence half was significant (all p ≥ .243). 

To resolve the significant interaction between stimulation and sound position, planned 

contrasts were applied to test the effect of stimulation on the localization of the mid-out and 

far-out speaker positions, separately. There were no significant differences between the 

stimulation conditions at far-out speaker positions (all p ≥ 0.255). However, stimulation 

influenced localization at mid-out positions significantly. Specifically, compared to an auditory-

only control condition, localization accuracy was significantly higher when chemosensory 

stimulation and sound position were congruent, t(140.015) = 4.266, p < .001, d = 0.791. 

Surprisingly, incongruent stimulation also significantly increased localization accuracy 

compared to an auditory-only control condition, t(140.015) = -2.221, p = .028, d = 0.359, 

suggesting a generally alerting effect of odorant stimulation.  

To support the assumption of a generally altering effect of the odorant stimulation (see 

discussion), we additionally compared the correct responses between the control conditions 

for the mid speaker positions. This data-driven analysis confirmed that birhinal stimulation (M 

= 93.50%, SD = 6.70%) also had an enhancing effect on the localization performance compared 

to an auditory-only control condition (M = 90.51%, SD = 6.93%), t(140.015) = 3.937, p < .001, 

d = 0.566.  

Response times for lateral sounds are not affected by odorant stimulation 

In contrast to the proportion of correct responses, reaction times for lateralized sounds were 

only marginally affected by the manipulated factors. Mainly, participants responded faster to 

sounds at far-out (M = 369.787 ms, SD = 52.16 ms) compared to mid-out (M = 396.423, SD = 

55.50 ms) sound positions. Apart from this main effect of sound position, F(1,24) = 142.282, p 

< .001, ηp
2=0.856, no further effects reached significance (all p ≥ .084).  

Note that all results remained unchanged when strongly biased participants were excluded 

from the analysis. 

2.2 EEG Results  

2.2.1 Univariate analysis of alpha power lateralization 

Alpha power lateralization in response to central sounds confirms that participants allocate 

attention to the chosen sound location, but remains insensitive to condition differences 

Figure 2 (B-D) depicts the alpha lateralization index (ALI) for each stimulation condition 

(auditory-only, birhinal, congruent, incongruent) as a function of sound position (far-out vs. 

mid-out vs. central). For centrally presented sounds, the alpha lateralization index is computed 

relative to the given response such that congruency between odor-stimulation and perceived 

or chosen sound location is reflected. A cluster-corrected sign-permutation test showed a 

small, but significant (p = .0395) overall lateralization of alpha power in-between ~320 to 650 

ms post-stimulus onset, indicative of a spatial shift of attention towards the selected hemifield. 

However, a rmANOVA of average alpha lateralization magnitude (revealed no significant 

differences between the stimulation conditions, F(2.06, 49.34) = 0.225, p = .805, ηp
2= 0.009, 

after Greenhouse-Geisser correction (ε = 0.69).  
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Figure 2. Magnitude of alpha lateralization is modulated by congruency between chemosensory and auditory 

spatial information, but only when disparity between the senses is high. (A) Alpha power (8-12 Hz) lateralization 

was expressed in terms of a normalized hemispheric difference between contralateral and ipsilateral electrode sites 

Panels (B)-(D) depict the time course of alpha power lateralization per condition for sounds presented at central (B), 

far-out (C), and mid-out (C) positions, respectively. In the former case, contralateral and ipsilateral alpha power was 

computed relative to the chosen response category (right vs. left) instead of the physical sound position. 

 

Alpha power lateralization in response to lateral sounds indicates a disruption of spatial 

attention when disparity between auditory and chemosensory cues is strong 

A two-way rmANOVA revealed no significant main effect of stimulation, F(3,72) = 0.799, p = 

.498, , ηp
2= 0.032. In contrast, a significant main effect of sound position was evident, F(1,24) = 

6.976, p = .014, ηp
2= 0.225, in addition to a significant interaction of stimulation and sound 

position, F(3,72) = 3.434, p = .021, ηp
2= 0.125. Follow-up paired-sample t-tests showed that no 
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significant differences between conditions were obtained at lateralized positions close to 

midline (mid-out; all p ≥ .45), while alpha power lateralization was significantly modulated by 

odor-stimulation at strongly lateralized (far-out) sound positions. Specifically, incongruent 

odorant stimulation (M = -0.015, SD = 0.0149) resulted in a reduction of alpha power 

lateralization compared to congruent stimulation (M = -0.023, SD = 0.0169), t(24) = -3.0827, p 

= .0051, pcorr = 0.0378, d = -0.617. Alpha power lateralization in incongruent trials was further 

significantly reduced compared to the auditory-only condition (M = -0.022, SD = 0.011), t(24) 

= 2.9165, p = .0076, pcorr =  0.0378, d = 0.583, as well as birhinal stimulation (M = -0.021, SD = 

0.016), t(24) = 2.4122, p = .024, pcorr = 0.080, d = 0.482; albeit, please note that the latter 

comparison did not remain significant after correction for multiple comparisons. The 

magnitude of alpha power lateralization at far-out sound positions and in congruent trials did 

not differ significantly from the control conditions with birhinal stimulation t(24) = -0.8104, p 

= .426, pcorr = .715, d = -0.162,  or auditory-only stimulation, t(24) = -0.5731, p = .5719, pcorr = 

.715, d = -0.115. A supplementary analysis, including the additional factor sequence half, 

confirmed the two-way interaction between sound position and condition, F(3,72) = 2.904, p 

= .041, ηp
2= 0.108, while the three-way interaction of sound position, condition, and sequence 

half was not significant, F(3, 72) = 1.323, p = .274, ηp
2= 0.052 (see supplementary section S1). 

2.2.2 Multivariate pattern analysis 

Decoding accuracy decreases with concurrent odorant stimulation, but remained insensitive to 

the differences between odorant-stimulation conditions  

To fully exploit the multivariate nature of EEG, we decoded the spatial location of a sound (i.e., 

left vs. right) based on the topography of alpha-band power (for a schematic illustration of the 

procedure, see Figure 3-A). Figure 3-B, C, and D depict the time-course of decoding accuracy 

as well as average decoding ability, separately for the four stimulation conditions, respectively. 

Generally, the time course follows a similar trajectory across conditions. Decoding accuracy 

starts to rise above chance level as early as ~160 ms after sound onset, reaches its peak at 

around ~480 ms, and then gradually declines towards the end of the trial. The cluster-based 

permutation procedure yielded a sustained cluster of significant decoding accuracy for 

auditory-only trials (p < 10-4, 162 – 995 ms), bilateral odor-stimulation (p < 10-4, 256 – 995 ms), 

as well as congruent (p < 10 -4, 170 ms – 995 ms) and incongruent (p < 10-4, 199 – 995 ms) 

odorant stimulation. Pairwise comparisons of the time course of decoding accuracy between 

conditions, using a cluster-corrected sign-permutation test, showed that decoding accuracy 

was consistently higher in auditory-only trials in comparison to trials with incongruent odorant 

stimulation (p = .0227, 235 – 445 ms), trials with congruent odorant stimulation (p = .0374, 264 

– 517 ms), and trials with bilateral odorant stimulation (p < .001, 170 – 676). There were no 

significant differences in the time course of decoding accuracy between the three odorant-

stimulation conditions (all p > .190). A follow-up analysis, contrasting average decoding ability 

between 338 and 638 ms following sound onset substantiated these results (Figure 3-D), 

showing higher average decoding ability for auditory-only stimulation relative to birhinal 

stimulation (p < .001), congruent (p = .0076), and incongruent stimulation (p = .0040; all other 

p ≥ .62).  
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Figure 3. Decoding accuracy is generally diminished by concurrent odorant stimulation, but this remains 

insensitive to the congruency between chemosensory and auditory spatial information. (A) Schematic figure 

of the applied train- and test-classification procedure. Panel (B) depicts the time course of decoding accuracy in the 

four conditions, based on all trials with lateralized sound presentation.  In addition, to differentiate between 

immediate and after-effects of odorant stimulation, the decoding analysis was run separately for trials in the first 

(C) versus second (D) half of the sound sequence. Boxplots in panels (E), (F) and (G) depict the average decoding 

accuracy per condition for all trials and trials in the first or second half of the sequence, respectively. Scattered dots 

correspond to the average decoding accuracy per subject. Lines in the boxplots indicate the median whereas the 

plus indicates the mean, and whiskers denote +-1.5 IQR Average decoding accuracy between conditions was 

contrasted using a two-sided permutation test. Significant comparisons are denoted with * (p < .05), ** (p < .01), or 

*** (p < .001).  
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In line with an after-effect of stimulation, drop in decoding accuracy with concurrent odorant 

stimulation is exclusively present in the second half of the sound sequence 

To further assess whether the effects of odorant stimulation result from the immediate 

stimulation or present an after-effect of the stimulation, we performed two separate decoding 

analyses including trials from the first half of the sound sequence (immediately paired with 

odor-stimulation) and trials from the second half of the sound sequence (after-effect of odor-

stimulation). Decoding ability remained significantly above chance in all conditions (all p < 10-

4). Critically, in line with the behavioral results, showing that sound localization performance 

was predominantly modulated by after-effects of odor-stimulation, the drop in decoding 

ability with concurrent odorant stimulation was only present in the second half of the sound 

sequence (see Figure 3 C vs. D and F vs. G). Accordingly, a cluster-corrected sign-permutation 

test, yielded no significant differences in the time-course of decoding ability between 

conditions (all p > .423) in the first half of the sequence. In contrast, during the second half of 

the sequence, decoding accuracy for auditory only trials significantly exceeded decoding 

accuracy of trials with incongruent (p  = .0028,  235 – 481 ms) as well as bilateral odorant 

stimulation (p < .001, 213 – 654 ms; all other pairwise contrasts n.s., all p ≥ .143). Contrasting 

the average decoding ability (first sequence half: 316 - 616 ms, second sequence half: 360 – 

660 ms) between conditions, yielded no significant differences between condition during the 

first half of the sequence (all p ≥ .223). However, substantiating, the time-resolved 

comparisons, average decoding ability for auditory-only trials was higher compared to the 

average decoding ability in trials with birhinal odorant stimulation (p < .001), with congruent 

odorant stimulation (p = .0218), and compared to incongruent odorant stimulation (p = .004).  

 

3. Discussion 

Sound localization is biased towards lateralized trigeminally potent chemosensory cues 

when sound cues are highly ambiguous 

Receiving conflicting input through different sensory channels poses a unique challenge 

for the brain. Here, we investigated to what extend a task-irrelevant, yet highly salient (i.e., 

trigeminally potent) bimodal odorant may affect sound localization judgements. In line with a 

previous report of an odorant-induced sound localization bias5, we find that the proportion of 

centrally presented sounds that was categorized as coming from the right increased with right-

nostril odorant stimulation, while it decreased with left-nostril stimulation (compared to two 

control conditions with birhinal nostril and auditory-only stimulation, respectively). On the 

electrophysiological level, this effect was accompanied by a significant lateralization of parieto-

occipital alpha power, signifying the allocation of auditory spatial attention13,19,22,37,38 towards 

the hemifield where the sound was localized. This finding is critical to verify that the present 

design, where participants were unaware of the central loudspeaker, while performing a forced-

choice localization judgement, was effective in eliciting a shift of spatial attention towards the 

perceived (rather than the physical) sound location.  

Notably, the odorant-induced localization bias was only consistently present in trials during 

the second half of the sound sequence, speaking in favor of an after-effect as opposed to an 

immediate effect of odorant stimulation. This is in line with the notion that chemosensory 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586970doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586970
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 

 

processing is considered to be relatively slow compared to other sensory modalities. For 

instance, the chemosensory P3 component, elicited by trigeminally potent odorants, is known 

to occur after 800 – 1300 ms39 as compared to after ~300 ms in typical visual paradigms 40. In 

addition, trigeminally potent concentrations of bimodal odorants evoke peak magnitude 

neuronal responses in the mouse piriform cortex after ~1s post-stimulus offset that persist 

thereafter until up to 3 s41. Furthermore, in human subjects, it has been shown that that brief 

(i.e., 200 ms) trigeminally potent stimulation in high concentrations evokes stinging 

perceptions at 2 s post-stimulus, reaching their maximum at around 4.5 s, and lasting up to 11 

s post-stimulus onset42. Perceptions of relatively lower concentrations were further delayed, 

starting at 5 s post-stimulus, reaching their maximum at around 10 s, and lasting up to 20 s 

post-stimulus onset. These slower burning perceptions are due to the involvement of 

unmyelinated C-fibers, as opposed to myelinated Aδ-fibers that are responsible for the faster 

stinging perceptions35,36. In the current experiment, we used concentrations that were slightly 

above the lateralization threshold, thus might have predominantly involved C-fibers and 

evoked slower burning perceptions, thus aligning rather with the second half of the sound 

sequence.  

In contrast to the effect observed for centrally presented sounds, the effect of odorant 

stimulation became spatially unspecific with increasing discernability of the sound cues (i.e., at 

+/- 5° azimuth). That is, the participants showed better performance in all odorant conditions 

compared to an auditory-only control condition, irrespective of whether the nostril-side was 

congruent or incongruent with the actual sound location. This suggests a more general alerting 

function, potentially driven by the unpleasant sensation of the trigeminal component. Notably, 

though, when sounds were most strongly lateralized and hence, clearly discernable in terms of 

their spatial position (at +/- 15° azimuth), performance was close to ceiling in all conditions 

and there was no effect of odorant-stimulation. Overall, this pattern is in line with the notion 

that chemosensory cues exert an effect on perception in other modalities only when the latter 

is ambiguous. Accordingly, Zhou and Chen43 found that fearful sweat biased female 

participants toward rating ambiguous facial expressions as more fearful, while the same 

odorants had no effect when the facial expression was more apparent. On a similar note, Zhou 

and colleagues44 reported an effect of olfactory cues on binocular rivalry, a form of multistable 

perception caused by the presentation of dissimilar images to the two eyes45. While these 

previous studies concern cross-modal interactions between vision and olfaction, the present 

study extends those findings to chemosensory and auditory perception.  

A common attentional control system for auditory and chemosensory processing? 

The results can also be regarded in light of a common attentional control system that 

governs the integration of unimodal spatial representations, as it has been suggested for other 

sensory modalities such as vision and touch46 or vision and chemosensation47
. According to 

such a notion, the brain attempts to integrate spatial cues into a common spatial reference 

frame. Consistent with the idea of common spatial representation, Frasnelli and colleagues48 

provide fMRI evidence showing that the localization of bimodal odorants shares dorsal 

processing stream with other sensory modalities. Specifically, they found that presentation of 

bimodal odorants, stimulating both the olfactory as well the trigeminal system, also activated 

the intraparietal sulcus and superior temporal sulcus, both of which present areas previously 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586970doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586970
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

 

associated with multisensory integration49,50. The former has also been shown to be activated 

when localizing auditory stimuli51,52. The above framework46 is clearly suggestive of a link 

between spatial attention and multisensory integration. In the present study, this is especially 

apparent, when auditory spatial cues were highly unreliable (i.e., sounds were presented from 

a central position) and thus, trigeminally delivered spatial information had to be taken into 

account to derive a localization decision. This resonates well with the proposal that resolving 

sensory ambiguities present a major function of multisensory integration53.  

On the contrary, our results show that the deployment of spatial attention was only 

disrupted when the discrepancy between the sound location and the chemosensory cues was 

largest – that is, when the sound was presented at one of the outmost locations (+/-15° 

azimuth) and the opposite nostril was stimulation. Such maximally incongruent stimulation 

resulted in a diminished lateralization of alpha-band power. However, this disruption of 

attentional allocation was not sufficiently strong to be reflected on the behavioral level, where 

performance was close to ceiling in all conditions. This does not necessarily disprove a common 

attentional control system. It remains possible that a common or supramodal attentional 

system weighs input from different system modalities. However, it should be noted that albeit 

the fact that alpha power lateralization is frequently linked to a supramodal attentional 

mechanism23,37,54,55, compelling evidence for such a notion remains scarce. Irrespective of this 

debate, our results clearly demonstrate that alpha power lateralization is susceptible to cross-

modal input from the chemosensory domain. 

The present results are also interesting in light of a line of research that has investigated 

the effect of trigeminally potent olfactory cues in spatial cueing paradigms56–58. Those studies 

adopt an exogenous cueing approach, in which the lateralized odorants are non-predictive of 

the targets and thus, similar to the present study, task-irrelevant. Wudarczyk and colleagues58 

report a small but significant facilitation of visual target detection by congruent trigeminal cues. 

Albeit only evident after repeated exposure to the trigeminal cues, the findings generally 

corroborate the notion that a shared attentional mechanism could be captured by task-

irrelevant trigeminal cues. On the contrary, another study57 found no cueing effect for mixed 

olfactory-trigeminal cues, but rather a general acceleration of response times for all types of 

odorant cues. Nevertheless, the results do align well with our findings. First of all, our findings 

clearly show that trigeminal cues seem to only exert a clear effect on behavioral judgements in 

another modality, when auditory cues provide little to no spatial information. In classical spatial 

cueing studies this is not the case (i.e., the stimuli in the task-relevant modality are clearly 

lateralized), resulting in only weak effects after repeated exposure58 or spatially-unspecific 

arousal effects 57. The latter is consistent with our findings for mid-out sounds, although in the 

present study the effect was reflected in accuracy rather than response times. Secondly, 

temporal factors seem to play a critical role for chemosensory stimulation to exert its effect56. 

Our results clearly show that odorant-induced bias is largely driven by an after-effect of 

odorant stimulation, emphasizing that cross-modal interactions involving the chemosensory 

domain take time to evolve. That said, the present paradigm, using a prolonged odorant 

stimulation interval (i.e., 4 s) as well as an equally long post-stimulation period, may be more 

optimally suited to capture such interactions as compared to a classical cueing paradigm, in 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586970doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586970
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 

 

which stimulus-onset-asynchronies range in-between ~500 and ~1000 ms and odorant 

stimulation is typically shorter (i.e., ~500 – ~1000 ms).  

Cross-modal interactions are reflected in posterior alpha lateralization but not in 

multivariate decoding of the alpha band topography 

To capture cross-modal interactions between audition and chemosensory processing, the 

present study focused on attentional modulations of alpha-band power. In line with previous 

work23,59, we were able to decode the locus of covert auditory attention based on the 

topography of alpha-band power. However, decoding accuracy was insensitive to spatial 

information provided via chemosensory cues. Albeit there was a general reduction in decoding 

ability with concurrent odorant stimulation compared to auditory-only trials, decoding 

accuracy did not differentiate between congruent and incongruent odorant stimulation. While 

previous studies found a multivariate decoding approach to be more sensitive to experimental 

manipulations of spatial attention as compared to a classical univariate measure59, this was not 

the case in the present study. Previous work has shown that spatial information derived from 

chemosensory cues is predominately encoded in the delta frequency range60. Hence, 

considering other frequency bands outside of the alpha-range might present a worthwhile 

opportunity for future studies.  

However, the univariate analysis of hemispheric differences in alpha-band power clearly 

showed that the coding of auditory spatial information in alpha oscillations is generally 

susceptible to conflict spatial information in another modality. As discussed above, our results 

show that magnitude of alpha power lateralization was modulated by a strong disparity of 

spatial information provided by the two senses. But what stands out is the fact that when the 

auditory cues were maximally ambiguous with respect to spatial information (i.e., in trials with 

centrally presented sounds), the magnitude of alpha power lateralization did not differentiate 

between the different odorant-conditions. This seems somewhat at odds with the behavioral 

results. In accordance with the latter, we expected a congruent odorant to boost and an 

incongruent odorant to diminish the magnitude of alpha power lateralization. Yet, considering 

that the overall effect of alpha lateralization in response to central sounds was very small, this 

leaves very little room for condition-specific differences to emerge. Several factors may have 

contributed to the overall rather small effect. Most importantly, participants had to make a 

forced choice between left versus right. Hence, the trial averages may include trials in which 

the chemosensory cues did successfully capture attention, but also trials in which they did not. 

In future studies it might be worth including a central response option to more clearly 

differentiate between illusion and no-illusion trials2,61. Further, the range of spatial locations in 

the present study was limited and apart from the central sounds, all lateralized sounds were 

presented at locations that fall well in the range of clearly localizable positions. Considering 

the remarkable ability of our auditory system to detect even small deviations from a central 

position (i.e., as little as 1° 62), future studies should include sound positions closer to midline 

and consider a continuous response format.  

Limitations and open questions 

Rather unexpectedly, we found that the even in the two control conditions (auditory-only, 

birhinal), the proportion of right- and left-responses to the centrally presented sounds was not 
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equally distributed. Instead, most participants showed a clear preference towards categorizing 

the central sounds as coming from the left or right side. In a spatial cueing study with olfactory 

cues63, responses were generally faster for right targets. The authors proposed that this might 

present a side effect resulting from lateralization processes due to all responses being 

conducted with the right hand. This explanation does not fully align with our data. Participants 

always responded with their dominant hand. But neither were the two left-handed subjects 

among the participants with a strong left-ward bias (i.e., > 90% left-ward responses in the 

control condition), nor does the number of left-handed participants match the number of 

participants showing a left-ward bias. We speculate that the high degree of uncertainty for the 

centrally presented sounds led to participants choosing a preferred side. Critically, the 

observed odorant-induced sound localization bias occurred irrespective of this general 

response-side-preference.  

Since previous studies have consistently shown that the trigeminal component is required 

to consciously localize olfactory cues, it is most likely that the present effects are driven by the 

trigeminal component. However, it should also be noted that some studies provide evidence 

for an implicit effect of spatial olfactory cues below the trigeminal threshold63, proposing a 

residual ability of directional smelling based on purely olfactory cues. Here, we did not include 

a respective control condition with a purely olfactory stimulus, as the original study by Liang 

et al5 showed no sound localization bias when using phenylethyl alcohol as an odorant.  

Further, an important aspect of the present design to take into consideration concerns the 

lack of any natural association between the stimuli presented in both modalities. An interesting 

avenue for future research could be to explore to what extent the use of environmental stimuli, 

giving rise to semantic (in-)congruency could boost or diminish the present effects. Kuang and 

colleagues3 provide an interesting example of how a learned association between naturally 

occurring odorants (e.g., banana smell) and motion directions can bias the perception of 

ambiguous moving dot patterns.  

Conclusion 

Taken together, the present study corroborates evidence for a spatial ventriloquism effect 

between the auditory and the chemosensory domain and demonstrates, for the first time, how 

this is reflected in electrophysiological correlates of spatial attention. Collectively, the present 

study lays fundamental groundwork to advance our understanding of cross-modal interactions 

between chemosensory and auditory processing and points out promising avenues for future 

research.  

4. Methods 

4.1 Power Analysis 

We conducted an a-priori power analysis, using MorePower 6.064. Liang et al.5 reported an 

effect of right-nostril menthol stimulation on the proportion of right-ward responses for 

sounds at azimuth = 0° compared to a control condition (d = 0.608, i.e., ηp
2 = 0.2752). 

Accordingly, aiming for a power of 80% and an effect size of interested of ηp
2 = 0.275 in a 

paired-sample t-test, the power analysis yields a required sample size of n = 24. 
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4.2 Sample 

A total of 32 participants were recruited for this study. A subset of 8 participants took part as 

part of a practical EEG seminar, taught at the Ruhr University Bochum in the summer semester 

of 2023. Exclusion criteria entailed migraine, pregnancy, history of neurological or psychiatric 

diseases, asthma, acute or chronic upper airway diseases, acute allergies affecting the 

respiratory system, current influence of a drug, alcohol, or a controlled substance, impaired 

hearing ability or olfaction, as well as a hairstyle incompatible with EEG recordings. Hearing 

levels of all participants were assessed by means of a pure tone audiometry (Oscilla USB 330; 

Immedico, Lystrup, Denmark). The fully automated procedure included the presentation of 

eleven pure tones at varying frequencies (i.e., 125 Hz, 250 Hz, 500 Hz, 750 Hz, 1000 Hz, 1500 

Hz, 2000 Hz, 3000 Hz, 4000 Hz, 6000 Hz, 8000 Hz). In addition, on the day of the experiment, 

participants were required to pass a pulmonary lung function following to the ATS/ERS 2019 

spirometry standards 65, that is, forced exhaled volume (FEV1) must surpass 85% (Vyaire Sentry 

Suite). Moreover, an olfactory function test (Sniffin’ Sticks identification subtest, Burghart 

Messtechnik GmbH, Wedel, Germany; Hummel et al., 2007; Oleszkiewicz et al., 2019). In 

addition, the nasal flow rate of both nostrils was examined by means of an active anterior 

rhinomanometry (RHINO-SYS, Happersberger otopront GmbH, Hohenstein, Germany) to 

determine if participants showed signs of a nasal flow asymmetry.  

Three participants were excluded because the odorant lateralization paradigm (see section 

4.4.1) had to be aborted prior to reaching the required performance level. Further, two 

participants were excluded due to insufficient lung function (spirometry, forced exhaled 

volume < 85%). In addition, one participant was not able to properly execute the 

velopharyngeal closure technique, while another participant was excluded for the intake of 

psychotropic drugs. That is, the final sample included 25 participants (male = 12, female =13).  

The mean age in the sample was 24.8 years (SD = 3.52). 23 participants reported to be right-

handed, two participants were left-handed. The majority of participants (n = 20) indicated to 

be non-smokers, 4 participants indicated to smoke only occasionally, while 1 participant 

indicated that they smoked on a regular basis. Note that smoking did not result in exclusion, 

as long as participants passed the odorant lateralization paradigm, as described in section 4.4.1. 

Due to a technical error, audiometry data for two subjects were not saved. Considering all other 

subjects in the sample, hearing thresholds for all tested frequencies were ≤ 25 dB in 22 subjects, 

indicating unimpaired hearing 68. Four subjects showed negligible outliers at 30 dB (n = 3) and 

35 dB (n = 1) for one of the tested frequencies, while all other frequencies fell below 30 dB. 

Since the stimuli used in the present study were broad-band (see section 4.3), those outliers 

were considered negligible. The average forced exhaled volume in the sample was 101.04% 

(SD = 10.19). On the Sniffin’ Sticks olfactory function test, participants scored on average 12.13 

out of 16 points (SD = 1.72).  The flow data of the two nostrils did not differ significantly as 

controlled using paired t-tests, neither for the influx, t(22) = 1.26, p = .22, nor for the efflux, 

t(22) = 1.35, p = .19. Thus, there was no systematic bias with respect to the stimulated nostril. 

All participants provided informed consent prior to the beginning of the experimental 

procedure. The study was approved by the local ethics committee at the Leibniz Research 

Centre for Working Environment and Human factors and conducted in accordance with the 
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Declaration of Helsinki. As compensation for their time, participants received 12 Euros per hour 

(or course credit).  

4.3 Apparatus and stimuli 

The experiment took place in a dimly lit, sound attenuated room (5.0 × 3.3 × 2.4 m) with 

pyramid-shaped foam panels on ceiling and walls and a woolen carpet on the floor to dampen 

the background noise level (i.e., below 20 dB(A)). The experiment was programmed and 

controlled using ePrime 3.0 (Psychology Software Tools, Pittsburgh, PA) on a Windows 10 

computer. The synchronization of auditory stimuli and EEG triggers was controlled using an 

AudioFile Stimulus Processor (Cambridge Research Systems, Rochester, UK). Participants were 

seated in a comfortable chair at a distance of approximately 130 cm from a 49’’ centrally 

aligned 1800R curved monitor (5120 x 1440 pixel resolution, 100 Hz refresh rate, Samsung, 

Seoul, South Korea), while placing their head on a chin rest that prevents head movements 

during the experiment. Below the screen, five full-range loudspeakers (SC 55.9 –8 Ohm; Visaton, 

Haan, Germany) were mounted at -15°, -5°, 0°, +5°, and +15° horizontal azimuth (Figure 1-B). 

Loudspeaker locations at -5° and +5° are also referred to as “mid-out positions”, whereas the 

loudspeaker locations at -15° and +15° are referred to as “far-out positions”. To prevent 

participants from knowing the exact loudspeaker positions, the loudspeakers were covered by 

an opaque, sound-permeable curtain. Critically, the participants were not aware of the presence 

of the central loudspeaker. As auditory stimuli, a 250 ms broad-band pink noise was generated. 

All sound stimuli were presented at a sound level of ~61 dB(A). Isopropanol, dissolved in water 

at an individualized concentration (ranging from 50% - 75%) was used as a bimodal odorant 

substance. Isopropanol is a commercially available substance which is used amongst others in 

making cosmetics, skin or hair products, perfumes, and disinfectants. The intranasal stimulation 

with isopropanol can evoke unpleasant odor- or gustatory perceptions. Additionally, the 

trigeminal component of the bimodal odorant elicits an immediate short-lasting irritating 

sensation in most subjects 69,70. For olfactory stimulus presentation, an EEG-compatible 

computer-controlled flow-olfactometer with a constant air flow of 2.5 l/min (NeuroDevice, 

Version 2, Warsaw, Poland) was used. For an elaborate description of the device and for 

technical adaptions made in order to optimize the setup for concurrent EEG recordings, please 

see Hucke et al., (2018, 2021), respectively. Briefly, the olfactometer delivers olfactory stimuli 

into the participants nostrils via a nasal cannula. To allow for monorhinal odorant stimulation, 

a custom-built clip separates the two nasal tubes, however, birhinal stimulation is possible as 

well. The olfactometer integrated the odorous stimulus into the constant air flow of clean air 

and thereby ensures a seamless and precise stimulus on- and offset. This mechanism spares a 

potential co-activation of mechanoreceptors of the trigeminal nerve.  

4.4 Procedure and experimental protocols 

Prior to the experiment, participants were informed about the experimental procedure and the 

potentially irritating effects of the stimulation with isopropanol. First, all participants were 

screened for exclusion and inclusion criteria and the required pre-assessments were 

conducted. The latter included a pulmonary lung function (spirometry), the Sniffin’ Sticks 

olfaction test, a rhinomanometry, as well as a pure tone audiometry. Note that in the 

educational sample (n = 8), only the spirometry was strictly required to take place prior to the 
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EEG recording. Afterwards, participants were prepared for the EEG recording and instructed to 

practice the velopharyngeal closure technique. The latter refers to a breathing technique that 

aims to seal the velum and pharyngeal walls and prevent air flow from the oral to the nasal 

cavities while breathing through the mouth (Kobal, 1981). This ensures that olfactory 

stimulation is not affected by the participant’s respiration. To ensure trigeminal involvement, 

first, participants’ odorant lateralization threshold is determined (as described in section 4.4.1). 

Once the final concentration is determined, participants continue with the sound localization 

task (as described in section 4.4.2). The entire experimental procedure (including EEG cap 

preparation) took approximately 2 - 2 ½ hours. 

4.4.1 Odorant lateralization paradigm 

To ensure that all participants were able to report the location of the bimodal olfactory 

stimulus, a lateralization paradigm was conducted (Figure 1-A). The latter comprised an 

iterative procedure in which participants were asked to indicate the location of an 

monorhinally-presented bimodal odor stimulus as left vs. right. All participants started with a 

concentration of 50% isopropanol. Odorant stimulation occurred randomly in the left or right 

nostril for 4 seconds and was followed by a stimulation-free inter-trial interval of 10 seconds 

(plus a random jitter of 0-100 ms). To make sure that participants’ attention was focused at the 

beginning of each trial, despite the long inter-trial interval, the fixation cross briefly increased 

in size 1000 ms prior to odorant stimulation onset to signal participants to anticipate the next 

odorant stimulus. If participants did not reach a localization accuracy of at least 80% in a block 

of 20 trials, the concentration was increased by 5%. To pass the lateralization test, accuracy had 

to be at least 80% on average in two consecutive blocks with the same isopropanol 

concentration. In the final sample, the median isopropanol concentration was 50% (range = 

50-75%).  

4.4.2 Sound localization paradigm 

A schematic trial sequence of the sound localization paradigm is depicted in Figure 1-C. The 

sounds are grouped into sequences of 8 tones with an inter-stimulus-interval of 950 ms (+ 0-

100 ms random jitter). This amounts to roughly 8 s for a sound sequence. In the analysis, we 

will differentiate between sounds in the first (sounds 1-4) as opposed to the second half 

(sounds 5-8) of the sequence. The participants are asked to indicate the perceived direction 

(left vs. right) of each sound in a sequence. Participants respond via button press using the 

index and middle finger of the dominant hand. They are informed that some sounds will be 

easier, others very hard to localize. A total of eight sequences constitutes one block. Each block 

can be assigned to one of the following conditions: (i) auditory-only, (ii) birhinal, (iii) 

monorhinally left, or (iv) right isopropanol stimulation using a flow-olfactometer (NeuroDevice, 

v2). Each odorant sequence contains a respective odorant stimulation for 4 s that is time-locked 

to the first sound in the sequence (Figure 1-D). Due to the rising time of the olfactometer and 

the molecules build-up in the nasal mucus it is expected that the odorant perception roughly 

overlaps with the entire sound sequence. In blocks including form of odorant stimulation, the 

inter-sequence-interval was 13.6 s to minimize habituation or sensitization. In auditory-only 

blocks, the inter-sequence-interval was reduced to 3 s. 1000 ms prior to the first stimulus 

presentation in a sequence, the fixation briefly increased in size to signal the beginning of the 
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next sound sequence. Participants completed a total of 8 auditory-only blocks, and 12 odor-

blocks in a randomized order. After 4 blocks, participants were invited to take a self-paced 

break. The order of sound locations within a sequence is counterbalanced and pseudo-

randomized across the all trials of the experiment and conditions (auditory-only, birhinal, odor-

left, odor-right) such that 50% of all sound stimuli were presented at 0° azimuth and in 12.5% 

of cases at each lateralized position (+/- 15°, +/- 5°).). This was motivated by the fact that the 

main (behavioral analysis) focuses on the localization of sounds at the central position. For 

details on how the trials are sorted into the conditions, please refer to Table 1. Participants 

were presented with 5 practice auditory-only sequences to familiarize themselves with the 

sequence structure and pace. Participants were instructed to breathe through their mouth 

while performing the velopharyngeal closure technique throughout the experiment. Since 

some participants reported difficulties to continuously apply the breathing technique, they 

were allowed to normally breathe through their mouth in the inter-sequence interval, when no 

sound or odorant-stimulation was present. Further, to dampen discomfort due to dry mouth 

feel, participants were encouraged to drink water and switch to nasal breathing during the 

breaks. 

4.5 EEG data acquisition 

The electroencephalogram was recorded using 64 Ag/AgCl electrodes (BrainCap, Brainvision, 

Gilching, Germany) and digitized with a 1000 Hz sampling rate, using a NeurOne Tesla amplifier 

(Bittium Biosignals Ltd, Kuopio, Finnland). The electrode arrangement across the scalp was in 

accordance with the extended international 10-20 system. AFz and FCz served as the online 

ground and reference electrode, respectively. During cap preparation, electrode impedances 

below 20 kΩ were ensured.  

Table 1. Trial numbers split according to the sound locations (5 speaker) and stimulation (auditory-only, 

odorant-birhinal, odorant-left, odorant-right) and the respective sums across the locations and 

conditions.   

  Sound location    

Condition  Far-left  

(-15°)  

Mid-left   

(-5°)  

Central 

(0°) 

Mid-right 

(+5°)  

Far-right 

(+15°)  

Sum 

condition  

Auditory-only  64  64  256  64  64  512  

Odorant-

birhinal  

32  32  128  32  32  256  

Odorant-left  32  32  128  32  32  256  

Odorant-right  32  32  128  32  32  256  

Sum location  160  160  640  160  160  Total: 1280  

  

4.6 EEG preprocessing 

The raw EEG data was preprocessed and cleaned from artifacts using a customized, automated 

preprocessing pipeline, implemented in MATLAB (R2021b and R2023a) and EEGLAB (2021.174). 

First, a non-causal, zero-phase Hamming windowed sinc FIR high-pass (pass-band edge: 0.01 
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Hz, transition band width: 0.01 Hz, filter order: 330000, -6dB cutoff frequency: 0.005 Hz) and 

low-pass filter (pass-band edge: 40 Hz, transition band width: 10 Hz, filter order: 33, -6dB cutoff 

frequency: 45 Hz) were applied to the continuous data. Then, electrodes compromised by 

artifacts were identified based on statistical properties of the data. That is, using the built-in 

EEGLAB function pop_rejchan(), electrodes with a normalized kurtosis value exceeding 5 

standard deviations of the mean were identified and excluded. Prior to normalization, the 

distribution of kurtosis values was trimmed, removing the highest and lowest 10% of values. In 

addition, any electrodes with periods of flatline recordings of more than 5 seconds were 

removed using the function clean_flatlines() with default parameters. On average, 4.48 

electrodes were removed per subject (SD = 1.69). To restore the data at previously removed 

electrodes, a superfast spherical interpolation algorithm was applied, using the built-in EEGLAB 

function pop_interp(). In a next step, the data was re-referenced to the average of all channels, 

while retaining the original reference channel FCz in the dataset. At this point, two copies of 

the dataset are created. The first copy (in the following also referred to as the reference dataset) 

will be resumed at a later time point. The second copy is submitted to an ICA-based artefact 

identification procedure, consisting of the following steps: First, to speed-up and optimize ICA, 

a copy of the dataset was down sampled to 200 Hz and high-pass filtered at 1 Hz (pass-band 

edge, transition band width: 1 Hz, filter order: 3300, -6dB cutoff frequency: 0.5 Hz). The latter 

has been shown to increase the percentage of ‘near-dipolar’ independent components (ICs; 75). 

Then, the data was segmented into epochs ranging from -1500 ms to 1500 ms relative to each 

sound onset and submitted to an automated trial-rejection procedure (i.e., pop_autorej()). The 

latter is implemented in two steps: first, trials with unreasonably large amplitude fluctuations 

(i.e., > 1000 µV) are removed. Second, an iterative algorithm rejects epochs containing data 

values outside a standard deviation (SD) threshold of ± 5%. On each iteration, a maximum of 

5% of all trials can be rejected. If the number of epochs marked for rejection exceeds this limit, 

the SD threshold is increased by 0.5 SD and the next iteration is performed. When no more 

data epochs are identified with the current SD threshold, the threshold is lowered again by 0.5 

SD and the iteration continues until either no more epochs are identified for rejection or until 

a maximum number of eight iterations has been reached. At this stage, on average 122 trials 

were rejected per subject (SD = 83.73). The remaining trials were submitted to a rank-reduced 

independent component analysis. That is, by decomposing a principal component subspace of 

the data, the number of components to be decomposed is reduced to match the number of 

rejected channels +1. This accounts for the rank deficiency in the data caused by the 

interpolation of rejected channels and the average reference procedure. To differentiate 

independent components reflecting brain sources from those reflecting non-brain sources, the 

automated classifier tool ICLabel 76 was applied. For each IC, ICLabel assigns a probability value 

to each of following classes: “brain”, “eye”, “muscle”, “line noise”, “channel noise”, and “other”. 

Components with a probability estimate of > 30% in the category ‘eye’ or < 30% in the category 

‘brain’ are flagged for rejection. However, prior to removal, the obtained ICA decomposition is 

copied to the unaltered copy of the dataset obtained prior to ICA-based artefact identification 

(i.e., the reference dataset with a sampling rate of 1000 Hz and high-pass filtered at .01 Hz). 

The latter dataset is segmented into epochs, as described above. Then, the independent 

components previously flagged as “artifactual” are removed and their activities subtracted from 

the data. On average, 31.36 ICs were removed per subject (SD = 6.02). In a final step, trials that 
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still contained large fluctuations (±150 µV) are removed from the data, using the built-in 

EEGLAB function pop_eegthresh(). At this stage, on average 9 trials were rejected per subject 

(SD = 12.00).  

4.7 Time-Frequency Decomposition 

The time-frequency decomposition was obtain using the EEGLAB built-in STUDY functions, 

applying Morlet Wavelet Convolution. Specifically, the preprocessed single-trial EEG data was 

convolved with a series of complex Morlet wavelets, varying in frequency from 4 to 30 Hz in 52 

logarithmically spaced steps. A complex Morlet wavelet can be described as a Gaussian-

modulated complex sine wave, where the number of cycles determines the width of the 

tapering Gaussian. To account for the trade-off between temporal and frequency precision, the 

number of cycles increased linearly as a function of frequency by a factor of 0.5, starting from 

3 cycles at the lowest frequency (4 Hz) and up to 11.25 cycles at the highest frequency (30 Hz). 

The resulting event-related spectral perturbations (ERSPs) ranged from -1082 to 1082 ms 

relative to sound onset. We did not subtract a spectral baseline.  

4.8 Analysis 

Behavioral data analysis was conducted using JASP (v.0.18.1.077). EEG data analysis was 

conducted using custom-written MATLAB (R2023b and R2021b) scripts relying on the open-

source toolboxes EEGLAB (v2021.1). Unless otherwise specified, all analyses were conducted 

separately for central and lateral sounds. For repeated-measures ANOVA (rmANOVA), we used 

Mauchly’s test to assess the assumption of sphericity. In case of a violation (p < .05), 

Greenhouse-Geisser correction was applied. If appropriate, post-hoc paired sample-tests were 

corrected for multiple comparisons using either false discovery rate correction 78. Corrected p-

values are denoted as pcorr. For directional a-priori hypotheses, planned contrasts were 

computed. Partial eta squared (ηp
2) and Cohen’s d are reported as effect sizes for rmANOVA 

and paired-sample t-tests, respectively. Cohen’s d was computed, using the standard deviation 

of the difference score as a denominator. In MATLAB, Cohen’s d was calculated using the 

toolbox ‘Measures of Effect Sizes’ 79.  

For easier readability, statistical results of the omnibus tests and significant results of the post-

hoc or planned contrasts are reported. All non-significant results can be taken from the JASP 

file available in our online OSF repository. 

To check to see if the behavioral results were influenced by the strong bias of a part of the 

sample, we repeated the complete analysis without the biased participants. Participants were 

considered to have a strong response bias, when more than 90% or less than 10% of mid 

sounds were indicated as coming from the right side. Based on this criterion, we excluded five 

subjects, 3 of which had a strong left-ward bias and 2 had a strong right-ward bias. Detailed 

results can be taken from the respective JASP file available in our online OSF repository.  

4.8.1 Behavioral Analysis 

Central Sounds 

For central sounds, participants were required to make a forced choice between a left versus 

right sound location. Accordingly, there are no correct responses. Instead, the proportion of 
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right-ward judgements served as a dependent variable to assess the influence of 

chemosensory stimulations on the response choice. Specifically, a 2-way rmANOVA with the 

within-subject factors stimulation (left nostril, right nostril, birhinal, auditory-only) and 

sequence half (first, second) was conducted.  

In addition, reaction times to central sound localizations were analyzed using a 2-way 

rmANOVA with factors sequence half (first, second) and stimulation (congruent, incongruent, 

birhinal, auditory-only). Odorant stimulation could be either congruent with the given response 

(i.e., left nostril stimulation and left-ward response; right-nostril stimulation and right-ward 

response) or incongruent (i.e., left-nostril stimulation and right-ward responses; right-nostril 

stimulation and left-ward response). For the two control conditions (birhinal, auditory-only), 

response times were averaged across left and right button presses.  

In addition, for both sets of analyses, planned one-sided contrasts were conducted to test our 

directional hypotheses based on results by Liang et al. (2022). Specifically, conditions with 

monorhinal stimulation were contrasted with the two control conditions. As JASP does not 

offer one-sided contrasts, the p-value was divided by 2 in case of a significant result in the 

direction of our hypothesis.  

Lateral Sounds 

The influence of chemosensory stimulation on the correct localization of lateral sounds were 

analyzed using a 3-way rmANOVA with the within-subject factors stimulation (congruent, 

incongruent, birhinal, auditory-only), sound positions (mid-out, far-out) and sequence halves 

(first, second). Note that, congruent and incongruent stimulation conditions refer to the side 

of the chemosensory stimulation relative to the actual sound location. That is, congruent trials 

include left-nostril stimulation and left responses as well as right-nostril stimulation and right 

responses, whereas incongruent trials include left-nostril stimulation and right responses as 

well as right-nostril stimulation and left-response. Mid-out sound positions refer to lateral 

sounds presented at +/-5° azimuth, while far-out sound positions include lateral sounds 

presented at +/-15° azimuth. 

The influence of chemosensory stimulations on reaction times (RTs) to lateral sounds were 

analogously analyzed to the accuracy analysis by means of a 3-way rmANOVA with factor 

stimulation (congruent, incongruent, birhinal, auditory-only), sound position (mid-out, far- out) 

and sequence halves (first, second). Only correct responses were considered in this analysis of 

response times. 

Again, for both analyses, planned one-sided contrasts were conducted guided by our 

hypotheses based on results by Liang et al. (2022). 

4.8.2 Univariate analysis of alpha power lateralization 

To obtain a time-resolved measure of posterior alpha power lateralization, EEG data from four 

left-hemispheric (i.e., PO7, P7, P3, PO3) and four right-hemispheric (i.e., PO8, P8, P4, PO4) 

channels were considered (Figure 2-A). Alpha power (8-12 Hz) was averaged across electrode 

sites on the same side as the focus of spatial attention (i.e., ipsilateral) and on the opposite side 
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(i.e. contralateral). To quantify the time-resolved lateralization of alpha power, the alpha 

lateralization index (ALI) was calculated as followed:   

𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 –  𝑖𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 +  𝑖𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
  

The analysis time-window to derive mean ALI values as input for a rmANOVA was determined 

based on a collapsed localizer approach 80. First, the peak in the grand average waveform, 

collapsed across all conditions and subjects, was determined. Then, a 300 ms time window was 

centered on the respective peak value (i.e., peak +/- 150 ms). Subsequentially, mean ALI values 

were obtained per condition and subject.  

Central Sounds 

For the analysis of central sound-trials, the contralateral and ipsilateral electrode sites are 

assigned relative to the chosen response side (left vs. right). Accordingly, we assume that the 

focus of spatial attention shifts to the chosen response hemifield. To account for partially 

extremely unbalanced trial numbers across response categories, a weighted averaged was 

computed when collapsing across trials from different response categories.  

First, to verify the presence of a significant lateralization of alpha power in response to a 

centrally presented sound that is classified as either right- or left-lateralized, irrespective of the 

odor-conditions, the grand-average data was tested against zero. To this end, a non-

parametric cluster-corrected sign-permutation test was conducted, using the cluster_test() and 

cluster_test_helper() functions provided by81. The cluster_test_helper() function generates a null 

distribution by randomly flipping the sign of the input data of each participant with a 

probability of 50%. This procedure is repeated 10,000 times. The resulting distribution is 

submitted to the cluster_test() function, which identifies those clusters in the actual data that 

are greater than would we expected under the null hypothesis. The cluster-forming threshold 

as well as the cluster significance threshold were set to p < .05. Only post-stimulus time-points 

were considered as input data, since the pre-stimulus period in the full epochs (i.e., -1082 to 

1082 ms relative to sound onset) strongly overlaps with the previous trial. Given that the alpha 

lateralization index is expected to be negative in case of a shift of attention towards the chosen 

response hemifield, the cluster-corrected sign-permutation test was one-sided. 

Second, to test for differences in lateralization magnitude between conditions, mean ALI values 

were derived and submitted to a 1-way rmANOVA including the within-subject factor 

stimulation (congruent, incongruent, birhinal, sound-only). The collapsed localizer approach, 

described above, yielded an analysis time window in-between 389 ms to 689 ms relative to 

sound onset. Analogous to the behavioral data analysis, congruent chemosensory-sound 

stimulation refers to trials in which the chosen response (left vs. right) is in accordance with the 

stimulated nostril side. Accordingly, incongruent chemosensory-sound stimulation includes all 

trials in which the chosen response is incompatible with the stimulated nostril side (e.g., left-

nostril stimulation and a right-ward response).  
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Lateral Sounds 

For the analysis of lateral sounds, only correct responses are included in the analysis. 

Contralateral and ipsilateral electrode sites are assigned according to the physical sound 

position. The collapsed localizer approach, described above, yielded an analysis time window 

ranging from 309 to 609 ms post-sound onset. Mean ALI values were submitted to a rmANOVA 

including the factors stimulation (right-nostril, left-nostril, birhinal, sound-only) and sound 

position (far-out, mid-out). To follow-up on significant interaction effects, two-sided paired 

sample t-tests were conducted and corrected for multiple comparisons. Due to a limited 

number of trials (i.e., ~30 trials per cell), the factor sequence half (first, second) was omitted 

from the primary EEG analysis. However, for comparability with the behavioral analysis, a 

supplementary 3-way rmANOVA was run to check for potential interactions with sequence half 

(see supplementary material, S1). 

4.8.3 Multivariate pattern analysis of alpha-band topographies 

Adopting the classifier routine as described in Klatt and colleagues (2022; modified based on 

scripts from Bae & Luck, 2018), we decoded the spatial location the stimuli in the sound 

sequence (left vs. right) based on the scalp distribution of alpha-band EEG power (Figure 3-A). 

The decoding procedure was applied separately to the four stimulation conditions (auditory-

only, odor-congruent, odor-incongruent, birhinal). To optimize the available number of trials, 

we opted for a binary classification of left versus right sound locations instead of decoding the 

exact sound location (far-left, mid-left, far-right, mid-right). Trials in which the sound was 

presented in a central, non-lateralized position were excluded from this analysis. Alpha-band 

ERSPs (8-12 Hz) served as input data, including all time points between -200 and 1000 ms 

relative to sound onset. This results in a 4-dimensional data matrix for each participant, 

including the dimensions of time (167 time points), location (2 different categories), trial (varies 

depending on the subject; auditory-only: 62-128 trials per location, birhinal: 26-64 trials per 

location, congruent: 30 – 64 trials per location, incongruent: 25 – 64 trials per location), and 

electrode site (65 scalp channels). Decoding was performed separately for each of the 167 time 

points, using a combination of a support vector machine (SVM) and error-correcting output 

codes (ECOC; Dietterich & Balkiri, 1995) with a one versus one coding scheme, as implemented 

in the fitcecoc() MATLAB function. Classifications were performed within subjects and using 

trial averages rather than single-trial data. The latter has been shown to result in higher 

(although more variable) decoding accuracies 83, due to increased signal-to-noise ratio in the 

classifier input. Specifically, at each time point, 50 iterations of the classification analysis were 

performed; on each iteration, the data were sorted into two ‘location bins’, containing only 

trials in which the sound was presented in the right or left hemifield, respectively. In each 

location bin, the trials were randomly divided into three equally sized sets of trials. To ensure 

that an equal number of trials was assigned to each of the three sets, the minimum number of 

trials per subject for a given location bin was determined (denoted as n), and n / 3 trials were 

assigned to each set. In case the total trial number for a given location was not evenly divisible 

by three, excess trials were randomly omitted. The trials for a given location bin were averaged, 

resulting in a matrix of 3 (subsample averages) x 2 (location bins) x 64 (electrodes) to be 
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analyzed for each time point. Two of the three subsample averages (for each target location) 

served as the training set, while the remaining subsample average (for each target location) 

was assigned to the testing dataset. In the training phase, the data from the two (of the total 

three) subsample averages were simultaneously submitted to the ECOC model with known 

location labels to train a binary SVM model, which learns to discriminate between trials with a 

right-sided versus left-sided sounds. Subsequently, in the test phase the unused data (i.e., the 

subsample averages that were reserved for testing) was passed to the trained SVM, using the 

MATLAB predict() function, to classify whether the sound was presented on the left or right 

side in each of the subsample averages. Essentially, the output of the predict() function 

provides a location label for each of the two remaining subsample averages in the testing 

dataset. By comparing the true location labels to the predicted location labels, decoding 

accuracy was computed. Decoding was considered correct if the classifier correctly indicated 

the side of sound presentation. Thus, chance level decoding accuracy was at 50%. This training-

and-testing process was applied three times such that each subsample average served as the 

testing dataset once. Finally, decoding accuracy was collapsed across the two locations, the 

three cycles of cross-validation, and the 50 iterations, resulting in a decoding percentage for 

each time point. After obtaining a decoding percentage for all time points of interest, a five-

point moving average was applied to smooth the averaged decoding accuracy values and to 

minimize noise.  

Statistical analysis of decoding accuracy 

To assess the statistical significance of within-condition decoding accuracy, we applied a non-

parametric cluster-based permutation analysis, adopting the analysis code provided by Bae  

Luck, 2019). At each time point, the average decoding accuracy across subjects was compared 

to chance level (i.e., 50%) by conducting a one-sided one sample t-tests. This is justified 

because SVM decoding does not produce meaningful below-chance decoding results. Then, 

clusters of at least two adjacent time points with a significant single-point t-test (i.e. p < .05) 

were identified. The t-values within a given cluster were summed, constituting the so-called 

cluster mass. To determine whether a particular cluster mass value is greater than what can be 

expected by chance, we constructed a null distribution of cluster-level t-mass values. Critically, 

to reduce computation time, we randomly permuted the target labels at the stage of testing 

the decoding output, rather than prior to training the classifier. Specifically, from an array 

containing all possible target labels (1 vs. 2), we randomly sampled an integer as the simulated 

response of the classifier for a given sound location. If the classifier response matched the true 

sound location, it was considered correct. This yields an estimate of the decoding accuracy that 

would by obtained by chance if the decoder randomly guessed the sound location. Critically, 

to reflect the temporal autocorrelation of the continuous EEG data, the same randomly 

sampled target position label was used for all time points in a given subaverage. Overall, this 

sampling procedure was repeated 300 times (2 locations x 3 cross-validations x 50 iterations) 

and for each time point of interest in-between -200 ms to 1000 ms. The scores for each time 

point were averaged to obtain the mean simulated decoding accuracy, resulting in a time series 

of decoding accuracy values. Analogous to the procedure that was applied to the actual EEG 
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data, the latter was smoothed using a five-point running average filter. The procedure was 

repeated 25 times, to obtain a simulated decoding accuracy time series for each of our 25 

participants. Then, using the simulated decoding accuracy time series, the maximum cluster 

mass was computed, using the procedure described above. That is, if there was more than one 

cluster of significant t-values, the mass of the largest cluster was selected.  

Finally, this procedure (i.e., simulating decoding accuracy that would be obtained by 

chance) was iterated 10,000 times to produce a null distribution of cluster mass values. For 

each cluster in the decoding results, the obtained cluster t mass was compared to the 

distribution of cluster t mass values that was constructed under the assumption that the null 

hypothesis is true. If the observed cluster t mass value was larger than the 95th quantile of the 

null distribution (i.e., α = .05, one-tailed), the null hypothesis was rejected, and decoding 

accuracy was considered above chance. Note that this procedure was separately applied to all 

stimulation conditions (auditory-only, congruent, incongruent, birhinal).  

To find the p-value associated with a specific cluster, we examined where within the null 

distribution does each observed cluster t mass value fall. That is, the p-value was based on the 

inverse percentile (computed using the invprctile() function) of the observed cluster-level t-

mass within the null distribution. If the observed cluster-level t-mass value exceeded the 

maximum cluster-level t-mass of the simulated null distribution, the respective p-value is 

reported as p < 10-4. The latter corresponds to the resolution of the null distribution (i.e., 1 / 

number of permutations). 

Statistical differences in decoding accuracy between stimulation conditions  

To investigate whether or not the decoding of sound location is influenced by concurrent 

odorant stimulation, decoding accuracy in the four stimulation conditions was compared, using 

a two-sided cluster-corrected sign-permutation test (cf. section 4.8.2). As input data, the same 

time window that was also used for the statistical analysis of decoding accuracy within 

conditions was selected (i.e., -200 ms to 1000 ms). This yields a total of 6 pair-wise comparisons. 

In addition, to assess the overall difference in decoding ability within the post-stimulus period, 

average decoding accuracy in-between 338 and 638 ms was submitted to a two-sided 

permutation test. To this end, the GroupPermTest() function, provided by 81, was applied (using 

nSims = 10,000 permutations). The analysis time window corresponds to a +/- 150 ms window 

surrounding the decoding accuracy peak in the grand average waveform across all four 

conditions. 

4.9 Data and code availability  

All data and code used to generate the present findings will be made publicly available on the 

Open Science Framework (OSF) upon acceptance for publication of this manuscript. 
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Supplementary Material 

S1. Alpha Lateralization Index (ALI): 4 x 2 x 2 rmANOVA including the factors condition, sound 

position, and sequence half. 

 DF F p np
2 

Condition [3, 72] 1.0478 .377 0.042 

Sound Position [1, 24] 11.622 .002** 0.326 

Sequence Half [1, 24] 0.002 .963 < 0.001 

Condition x Sound Position [3,72] 2.904 .041* 0.108 

Condition x Sequence Half [3,72] 0.121 .947 0.005 

Sound Position x Sequence Half [1,24] 5.218 .031* 0.179 

Condition x Sound Position x Sequence Half [3,72] 1.323 .274 0.052 
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