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ABSTRACT

Whereas neural representations of spatial information are commonly studied in vision, olfactory stimuli might also
be able to create such representations via the trigeminal system. We explored in two independent multi-method
electroencephalography-functional near-infrared spectroscopy (EEG+{NIRS) experiments (n1=18, n2=14) if
monorhinal odor stimuli can evoke spatial representations in the brain. We tested whether this representation
depends on trigeminal properties of the stimulus, and if the retention in short-term memory follows the “senso-
rimotor recruitment theory”, using multivariate representational similarity analysis (RSA). We demonstrate that
the delta frequency band up to 5 Hz across the scull entail spatial information of which nostril has been stimu-
lated. Delta frequencies were localized in a network involving primary and secondary olfactory, motor-sensory
and occipital regions. RSA on fNIRS data showed that monorhinal stimulations evoke neuronal representations
in motor-sensory regions and that this representation is kept stable beyond the time of perception. These effects
were no longer valid when the odor stimulus did not sufficiently stimulate the trigeminal nerve as well. Our
results are first evidence that the trigeminal system can create spatial representations of bimodal odors in the

brain and that these representations follow similar principles as the other sensory systems.

1. Introduction

Spatial representations — the mental concept of one’s environment —
have been intensively studied in vision. However, it is reasonable to as-
sume that other senses such as the sense of smell also encompass the abil-
ity to create spatial representations (Schifferstein et al., 2009). The dif-
ference in nostril concentration can offer spatial information of the odor
source in animal models (Baker et al., 2018; Rajan et al., 2006). How-
ever, how humans gain spatial information based on smells (Porter et al.,
2007; Welge-Liissen et al., 2014) and how this is reflected in the brain
is still under investigation. The most basic form of a spatial information
of smells would be an odor presented to one nostril only. We want to
investigate how the brain represents this mental spatial information of
a lateralized odor stimulus.

While there are odors that are purely olfactory (e.g., phenylethyl
alcohol or H,S) or exclusively trigeminal (CO,), in humans, the percep-
tion of mixed or so-called bimodal odors requires both sensory systems.
The respective sensory involvement depends on the concentration of
the bimodal odor (Cometto-Muiiiz and Abraham, 2016; Hummel, 2000;
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van Thriel et al., 2006). Lower concentrations of airborne molecules
mainly stimulate olfactory receptor neurons. With increasing concen-
tration of the same odor, the trigeminal system becomes stimulated as
well. The olfactory system encodes the identity of an odor. The trigem-
inal system encodes additional odor qualities such as burning, stinging,
cooling or pungent sensations (Shusterman, 2009). The trigeminal sys-
tem triggers repelling reflexes such as sneezing or coughing and thereby
protects the organism from inhaling putative harmful substances. Yet
another task ascribed to the trigeminal system is transporting spatial in-
formation. Is trigeminal activation the basis for spatial representations
of bimodal odors in the brain?

A behavioral endpoint demonstrating the potential to create spatial
representation of the trigeminal system is the localization task assess-
ing the lateralization threshold. During the assessment, one nostril is
stimulated with an increasing concentration of a compound while the
other nostril is stimulated with pure air. The threshold at which hu-
mans are able to localize the stimulated nostril is the concentration at
which the trigeminal system is starting to be involved (Croy et al., 2014;
Frasnelli et al., 2009, 2010; Kleemann et al., 2009; Kobal et al., 1989;
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Smeets et al., 2006). Thus, the involvement of the trigeminal system
enables humans to detect spatial information of bimodal odors.

In this study we explore ways of reliably detecting mental or neu-
ral representations of simple spatial bimodal odor information in the
brain. We contrast left and right nostril stimulations with a bimodal
odor in a concentration that is lateralizable while neural signals were
recorded with a multi-method electroencephalography (EEG) and func-
tional near-infrared spectroscopy (fNIRS) setup. Attempts have been
made to study chemosensory spatial representations by comparing
nostril-specific odor stimulations using univariate EEG approaches on
classical chemosensory event-related potentials (CSERPs). On the level
of CSERPs no reliable nostril- or side- effect could be demonstrated
across studies (Kobal et al., 1992; Olofsson et al., 2006; Rombaux et al.,
2008; Stuck et al., 2006). One drawback of CSERP investigations is the
relatively low signal-to-noise ratio.

The use of univariate analyses approaches causes the loss of infor-
mation that a whole-electrode configuration pattern can provide. This
might be the reason why thus far no robust effect of nostril-side nor a
representation of spatial information could be demonstrated. To over-
come this, more recent multivariate analysis strategies on CSERPs show
to be more successful in differentiating monorhinal stimulations (e.g.,
Hucke et al., 2021; Kato et al., 2022; Lascano et al., 2010).

Furthermore, Huart et al., (2012) demonstrated that transform-
ing the signal from the time domain into the time-frequency domain
improves the signal robustness and detectability. It was shown that
chemosensory stimulations evoke frequency changes in delta (1-4 Hz)
and lower theta frequency bands around 5 Hz (Huart et al., 2012;
Jiang et al., 2017; Schriever et al., 2017; Yang et al., 2021). In addi-
tion to odor identity, these EEG frequencies might encode spatial infor-
mation i.e., a sensory representation that can differentiate between the
nostrils (Invitto et al., 2019).

A putative method to study such representation is “representational
similarity analysis” (RSA), a multivariate method to investigate the sim-
ilarities of neural patterns instead of single electrodes (Haxby et al.,
2014; Kriegeskorte et al., 2008; Kriegeskorte and Kievit, 2013). The dis-
tinctiveness of a representation can be quantified by contrasting patterns
of all electrodes simultaneously of multiple different stimulus types, con-
ditions, or in this case spatial information of an odorant. If the trigeminal
nerve enables a stable formation of a spatial representation, there should
be distinct neuronal pattern evoked by one-sided/monorhinal stimula-
tions. No such distinction of neural representations should be possible if
a non-lateralizable thus below-trigeminal concentration of a compound
is being used.

In addition to information from the time-frequency domain it would
also be of interest to determine which brain areas are involved in
creating spatial representations of odors. fNIRS is an optical imag-
ing technique that assesses the local relative changes of oxygenated
(HbO) and deoxygenated (HbR) hemoglobin in selected cortical regions
(Jobsis, 1977). In a previous study we used fNIRS to record hemo-
dynamic responses over the somatosensory areas related to chemical
trigeminal stimulation (Hucke et al., 2018). Birhinal stimulation evoked
hemodynamic changes around 10 to 15 s post-stimulus in both hemi-
spheres. However, no systematic difference between left- and right-
nostril stimulations could be revealed. One reason might have been
that the analysis was still channel/region of interest based, thus not ex-
hausting the potential of multivariate approaches investigating a pattern
across all channels at the same time.

RSA is a method that can be applied to a variety of methods mak-
ing this approach a promising contestant for this multimethod recording
setup (Kriegeskorte et al., 2008). We wanted to test whether RSA would
be applicable to both recording modalities to reveal that spatial rep-
resentation are formed in the motor-sensory region as recorded using
fNIRS and that lower EEG frequencies play a key role in spatial rep-
resentations. The signal source was estimated to determine the neural
generators which play a role in spatial representations of bimodal odors
and give rise to the respective frequencies.
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To that end, we conducted two independent EEG+{NIRS experi-
ments. In experiment 1 above-lateralization threshold concentrations of
acetic acid were monorhinally presented to participants using an olfac-
tometer. We used RSA to test if trials of left- and right-sided stimulations
are more similar to each other than to the respective other-sided stim-
ulation. We expected to find these effects in frequencies below 5 Hz
in EEG time-frequency data (Huart et al., 2012; Invitto et al., 2019;
Schriever et al., 2017). Furthermore, in fNIRS data the total hemoglobin
response (HbT=HbO+HbR) was expected to be more similar within a
condition opposed to between the conditions starting at around 10 s
post stimulus-onset (Hucke et al., 2018; Invitto et al., 2019).

In our previous fNIRS study (Hucke et al., 2018) we postulated that
in line with the “sensory recruitment” or “sensorimotor recruitment the-
ory” the representation of which nostril has been stimulated was re-
tained in short-term memory by continuous neuronal activation in the
same brain regions as the perception (D’Esposito and Postle, 2015). After
each stimulation, the participants were asked to remember the stimu-
lated nostril for a certain period which was accompanied by a stable
increased HbO concentration. In the current study we wanted to test if
the spatial representation of a bimodal odor stimulus is indeed retained
in short-term memory. This should be manifested in a stable represen-
tational difference in the fNIRS data until the end of a trial.

Experiment 2 served two purposes: First, it replicated results from ex-
periment 1. Second, it included an additional within-subject condition
with lower (above detection but below lateralization) acetic acid con-
centration next to the high-concentration trials. This served as a proof
of concept when applying the RSA to the low-concentration condition
with the expectation that no significant RSA results would be achieved.

2. Materials and methods
2.1. Participants

Participants (18 to 35 years) were recruited by means of online ad-
vertisements. Exclusion criteria for both experiments entailed migraine,
pregnancy, history of neurological or psychiatric diseases, asthma, acute
or chronic upper airway diseases, acute allergies, intake of drugs, smok-
ing, and left-handedness or a hairstyle unsuitable for EEG+{NIRS record-
ings. In case of medication intake, participants were excluded if the com-
pound had potential neurophysiological impact.

At the day of the experiment, participants were required to pass a
pulmonary lung function (forced exhaled volume > 80%, MasterScope
TP, JAEGER/CareFusion, Hochberg, Germany) and olfactory function
test [Sniffin’ Sticks identification subtest, Burghart Messtechnik GmbH,
Wedel, Germany, (Hummel et al., 2007; Oleszkiewicz et al., 2019)].

2.1.1. Experiment 1

Nineteen participants took part in experiment 1. One participant was
excluded since no stimulation with acetic acid was perceived at the start
of the experiment and thus the experiment was aborted. The sample
description of the 18 participants that entered the analysis is shown in
Table 1 in the left column. Half the EEG data of one participant got lost
due to recording issues. However, the remaining half of the data was
included in the final dataset.

Table 1
Demographic data of the subjects included in the analysis of both experi-
ments.

Experiment 1 Experiment 2
N (female/male) 18 (13/5) 14 (11/3)
Age (years), M (SD) 26.77 (4.74) 22.73 (2.41)
FEV1 %, M (SD) 99.04 (10.38) 102.65 (9.83)
Sniffin’ Sticks ID, M (SD) 13.66 (0.79) 13.00 (1.37)

* Sample differs significantly p < 0.05, FEV1: forced expiratory volume in
1 s, ID: identification subtest.
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2.1.1. Experiment 2

An independent sample of 15 subjects was invited to participate
in experiment 2. One subject aborted the participation on own terms,
hence the final sample comprised 14 datasets (right column of Table 1).

2.2. Stimuli and olfactometer

We used the same flow-olfactometer as in the previous studies
(Hucke et al., 2018, 2021). Specifically, see (Hucke et al., 2018) for
an elaborate description of the device and Hucke et al. (2021) for tech-
nical adaptations made in order to optimize the setup for EEG record-
ings. In short, the olfactometer delivers olfactory stimuli into the partic-
ipants nostrils and allows for monorhinal stimulations. The device cre-
ates a seamless stimulus integration into a constant airflow of 2.5 1/min
of clean air. This ensures a precise stimulus on- and offset and purely
chemical stimulation of the trigeminal nerve sparring co-activation of
mechanoreceptors.

Acetic acid served as the stimulus. For the high concentration a liquid
concentration of 30 % v/v was used in both experiments [For airborne
concentration measurements see Supplement of (Hucke et al., 2018)].
The low concentration (liquid concentration 3.5% v/v) for experiment
2 was adjusted to be detectable yet not lateralizable as assessed by a
pilot testing of experienced lab members (Supplement 2).

As described in Hucke et al. (2021) the olfactometer includes a mag-
netic stirrer which continuously moves the acetic acid ensuring a con-
stant release of molecules and thereby a stable concentration. Unfortu-
nately, the stirrer produces noise picked up by the EEG system which
calls for specific filter settings excluding frequencies above 14 Hz. See
3.2.1 for details.

2.3.1. EEG recording

The EEG signals were recorded from 64 Ag/AgCl active elec-
trodes (ActiCap, Brain Products, Gilching, Germany) which were ar-
ranged across the scalp according to the international 10-10 system
(Oostenveld and Praamstra, 2001) using the Brain Vision Recorder soft-
ware (version 1.20) and a BrainAmp DC amplifier (sampling rate 1 kHz,
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Brain Products, Gilching, Germany). FCz served as an online reference.
The signal was online low pass filtered at 250 Hz and saved to a Win-
dows 7 PC. The impedance was kept below 10 kQ throughout the record-
ing using a high-viscosity electrolyte gel (SuperVisc, EASYCAP GmbH,
Herrsching, Germany).

2.3.2. fNIRS recording

The hemodynamic signal changes were recorded and saved to a Win-
dows 10 tablet using a multichannel continuous wave fNIRS system
(NIRSport, NIRx Medical Technologies, LLC, Glen Head, NY, USA) with
a sampling frequency of 7.81 Hz. The probe configuration of 8 sources
(41)2 = 750|850 nm) and 6 detectors took on 10-5 EEG positions in the
ActiCap creating a total of 16 symmetrical so-called long channels with a
maximal distance of 40 mm (Fig. 1 (A)). Furthermore, each light source
was flagged by one short-distance detector, which was integrated into
the respective light ring-holder creating eight 8 mm short-separation
channels. These channels measure oxygenation changes in superficial
tissue that can later be regressed from the overall signal (Yiicel et al.,
2015). As depicted in Fig. 1(B), the setup was created using the Al-
tasViewer (Aasted et al., 2015) and tMCimg (Boas et al., 2002) soft-
ware to maximize the sensitivity to the areas shown to be involved
in chemosensory processes in the previous fNIRS study (Hucke et al.,
2018). For easier readability we will refer to the areas recorded here as
“motor-sensory region” even though the probe setup not only spans the
pre- and postcentral gyrus but also part of the superior parietal cortex,
the supra-marginal cortex, and parts of the superior temporal lobe.

2.4. Procedure and experimental protocols

The ethics committee of the Leibniz Research Centre for Working
Environment and Human Factors at the TU Dortmund approved the ex-
perimental protocols. Before the experiments started, participants were
fully briefed about the experimental procedure and potentially irritat-
ing effects of the stimulation with acetic acid and gave informed writ-
ten consent. After the lung function and the Sniffin’ Sticks test indi-
cated no issues, the nasal flow rate of both nostrils was examined by

-0.8
-1,2
=1..6

-2

Fig. 1. EEG+{NIRS cap setup. (A) EEG electrodes were placed according to the 10-10 setup and fNIRS optodes took on the intermediate 5-10 positions. Red depicts
the fNIRS sources and blue the detectors. Each source can pair with multiple detectors to form several channels. In the current setup this results in a total of 16
channels (connecting dark lines). (B) Sensitivity profile of the fNIRS channels simulated with AtlasViewer and tMCimg software over the left (L) and right (R)
hemispheres. The derived sensitivity values are displayed on a logarithmic scale spanning two orders of magnitude in arbitrary units. Sensitivity at O corresponds to
high channel sensitivity (red) whereas decreasing values correspond to decreasing sensitivity (blue), respectively. Frontal and occipital lobes are labeled as F and O,

respectively. Green lines correspond to the 16 fNIRS channels.
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Fig. 2. Trial succession. Each trial started with a baseline and alertness period
and was followed by a monorhinal stimulation and a memory phase. Each stim-
ulation was localized, the certainty of localization as well as perceptual strength
was rated.

means of an active anterior rhinomanometry (RHINO-SYS, Happers-
berger otopronst GmbH, Hohenstein, Germany) to determine if partici-
pants showed signs of a nasal flow asymmetry. Next, participants were
trained in the velopharyngeal closure technique to seal the velum and
pharyngeal walls separating the oral and nasal cavities while breath-
ing through the mouth (Kobal, 1981). This ensures a precise stimulus
onset as the olfactometer flow is not affected by the participants res-
piration. After successful training, the EEG+{NIRS cap was put on the
participants head, and the signal quality was checked. The cap was fur-
ther covered with a black opaque showering cap to protect the fNIRS
optodes from ambient light. The experiment, which was set up in Psy-
choPy (Peirce, 2007, 2009) and ran on a Windows 10 Laptop, took place
in a dimly lit room where participants were seated in front of a 19” com-
puter monitor and mouse. To keep the alertness levels of the participants
as high as possible, the experiment was split into separate parts, which
were divided by breaks during which the lights were switched on and
the participant could move freely. After the experiment had finished, a
second anterior rhinomanometry check-up confirmed the initial nasal
flow rate and allowed for the assumption that the nostrils remained un-
obstructed over the course of the experiment.

2.4.1. Experiment 1 protocol

The experiment comprised 120 trials and was split into two equal
parts divided by a break as described above. Thus, each part contained
60 trials, 30 left and right-sided stimulations, respectively. These 60
trials were further divided into blocks of four semi-randomly presented
trials (two left and two right). In-between blocks, participants could tem-
porarily switch to nasal breathing and drink water to prevent discomfort
due to potential dryness caused by mouth breathing. Participants could
individually start the next block via button press. As depicted in Fig. 2,
each trial started with a baseline period displaying a white fixation cross
in the center of a grey screen. After 8 s, the cross switched to green indi-
cating the imminent stimulus presentation which occurred after 2 s ei-
ther to the left or to the right nostril. To minimize ocular artifacts in the
EEG signal, participants were instructed to refrain from blinking after
the fixation cross had turned green for at least until they had confidently
perceived a stimulation but for as long as they felt comfortable. Partic-
ipants were instructed to remember the stimulated side. After ~20 s a
series of questions appeared on the screen asking to 1) indicate which
side has been stimulated (left, right), 2) evaluate the confidence of the
nostril localization on a Likert scale (0-guessed to 7-absolutely certain),
and 3) rate the strength of perception on a continuous visual analogue
scale ranging from “not perceived at all” to “strongest perception imag-
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inable”. All answers were given by means of a mouse click using the
right hand. The overall participation time was around 4-5 h for which
participants either received 10 €/h or participation credits for their uni-
versity degree.

2.4.2. Experiment 2 protocol

The total trial amount increased to 240 trials as in addition to the
120 previous trials 120 trials with low concentrations of acetic acid was
included (see 2.2) resulting in a within-subject design. From hereon we
will refer to “high” and “low” concentrations, respectively. Therefore,
experiment 2 was split into four equal parts, each containing 60 trails.
Again, the trials were divided into blocks of semi-randomized presenta-
tions of the four potential conditions: left and right side, high and low
concentration. The trial succession, break policy, and behavioral ratings
were kept the same as in experiment 1. Participation time was around
5-6 h, which was reimbursed with 10 €/h or credit points as well.

3. Data processing and analyses
3.1. Data and code availability statement

The datasets generated and/or analyzed during the current study
and codes for the analysis are stored in a public OSF repository
(https://osf.io/6zmq7/).

3.2. Data preprocessing

3.2.1. EEG preprocessing

The EEG data of experiment 1 was previously analyzed in a different
publication (Hucke et al., 2021) where the preprocessing steps are de-
scribed in more detail. The same preprocessing steps were undertaken
for experiment 2 including offline applied Matlab2018b and EEGLAB
(v14_1_2b) (Delorme and Makeig, 2004) functions. Before the prepro-
cessing, all triggers were shifted 50 ms to counteract a temporal delay
caused by the olfactometer. The concatenated data was band-pass fil-
tered (Hamming windowed sinc FIR band-pass filter, 0.5 Hz to 14 Hz,
0.5 Hz transition band width [Cut-off frequencies: 0.25-14.25 Hz], fil-
ter order: 6601). Channels with a normalized kurtosis (20% trimming)
exceeding 5 SD of the mean were rejected (average number of rejected
channels; experiment 1: 4.61, experiment 2: 5.14 channels per partici-
pant). After re-referencing the data to the average signal of the remain-
ing channels the continuous data was epoched from -2000 ms to 6000
ms with respect to the stimulus onset including a baseline correction of
200 ms preceding stimulus onset. An iterative automatic trial rejection
procedure (rejection threshold: 1000 xV, detection prob.: 5 SD, max. %
of trials rejected/iteration: 5%) was followed by an independent com-
ponent decomposing the signals into X independent components (ICs)
(X = number of remaining channels -1 controlling for the rank defi-
ciency due to the average reference). ICs containing ocular artifacts or
generic discontinuities were automatically detected/rejected using the
ADJUST (Mognon et al., 2011) and ICLabel (Pion-Tonachini et al., 2019)
plugins. Further, a single-equivalent current dipole for each IC was esti-
mated based on the spherical head model (Brain Electrical Source Anal-
ysis) as implemented in the DIPTFIT plugin v2.3 (Oostenveld et al.,
2003). ICs with a residual variance higher than 40%, locations outside
the scalp or that were labeled as < 50% probability of originating from
the brain were removed (Average rejection; experiment 1: 14.92, ex-
periment 2: 16.36 ICs). The remaining trails were again checked by the
automatic trial rejection procedure with the same parameters (Total av-
erage number of rejected trails; experiment 1: 23.83 [19.86%], exper-
iment 2: 48.93 [20.39%]). Lastly, rejected channels were interpolated
using the spherical spline interpolation algorithm.

3.2.2. fNIRS preprocessing

fNIRS recordings were processed offline using the Matlab2018b
based Homer2 (Huppert et al., 2009) functions. First, long chan-
nels with raw data values exceeding le~’ or a signal-to-noise ratio


https://osf.io/6zmq7/

C.I. Hucke, R.M. Heinen, E. Wascher et al.

[M(data)/SD(data)] lower than 2 were pruned (enPruneChannels) and
excluded from further analysis. In experiment 1 one subject had 3 miss-
ing long channels and another subject had one missing long channel.
In experiment 2 three subjects each missed one long channel. Short-
separation channels that did not meet the quality criteria as stated above
were flagged and needed to be substituted for the regression described
below. On average 4.51% of short-separation channels per participant
in experiment 1 and 2.90% in experiment 2 were interpolated. Next, the
raw intensity signals of all channels were converted to optical density
(hmriIntensity20D). Each channel was checked for motion artifacts de-
fined as signal values exceeding 50 SD or 5 yM within 500 ms. Trials
were removed if an artifact was within the range of -5 to +10 s around
the stimulus onset (hmrMotionArtifactByChannel, enStimRejection). In ex-
periment 1 a total of 7 trials and in experiment 2 only 2 trials across
participants were excluded. A bandpass filter was applied with a lower
cut off at 0.01 and a higher cut off at 0.3 Hz (hmrBandpassFilt). The fil-
tered optical density data were converted to HbO, HbR, and the total
oxygenation change (HbT) concentration changes using the modified
Beer-Lambert Law (Delpy et al., 1988) with a partial path length factor
of 6 for both wavelength (hmrOD2Conc).

A general linear model (GLM) including the closest short-distance
channels as regressors for the long channels was performed in Python
3.7 using the GLM function of the statsmodels package. In case the clos-
est short-separation channel was excluded from the analysis due to insuf-
ficient data quality, the next most neighboring short-separation channel
(or the mean of two if both had the same distance) was used as re-
gressor. The data was z-transformed, and the experimental parts were
concatenated.

3.3. Statistical analyses

3.3.1. Behavioral analysis

The behavioral data analysis was conducted in R (RStudio Team
(2016), RStudio: Integrated Development for R. RStudio, Inc., Boston;
version 1.1.463) using the stats package (R Core Team, version 4.0.3).
For all tests significance was determined at an alpha level of 0.05 and,
if applicable, non-parametric alternative tests were conducted in case of
a significant Shapiro-Wilk test.

In experiment 1, the lateralization ability of the participants was
tested using a one-sample t-test against a lateralization accuracy at
chance level (50%). Furthermore, ratings of lateralization confidence
and perceptual strength were each compared against a score of zero
using further one-sample t-tests. In experiment 2, again one-sample t-
tests assessed the lateralization accuracies, confidence, and perceptual
ratings of the high and low concentration condition, separately. Further-
more, paired t-tests compared the respective scores of the two conditions
to confirm that the high concentration was indeed lateralized with a
higher accuracy and done so with a higher confidence as well as higher
perceptual ratings. Lastly, the behavioral data of experiment 1 was com-
pared to the data of the high concentration condition of experiment 2
using independent sample t-tests.

3.3.2. Representational Similarity Analysis (RSA)

The RSA on EEG and fNIRS data was conducted in Python (3.7) and
R. As depicted in Fig. 4(A), RSA is based on correlation matrixes com-
paring activity patterns of all electrodes (EEG) or channels (fNIRS) si-
multaneously across conditions or stimuli. Using this approach, we can
study similarities between patterns as well as their distinctiveness. In
our study we compared within and between condition patterns. The dis-
tinctiveness of neural representations can be quantified by correlating
the neural pattern evoked by one-sided trigeminal stimulation and com-
pare this pattern to the pattern of the respective other-sided stimulation.
Within condition similarities were computed by correlating all trials of
the same condition compared to correlating all trials of one condition
with the trials of the respective other condition (between condition cor-
relation) using Spearman’s Rho.
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Data of experiment 1 were used to test the initial hypotheses of rel-
evant time-frequency points in EEG data and time windows in fNIRS
data. The aim was to determine time (and time-frequency) windows in
which the neural patterns of left trials are more similar to the pattern
of all other left trials compared to the pattern of right trials and vice
versa. To evaluate the transferability to another dataset the same ap-
proach was applied to the high-concentration trials of experiment 2. As
a proof of concept that the results were indeed related to trigeminal
stimulation as opposed to olfactory processes, the RSA was applied to
the low-concentration trials in a following step.

3.3.3. EEG RSA

To analyze time-frequency data using RSA, the neural activation pat-
tern (all channels) in each frequency in each time window of one condi-
tion/stimulus is compared to the pattern of the others (e.g., Fellner et al.,
2020; Liu et al., 2020). More precisely, for each participant, the prepro-
cessed EEG data of all channels was sectioned into 28 frequency bins and
24 time bins. To that end, a Hamming windowed bandpass fir-filter with
zero padding [4 cycles; (Gramfort et al., 2013)] iteratively passed the
28 linearly spaced frequency bands from 0.3 to 14 Hz. In each iteration,
thus for each frequency band, epochs ranging from -500 to 3000 ms
around a stimulus onset were extracted. Each frequency-filtered epoch
was sectioned into 24 equally spaced time bins. We then correlated the
neural activation pattern of each time bin (145 ms x 64 channel) to the
neural activation patterns of that time bin of all other left and all other
right trials, thereby generating one data point representing the within
condition similarity and one representing the between condition similar-
ity. Correlations were Fisher Z-transformed and the difference of within
and between correlations was computed. Across participants, in each
bin a one-sided one-sample t-test against a correlation difference of 0
rendered an overall 24 x 28 time-frequency t-map. T-clusters of neigh-
boring (and diagonal) bins with a p-value below 0.05 were extracted.
The t-values of each cluster were summed up creating a so-called cluster
mass. The cluster mass of each cluster was compared against a surrogate
distribution of 10,000 permutations to determine whether it exceeded
values that were expected under the null hypothesis. To create the sur-
rogate distribution, the time bins were shuffled (keeping the frequencies
stable) in each permutation and a t-statistic was performed as described
for the real data. Again, cluster masses of continuous clusters were cre-
ated. Only the largest cluster mass was kept of each permutation. The
surrogate cluster masses were ranked including the empirical cluster
mass of the real data. The number of surrogate values larger than the
real empirical cluster mass was divided by the 10,000 permutations to
create the respective p-value.

3.3.4. EEG source localization

The overarching common sources were localized on a merged dataset
including experiment 1 and high-concentration trials from experiment
2. The source estimation was performed using Dynamic Imaging of Co-
herent Sources (DICS; van Vliet et al., 2018) beamformer spatial filters
[implemented in MNE, v1.2.2, (Gramfort et al., 2013)]. In each sub-
ject, the raw data was epoched and the cross-spectral density (CSD)
was computed using morlet wavelets (4 cycles). The forward solution
was based on the 10-10 EEG positions and brain template (fsaverage,
FreeSurfer; Fischl, 2012). The spatial filters were applied to the CSD
matrix during the time range determined by the RSA (400 ms to 2400
ms). The resulting source power was normalized to the estimated base-
line source power. The group average was thresholded exporting the
top 10% source power values. The thresholded group averages were la-
beled according to the Automated Anatomical Labelling atlas (Tzourio-
Mazoyer et al., 2002).

3.3.5. fNIRS RSA
Preprocessed fNIRS data of all channels was epoched (trial onset to
20 s) and baseline corrected (- 5 s). Similar to the EEG RSA, for each time
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point the fNIRS trials within and between each condition were corre-
lated using Spearman’s Rho. Resulting correlation matrices were Fisher
Z-transformed. The means of within and between correlations were sta-
tistically compared using a 10,000-fold Monte Carlo permutation test in
R [symmetry _test, coin package, (Zeileis et al., 2008)].

3.4. Supplementary analysis

The same analysis was performed on combined data of experiment
1 and high concentration condition trials from experiment 2 to explore
the generalizability and stability of the effects (Supplement 1).

4. Results
4.1. Behavioral results

Behavioral results of experiment 1 have been published in a previous
publication (Hucke et al., 2021). In experiment 1, where only high con-
centration of acetic acid was administered to the participants, lateraliza-
tion accuracies (M = 93.47%, SD = 5.71, Median = 95.83%, IQR = 86.88—
97.50%) significantly exceeded chance levels of 50 %, Z = 3.71, p <
0.001, effect size r' = 0.87 (Fig. 3 (A)). Participants were confident in
their lateralization abilities as evident by a significantly higher (range:
0-7, M = 5.35, SD = 0.94) than zero rating, t(17) = 24.13, p < 0.001

1 The effect size r is calculated as Z statistic divided by the square root of the
sample size (N) (Z/sqrt(N)).

(Fig. 3(B)). With regard to the perceived strength of stimulation, partic-
ipants evaluated their perception (transformed range 0-100: M = 44.98,
SD = 19.58) as being significantly stronger than “not perceived at all”,
t(17) = 9.75, p < 0.001 (Fig. 3(C)). The average score was equivalent to
an LMS-scale anchor between “strong” and “very strong” (Green et al.,
1996).

In experiment 2 participants were exposed to high (same concen-
tration as experiment 1) and low concentrations of acetic acid. Later-
alization scores of high concentration trials (M = 94.70%, SD = 6.01,
Median = 96.67, IQR = 90.62-99.79%) significantly exceeded chance
levels, Z = 3.27, p = 0.001, effect size r = 0.88. Opposed to our as-
sumption participants were also able to lateralize the low concentration
trials, t(13) = 2.16 (two-sided), p = 0.05, yet with a significantly lower
accuracy (M = 53.39 %, SD = 5.87) than the high concentration tri-
als, t(13) = 18.84, p < 0.001 (Fig. 3(A)). Participants were confident
in their ratings in high (M = 5.99, SD = 0.85) and low (M = 1.61,
SD = 1.29, Median = 1.13, IQR = 0.50-2.72) trials both exceeding rat-
ings of zero, t;4(13) = 26.37, ppign < 0.001, Z = 3.26, py,,, < 0.001,
effect size r = 0.87. However, participants were significantly more con-
fident in lateralizing high concentration trials compared to low concen-
tration trials, #(13) = 9.93 p < 0.001 (Fig. 3(B)). Perceptual ratings for
high (M = 64.30, SD = 11.71) and low (M = 13.13, Median = 8.10,
SD = 12.81, IQR = 3.54-20.19) trials suggested that both stimulations
were indeed perceived as indicated by a significantly greater that zero
rating, tygh(13) = 20.54, ppigp < 0.001; Zy,, = 3.26, pjo,, = 0.001, ef-
fect size r = 0.87. High concentration trials were rated as significantly
stronger (between “very strong” and “strongest imaginable”) as op-
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Fig. 4. (A) Description of RSA on EEG time-frequency data. The pattern across all EEG channels at each time point within a frequency band is correlated with
the same-sided trials (within correlation) and respective other-sided trials (between correlation). t-maps of testing the within-between correlation difference against
zero for (B) experiment 1, experiment 2 (C) high and (D) low concentrations separately. Positive t-values indicate a higher within-condition compared to between-
condition similarity (Scales -5 - 5). The dotted line indicates the stimulation onset. The black lines encapsulate clusters that pass the significance threshold and were
compared against the 10,000-fold surrogate distribution in the consecutive analysis step.

posed to low concentration trials (between “weak” and “moderate”),
#(13) = 11.48, p < 0.001 (Fig. 3(C)).

Comparing the behavioral data from experiment 1 to high condition
trials of experiment 2 showed that the lateralization accuracies did not
differ, Z = —0.78, p = 0.43, effect size r = 0.14 (Fig. 3(A)). Also confi-
dence ratings did not differ significantly, £(29.25) = —2.03, p = 0.052
(Fig. 3(B)). Interestingly, perceptual ratings differed significantly across
the two experiments, even though the same concentration was used,
t(28.39) = -3.47, p = 0.002. Participants evaluated the stimulations as
stronger in experiment 2 compared to experiment 1 as can be seen in
Fig. 3(C).

4.2. RSA EEG results

One-sided t-tests against zero comparing the difference of within
and between condition correlations rendered a time-frequency t-map
(Fig. 4). Stronger within-condition correlations in expected low fre-
quency ranges up to 5 Hz can already be suspected in experiment 1
(Fig. 4(B)) and in high but not in low concentration trials of experi-
ment 2 (Fig. 4(C) and (D)). In the following step, clusters surpassing
the 0.05 threshold (see 3.2.3) were extracted and compared against the
10,000-fold surrogate distribution to determine if they are statistically
significant.

The temporal information of the continuous frequency band below
1 Hz from trial onset to trial offset should be interpreted with care.
Due to the very low frequencies, the temporal precision is diminished
after the time-frequency convolution. However, temporal information
can be gathered in frequencies from 1 to about 5 Hz. For experiment
1 the permutation test showed that the t-cluster in the low frequency
range persisted (p <0.001) (Fig. 5 (A)). In the time range from stimulus
onset to around 1400 ms a clear peak can be detected at around 500 ms
with the peak frequency of 2 Hz. This is in line with our expected time
(Schriever et al., 2017) and frequency (Huart et al., 2012) range.

In experiment 2 in the high trials a similar, yet slightly time-shifted
pattern appeared (Fig. 5(B)). Next to the time-smeared very low fre-
quency band, the permutation t-test revealed a cluster in low frequency
range up to 3 Hz. This cluster starts around 600 ms with its maximum

peak at around 2 Hz between 1600 and 1800 ms post-stimulus onset.
This means that within this time range the neural pattern evoked by
same-sided stimulation were more similar to each other than to the re-
spective other nostril-stimulations. As expected, in the low concentra-
tion condition, no cluster remained as indicated by a non-significant per-
mutation test (p = 0.14). This result shows that there was no difference
in neuronal patterns correlations within and between each condition.

4.3. Source localization results

The RSA on time-frequency EEG data rendered a significant cluster
starting at around 400 ms ranging until at least 2.4 s post stimulus which
offered the basis to estimate the delta frequency source (0.5 to 4 Hz).
The common estimated sources are displayed in Fig. 5(C). The labeled
areas could be grouped to a large cluster in the anterior and posterior
cingulate gyrus. Another group of areas correspond to classical olfactory
regions (olfactory cortex, amygdala, parahippocampal gyrus). A third
region cluster spanned the sensory-motor areas (e.g. pre- and postcentral
gyri) and a further broader source was estimated in the frontal region
centering around the orbitofrontal gyrus. A final cluster was localized
in the occipital cortex (calcerine, lingual, and fusiform gyrus).

4.4. RSA fNIRS results

The HbT values recorded over the somatosensory region evoked by
trials of the same condition and between conditions were correlated
at each sampling point. A Monte-Carlo permutation test comparing the
within and between condition correlation revealed a significantly higher
within-condition correlation in experiment 1 at around 13 s post stimu-
lus onset, p < 0.05 (Fig. 6 (A)). This significant difference persisted until
trial-offset. A similar progression of within and between condition cor-
relation was found in experiment 2 for the high concentration condition
(Fig. 6(B)). However, the significant difference started earlier at 10 s
post-stimulus onset yet also remained stable until the end of the trials,
p < 0.05. As expected, no significant difference could be revealed in the
low concentration condition, p > 0.15 (Fig. 6(C)).
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5. Discussion

In this study we demonstrated that humans can gain spatial infor-
mation from bimodal odors and that the emerging mental representa-
tion is reflected in activation patterns in the brain. We could show that
high concentration stimulations evoke neural patterns that are distinct
with regard to nostril-side as measured using fNIRS signals from motor-
sensory regions. Moreover, we demonstrated that delta EEG frequency
localized in a network including olfactory and motor-sensory regions
carry basic spatial information as well. Concentrations of the odorant
below the trigeminal threshold did no longer yield distinct neural rep-
resentations in neither method. This is evidence that trigeminal stimula-
tion is required for a spatial representation of bimodal odor perception
as assessed with EEG and fNIRS using RSA.

Our results add more context to previous studies showing trigemi-
nally evoked signals in EEG frequencies up to around 5 Hz (Huart et al.,
2012; Schriever et al., 2017). We could demonstrate that these frequen-
cies across the scull entail spatial information of which nostril has been
stimulated, thus connecting the rhythmic brain activity to an actual be-
havioral endpoint.

Arabkheradmand et al. (2020) demonstrated in an intracranial EEG
(iEEG) study that the phase of delta oscillations reset in the piriform cor-
tex in anticipation of an olfactory stimulus. The piriform cortex - part
of the olfactory network and a source of the delta band in our study
- is a key brain area for olfaction (Lundstrom et al., 2011). The delta
phase reset predicted a higher detection accuracy as well as stronger
odor evoked theta power. It is possible that this phase reset might en-
tail an emerging spatial representation supporting odor detection which
was then represented by the theta power. Jiang et al. (2017) also demon-
strated in an iEEG study that low theta oscillations (4-5 Hz) are evoked
by olfactory perception in the piriform cortex. Based on this low theta
frequency they could decode, which out of four odors was presented.
Thereupon, Yang et al. (2021) showed in a consecutive iEEG study that
the interplay of theta and gamma oscillations encode the sequence of
distinct odors, thus encoding the “what” and “when” of odor percep-
tions. Our data suggest that delta frequencies might add the "where”
and that this information is dependent on the trigeminal properties of a
bimodal odor.

This idea is supported by an auditory study by Bednar and
Lalor (2018) who decoded spatial auditory sound location and trajec-
tory based on EEG patterns, specifically from the phase of the delta fre-
quency band. The spatial representation of sensory cues across modal-
ities are perhaps similarly processed using overarching neural oscilla-
tions in slow frequency bands. This is supported by an EEG+{NIRS study
by Invitto et al. (2019) demonstrating that the delta EEG frequency plays
a crucial role in olfactory processing, olfactory-haptic multimodal inte-
gration, and neural representation of external world objects. This object
representation including odor qualities might also entail spatial trigem-
inal information as suggested by the results of our study. Our source
localization of delta power rendered a broader network including olfac-
tory regions but also other sensory regions such as the occipital lobe
and motor-sensory regions. This network might assist spatial sensory
integration across modalities based on delta frequencies.

The recruitment of motor-sensory regions in fNIRS demonstrates
their involvement in the formation of spatial representations of bimodal
odors. The time point at which the neural representations in the fNIRS
data become distinct is in line with our previous study (Hucke et al.,
2018) showing trigeminally evoked effects at around 10 s post-stimulus
onset. fNIRS results from the above-mentioned EEG+{NIRS study by
Invitto et al. (2019) demonstrate a correlation between EEG delta power
and fNIRS activity in somatosensory regions. This correlation of EEG and
fNIRS suggests that effects found in our study, based on separate RSA
for EEG and fNIRS, might capture related processes.

The involvement of motor-sensory regions in forming a mental repre-
sentation is in line with the idea of by Frasnelli et al. (2012). Their frame-
work suggests a functional division for smell processing into ventral and
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dorsal neural streams. This division has previously mostly been argued
for vision. The dorsal stream is thought to process “where” a target is as
opposed to identifying an object, ascribed to the ventral or “what” path-
way. Frasnelli et al. (2012) demonstrated that these pathways might also
apply to bimodal odor perception and localization. Since the areas cov-
ered by our fNIRS setup are part of the dorsal stream, the current results
support the idea that these areas to are involved in the formation of a
spatial “where” representation of bimodal odors.

Furthermore, our results are in line with the “sensorimotor recruit-
ment theory” (D’Esposito and Postle, 2015) implying that the same brain
regions which initially process sensory information i.e., motor-sensory
regions, retain a representation by continuously firing for the duration
of a retention time (Hucke et al., 2018; Lotsch et al., 2012). The sim-
ilarity within one-sided stimulation compared to the respective other
sided stimulation remained significantly distinct until the end of a trial.
This finding opens the field to memory representation research as odor
stimuli are oftentimes used to cue memories e.g., in targeted memory
recall settings. Yet, the memory processes such as rehearsal of odor
cues in short-term memory have gained more attention only recently
(Yang et al., 2021).

Unfortunately, we could only investigate memory effects in fNIRS
and not our EEG data. The study by Yang et al. (2021) demonstrates
the crucial role of gamma frequencies in olfactory short-term memory
which needed to be filtered out of the data in this study to correct
for electromagnetic noise of the olfactometer. Future studies should in-
clude a broader range of frequencies with a focus on high frequency
bands such as gamma. Moreover, our sample consisted of mostly female
participants which might have introduced unknown biases, since previ-
ous studies have shown differences in sex with females outperforming
men in olfactory measures such as identification, detection, and dis-
crimination (Sorokowski et al., 2019). Lundstrom et al. (2005) further
demonstrated that women were more sensitive to trigeminal stimuli and
showed shorter CSERPs latencies than men. Future studies could specif-
ically target sex differences in multivariate EEG or fNIRS studies by col-
lecting larger, balanced samples.

Overall, we could demonstrate that RSA is a good measure for
EEG+fNIRS data to explore trigeminally mediated spatial information
yielding consistent effects across experiments and data types. In future
studies, it would be interesting to administer a more gradient odor con-
centration, which was not possible with the current study setup. More
elaborate olfactometers which can alter the concentration continuously
might be used to test the performance of RSA when passing the in-
dividual lateralization threshold. Furthermore, the addition of other
substances that are purely trigeminal (CO,) or purely olfactory (e.g.,
phenylethyl alcohol) might offer further support for our interpretation
of RSA results in the low concentration condition. Further, it is possible
to modulate this study setup making it wireless, since the fNIRS system
used here can be made completely mobile and combined with a mo-
bile EEG. Thus, this study can be seen as the basic foundation for future
studies investigating more complex odor-related spatial tasks or even
navigational questions in a mobile open field environment.
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