

[image: image1]
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Cross-modal perception allows olfactory information to integrate with other sensory modalities. Olfactory representations are processed by multisensory cortical pathways, where the aspects related to the haptic sensations are integrated. This complex reality allows the development of an integrated perception, where olfactory aspects compete with haptic and/or trigeminal activations. It is assumed that this integration involves both perceptive electrophysiological and metabolic/hemodynamic aspects, but there are no studies evaluating these activations in parallel. The aim of this study was to investigate brain dynamics during a cross-modal olfactory and haptic attention task, preceded by an exploratory session. The assessment of cross-modal dynamics was conducted through simultaneous electroencephalography (EEG) and functional near-infrared spectroscopy (fNIRS) recording, evaluating both electrophysiological and hemodynamic activities. The study consisted of two experimental sessions and was conducted with a sample of ten healthy subjects (mean age 25 ± 5.2 years). In Session 1, the subjects were trained to manipulate 3D haptic models (HC) and to smell different scents (SC). In Session 2, the subjects were tested during an attentive olfactory task, in order to investigate the olfactory event-related potentials (OERP) N1 and late positive component (LPC), and EEG rhythms associated with fNIRS components (oxy-Hb and deoxy-Hb). The main results of this study highlighted, in Task 1, a higher fNIRS oxy-Hb response during SC and a positive correlation with the delta rhythm in the central and parietal EEG region of interest. In Session 2, the N1 OERP highlighted a greater amplitude in SC. A negative correlation was found in HC for the deoxy-Hb parietal with frontal and central N1, and for the oxy-Hb frontal with N1 in the frontal, central and parietal regions of interests (ROIs). A negative correlation was found in parietal LPC amplitude with central deoxy-Hb. The data suggest that cross-modal valence modifies the attentional olfactory response and that the dorsal cortical/metabolic pathways are involved in these responses. This can be considered as an important starting point for understanding integrated cognition, as the subject could perceive in an ecological context.
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INTRODUCTION

Cross-modal perception allows the olfactory pathway to integrate with other sensory modalities (Hanson-Vaux et al., 2013; Leleu et al., 2015a, b). The olfactory representations are processed by multisensory cortical pathways, where the aspects related to haptic sensations are integrated. This complex reality allows the development of an integrated perception, where the olfactory aspects compete with haptic and/or trigeminal activations. It is assumed that this integration involves both perceptive electrophysiological and metabolic/hemodynamic aspects, but there are no studies evaluating these activations in parallel (Shepherd, 2006).

Moreover, olfactive cognition (i.e., food odor) is modulated by haptic perception in young subjects and by visual perception in geriatric subjects, so this interaction seems to be age-related (Merkonidis et al., 2015). Recent research investigated the cross-modal association between taste and vision, highlighting a correlation between shape and pleasantness (Ngo et al., 2011; Hanson-Vaux et al., 2013; Kaeppler, 2018).

Although, interesting research topics exist on cross-modal interactions, multi-sensorial interactions between olfaction and haptic manipulation have not been sufficiently investigated. Previous work investigated how the P3 ERP can be differently modulated in a visual recognition task when the stimulus was processed through an olfactory and haptic cross-modal pathway (Invitto et al., 2019). Following on from previous results, we can consider that olfactory and haptic cross-modal interaction could be localized in the left hemisphere, particularly in the occipital–temporal–parietal stream. This topographic localization can be identified as the dorsal pathway, linked to stimulus localization (Goodale et al., 2005; Bornkessel-Schlesewsky and Schlesewsky, 2013; Kuang and Zhang, 2014; Invitto et al., 2019).

Studies focusing on ERPs and electroencephalographic rhythms report slower frequencies in olfactory and haptic perceptive tasks, in particular delta and theta for the olfactory system and mu for the haptic system during motor action (Martin, 1998; Freyer et al., 2012; Rihm et al., 2014; Riečanský et al., 2015). Studies investigating the functional near infrared spectroscopy (fNIRS) and the olfactory system indicate that the deoxy-hemoglobin (deoxy-Hb) level did not change with a bilateral increase of oxy-hemoglobin (oxy-Hb) (Ishimaru et al., 2004), while there is an involvement of the orbitofrontal cortex (Kokan et al., 2011).

The purpose of this study was to describe and examine brain dynamics during a cross-modal olfactory and haptic attention task, preceded by an evaluation and exploratory session. The assessment of cross-modal dynamics was conducted through electroencephalography (EEG) and fNIRS, in order to evaluate the electrophysiological and hemodynamic responses. Specifically, the variations of the delta (Harada et al., 1998; Piarulli et al., 2018) and the mu rhythms (McFarland et al., 2000; Peled-Avron et al., 2016) were considered in the first exploratory training session and were correlated with the oxy-Hb and deoxy-Hb variations recorded by fNIRS. In Session 2, the olfactory event-related potentials (OERP) N1 and late positive component (LPC), specifically the olfactory response during an attentive task (Pause et al., 1996), were investigated. Discriminating whether cross-modal valence modifies the attentional olfactory response and what the cortical/metabolic pathways involved in these responses are can be an important starting point for understanding integrated cognition, as the subject could perceive in an ecological setting (Neisser, 1988).

MATERIALS AND METHODS

Subjects

Ten female university students (mean age: 25 ± 5.2 years) were recruited for the experiment. The exclusion criteria included having a prior history of neurological or psychiatric illness, or current or previous psychoactive medication use. None of the recruited subjects belonged to this category. All participants were informed about the experimental procedure and gave written consent prior to the experiment. The research was conducted according to the Helsinki declaration and was approved by the Ethics Committee of the Psychology Department, Catholic University of Milan.

Experimental Sessions

In Session 1, the subject breathed the odorants, some of which were also presented in the haptic mode (see Table 1). The shapes, haptic 3D models (printed using the 3D Blender 2.74 platform), were all monochromatic (blue) and of the same consistency (rigid plastic) to avoid bias due to further stimulation variability (see Figure 1).

TABLE 1. Name of the chemical odorants used, the perception linked to the chemical odorants and the condition (i.e., smell or cross-modal haptic smell) of the administration during the task in Session 1.
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FIGURE 1. Examples of three-dimensional haptic shapes printed for the experiment.



The order of presentation of the odorants was pseudo-randomized.

The haptic session was balanced by different forms just as the smells administrated. The haptic cross-modal session was focused on four different shapes: a rounded shape (lemon), an elongated and rolled shape (cinnamon), a shape consisting of a rounded part and an elongated part (the mushroom), and an elongated and curved shape (banana). Different forms elicit different sympathetic or parasympathetic activations and are associated with pleasant (round shapes) or less pleasant (pointed shapes) perceptions (Ngo et al., 2011; Hanson-Vaux et al., 2013). In order to avoid an emotional attribution bias dependent form, we chose to balance the forms presented by choosing different shapes.

Olfactive stimulations were administrated in a blind modality via a Plexiglas tube connected to an olfactometer (Invitto et al., 2018). The subject was given no visual information about the odorants or the 3D shapes. During the stimulation phase the subject breathed the odor in the olfactory condition or manipulated the shape while perceiving the odor (cross-modal condition). Each stimulation had a duration of 60 s during which the subject was in a resting state.

After each odorant presentation, a Visual Analogic Scale was administrated to the subjects to investigate the pleasantness, the level of arousal and the familiarity of the olfactive stimulus. Session 1 had a duration of about 20 min.

Session 2 consisted in a Go/No-Go task, with an interstimulus interval of 15 s and a stimulus presentation of 350 ms (S1 = 15 Stimulations; S2 = 15 Stimulations – Ratio S1–S2 = 50%).

During the Go/No-Go task session, the subjects were asked to press a computer key on the left-hand side of the keyboard if the stimulus recognition was encoded through the olfactory modality and a computer key on the right-hand side of the keyboard if the stimulus recognition was encoded in the cross-modal way. Session 2 lasted about 30 min.

EEG–fNIRS Recording

For the EEG signal recording, a 16-channel portable EEG system (V-AMP: Brain Products, Munich) was used with the following electrode placements: Fp1, Fp2, F7, Fz, F8, C3, Cz, C4, TP7, TP8, P3, Pz, P4, O1, and O2. The electrodes were placed on individuals’ scalps using a cap that allows combined EEG electrode and fNIRS optode placement (actiCAP, Brain Products). Specifically, EEG electrodes were used to record EEGs from the active scalp sites referring to the earlobes (international system 10/5, Oostenveld and Praamstra, 2001). Data acquisition took place with a sampling frequency of 500 Hz and with a frequency band of 0.01–40 Hz. A common offline average reference was used to limit the problems associated with signal-to-noise ratio (Ludwig et al., 2009). Furthermore, an EOG electrode was placed on the external canthi. The impedance of each electrode was monitored before data collection and was kept below 5 kΩ and stored for offline averaging. To reduce high frequency noise, the signal was low pass filtered at 30 Hz (slope 24 dB/octave). Removal of eye-movement artifacts was performed using ocular correction with independent component analysis. Then, to exclude external rumor and artifacts provided by body movements, artifact rejection was performed to discard epochs contaminated by artifacts or other signals exceeding the amplitude threshold of ± 110 μV. The EEG data were subsequently analyzed in the follow frequency bands, identified after a fast Fourier transform (FFT): delta (0.5–4 Hz), theta (4–7.5 Hz), alpha/mu (7.5–12.5 Hz), and beta (12.5–20 Hz) (Keil et al., 2003). The filtered signal (epoch 1000 ms) samples were squared to avoid a signal proportional to the power of the EEG frequency band.

For each EEG channel, a calculation of the average individual power value was performed for each experimental condition and the basic recordings.

The F7–F8, C3–C4, P3–P4 electrode couples were used for the statistical analysis. Three regions of interests (ROIs) were then calculated as follows: frontal (F7–F8), central (C3–C4) and parietal (P3–P4).

fNIRS Recording and Signal Processing

For the recording of hemodynamic responses, a NIRScout system (NIRx Medical Technologies LLC, Los Angeles, CA, United States) was used. A 16-optode matrix (eight injectors and eight detectors) was placed on the prefrontal and centro-parietal regions according to the international 10/5 system. The optodes were placed 3 cm from each other through the use of a cap for the combined EEG and fNIRS montage. A near-infrared light at two wavelengths (760 and 850 nm) was used. The injectors were located over the positions: F5–F6, FCC3h–FCC4h, CCP5h–CCP6h, P1–P2, while the detectors were placed at the following positions: F3–F4, FCC5h–FCC6h, CCP3h–CCP4h, PO3–PO4. The following channels were acquired: Ch1 (F5–F3), Ch2 (FCC3h–FCC5h), Ch3 (FCC3h–CCP3h), Ch4 (CCP5h–FCC5h), Ch5 (CCP5h–CCP3h), Ch6 (P1–PO3), Ch7 (F6–F4), Ch8 (FCC4h–FCC6h), Ch9 (FCC4h–CCP4h), Ch10 (CCP6h–FCC6h), Ch11 (CCP6h–CCP4h), Ch12 (P2–PO4).

Variations in the concentration of oxygenated (O2Hb) and deoxygenated (HHb) hemoglobin were continuously recorded after the acquisition of a preliminary baseline of 120 s. A sampling frequency of 6.25 Hz was used to record the signal from the 12 NIRS channels. NirsLAB software (v2014.05, NIRx Medical Technologies LLC, Glen Head, NY, United States) was used to analyze the signal based on its wavelength and position, which led to values for changes in the concentration of oxygenated and deoxygenated hemoglobin for each channel. Even if the fNIRS signal is not affected by movement artifacts if compared to fMRI (Hucke et al., 2018), the raw O2Hb and HHb data for each channel were digitally filtered to a filtered band at 0.01–0.3 Hz to exclude artifacts provided by body movements.

In Session 1, the mean concentration of O2Hb and HHb for each channel was calculated by averaging the data. The averaging was obtained across the eight stimuli segmented by the presentation mode (smell vs. cross-modal).

In Session 2, the mean concentration of O2Hb and HHb for each channel was calculated by averaging the data related to the two mode stimuli presentation (smell vs. cross-modal), 6 s after the onset of each stimulus.

For each channel and subject, the mean concentrations in the time series were considered. The effect size in every block was calculated as the difference of the means of the block (m2) and the baseline (m1) divided by the standard deviation (SD) of the baseline: d = (m2 – m1)/SD (Cohen’s d value). The procedure was applied for both O2Hb and HHb variations. This normalized index was averaged regardless of the unit since the effect size was not affected by the differential path length factor, which overcame the fact that fNIRS raw data were originally relative values and could not be directly compared across subjects or channels (Schroeter et al., 2003; Matsuda and Hiraki, 2006; Shimada and Hiraki, 2006).

To compare EEG data and fNIRS data, the following ROIs were created: F (F5–F3; F6–F4), C (FCC3h–CCP3h; FFC4h–CCP4h), P (P1–PO3; P2–PO4).

Statistical Analysis and Results

Session 1

EEG FFT

Non-parametric testing (Friedman and Wilcoxon’s tests) was performed due to the sample size.

In Task 1, significant differences in alpha/mu and delta (Friedman test 0.000) were found in the frontal, central and parietal ROIs, both in the cross-modal and in the smell conditions. In all the ROIs, delta waves were more prominent (see Table 2).

TABLE 2. Friedman ranks.
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No significant differences between conditions were found in alpha (frontal Z = −0.770, p = 0.441; central Z = −1.244, p = 0.214; and parietal Z = 1.2, p = 0.21) and in delta (frontal Z = −0.700, p = 0.484; central Z = 0.00; p = 0.100; and parietal Z = −1.4, p = 0.161).

Furthermore, as can be seen in Table 2, there is a small trend that shows a greater frequency band mean power on alpha/mu in the smell condition and delta in the cross-modal condition.

As a control, the same analysis was performed in the resting state condition and recorded before Task 1. The analysis confirmed a greater proportion of delta vs. alpha/mu (frontal = alpha 0.036 vs. delta 1.33; central = alpha 0.079 vs. delta 1.152; and parietal = alpha 0.127 vs. delta 2.307). Subtracting the resting state condition (the first 60 s of the EEG recording), we found the same proportion observed during the task. The subtracted values show non-significant differences both in alpha and delta (alpha: frontal Z = −0.652, p = 0.515; central Z = −0.338, p = 0.735; parietal Z = −1.352, p = 0.176 and delta: frontal Z = −1.53, p = 0.249; central Z = −0.943, p = 0.345; parietal Z = −1.753, p = 0.080).

fNIRS

Wilcoxon’s test (paired) showed significant differences in oxy-Hb sensors in the central (Z = −2.191; p = 0.028) and in the parietal ROI (Z = −2.090; p = 0.037), in terms of greater activation in the smell condition (see Table 3 and Figure 2).

TABLE 3. Oxy sensor mean and standard error.
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FIGURE 2. Session 1: Topographic distribution of the delta EEG power and fNIRS activation in smell and cross-modal conditions during Session 1. fNIRS mapping indicates an increase of O2Hb activity in central and parietal areas in the smell condition compared to the cross-modal condition. In the smell condition, a significant positive correlation was found in delta power in the frontal and central Oxy. No correlation was found in cross-modal condition. The maps are based on the 16 EEG and fNIRS derivations according to the international 10/5 system.



No significant differences were found in deoxy-Hb measures (frontal Z = −1.172; p = 0.241; central Z = −0.663; p = 0.508; and parietal Z = −1.274; p = 0.203).

Correlation measure

For non-parametric correlation analysis, Spearman’s coefficient was performed, a non-parametric correlation R index on continuous variables.

No significant correlation was found in the cross-modal condition between alpha/mu and delta spectral power and the concentration of oxygenated and deoxygenated hemoglobin. In the smell condition, a significant correlation was found between alpha/mu and in delta power and the frontal oxy and central oxy with central and parietal EEG ROI and in frontal deoxy with frontal EEG ROI (sign = 0.050; R = 0.667) (see Table 4 and Figure 2).

TABLE 4. The main significant correlations between NIRS and EEG values during co-registration in the smell condition.
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To better understand the effect of the non-parametric analysis, a multifactorial analysis repeated the measure with a 2 × 3 × 2 design, with ROI (frontal, central, and parietal), and with condition (smell and cross-modal modality) and rhythms (alpha and delta) as factors that were performed. The null hypothesis has been verified through the Mauchly sphericity test. The sphericity of the data can be assumed both for the condition and the rhythm factors, not for the ROI factor (W of Mauchly = 0.166; p = 0.002).

The results of alpha analysis showed a non-significant value for the condition (F = 4.14; p = 0.065), non-significant values for the ROIs (F = 1.17; p = 0.334) and a significant value for rhythms (F = 5.423, p = 0.048) in the direction of a greater presence of delta (delta = 1.04 vs. alpha 0.66).

In Session 1, the same analysis was carried out with fNIRS values with a multifactorial model with repeated measurements using a 2 × 3 × 2 design with condition (smell vs. cross-modal), ROI (frontal, central and parietal) and fNIRS (oxy and deoxy). No significant results were found.

Session 2

OERP and FFT analysis

N1 OERP, analyzed with a Wilcoxon test (paired), displayed a greater amplitude in the parietal ROI for the smell condition (Z = −2.073; p = 0.038; smell amplitude −5.73 μV vs. cross-modal amplitude 2.75 μV). No significant difference was found in latency. LPC did not highlight significant differences in latency or in amplitude values. Single non-parametric analyses on alpha/mu rhythms and delta, between the two conditions (smell vs. cross-modal), did not highlight differences in frontal, central and parietal ROI.

NIRS

A Wilcoxon test (paired) did not highlight significant oxy and deoxy differences between cross-modal and smell conditions. Instead, significant negative correlations were found in the cross-modal condition in deoxy parietal with frontal and central N1 OERP amplitude and oxy frontal with N1 amplitude in frontal, central and parietal ROIs (see Table 5 and Figure 3). Furthermore, a negative correlation was found in LPC parietal amplitude with deoxy central (sign = 0.050; R = −0.632).

TABLE 5. The correlations between N1 and fNIRS values in Session 2.

[image: image]


[image: image]

FIGURE 3. Session 2: Grand average OERP waveforms comparison and O2Hb and HHb signal in smell and cross-modal conditions (A); topographic mapping of OERP amplitude in four different temporal ranges in smell (B) and cross-modal conditions (C); topographic representation of fNIRS O2Hb and HHb activity in smell and cross-modal conditions (D).



As in the Session 1, in Session 2 a repeated measure general linear model analysis was performed on EEG, with a 3 × 2 × 2 design, considering ROI (frontal, central, and parietal), condition (smell and cross-modal), and rhythms (alpha and delta) as factors. Mauchly’s sphericity test yielded significant values for ROI (Mauchly’s = 0.174; p = 0.001), condition × rhythms (1.87; p = 0.001) and ROI × rhythms (W of Mauchly = 0.178; p = 0.001). The analysis did not yield any significant results.

In Session 2, the same analysis was performed with the fNIRS values with a 2 × 3 × 2 design considering condition (smell × cross-modal), ROI (frontal, central and parietal) and fNIRS (oxy and deoxy). The Mauchly sphericity test yielded significant values for the interaction condition × ROI (W of Mauchly = 0.176; p = 0.002). The analysis carried out did not yield significant differences except in the interaction of condition for ROI (F = 13.22; p = 0.007) in the direction of more positive values in the smell condition (frontal = 0.011; central = 0.016; and parietal = 0.144) vs. more negative values in the cross-modal condition (frontal = −0.085; central = 0.056; and parietal = −0.097).

These results would suggest that performing a multivariate model did not improve the evidence with regards to the previous analysis. This is probably due to the limited sample size.

DISCUSSION AND CONCLUSION

The olfactory representation is, unlike visual and auditory representation, a perception where the stimulus is processed and easily stored in the memory (for example, in the literature there is little information about olfactory working memory) (Dade et al., 2001; Yeshurun et al., 2008; Jönsson et al., 2011; Lenk et al., 2014). Olfactory perception always appears to be linked to phonological or “imagery” semantic aspects (Jönsson et al., 2011). We can also deduce from recent research findings that in all cases there is a strong connection, at least as shared pathways, between the olfactory system and visual and spatial representation (Schaefer and Margrie, 2007; Stettler and Axel, 2009). Furthermore, a study with positron emission tomography illustrated how both olfactory and face working memory engaged the dorsolateral and ventrolateral frontal cortex; a conjunction analysis indicated overlap in the distribution of parietal activity in the two sensory models (Dade et al., 2001). The findings support the idea that olfactory working memory processes engage frontal cortical areas independent of the modality of input, but do not rule out the possibility of modality-specific neural populations within the dorsolateral or ventrolateral cortex (Dade et al., 2001; Invitto et al., 2019). In this work, we have therefore tried to analyze the representation of these two aspects by comparing an aspect of pure olfactory stimulation with an aspect linked to the olfactory stimulation connected to an active haptic stimulation, using the 3D shapes associated to the perceived smell. The level of cortical activation was evaluated both through electrophysiological parameters, particularly through OERP, and through a slower hemodynamic response, observed through an fNIRS co-registration. The first main result of this study showed significant differences both in EEG and in fNIRS recordings in the first task, with olfactory and cross-modal stimulation. The fNIRS oxy-Hb showed a greater response during the smell condition in the central and parietal ROIs in parallel with an increase in activation of EEG delta rhythm, particularly linked to olfactive perception, in frontal, central and parietal ROIs. This is in line with the literature which points to a greater presence of slow rhythms, in particular delta, linked to olfactory stimulation (Schriever et al., 2017). Indeed, in Session 1 we found a more evident paired trend of both EEG and hemodynamic modulations, based on the smell condition.

The functional significance of delta oscillations in cognitive processing in central and parietal ROIs is strictly linked to perceptual, sensory-motor and cognitive processing (Harmony, 2013) and is present in the Go/No-Go task. Moreover, delta waves are related to the inhibition of non-relevant stimuli and in signal matching and decision making (Başar et al., 2000; Harmony, 2013).

In Session 2, the N1 OERP resulted in a greater amplitude smell condition, particularly in the frontal area. A negative correlation was found in HC for deoxy-Hb parietal with frontal and central N1.

This result mainly highlights the significant increase of frontal and central N1 in the cross-modal condition for electrophysiological measures (higher peak amplitude) in concomitance with a significant increase of activity for the parietal brain areas (observed through a negative correlation with deoxy-Hb). That is, the brain network supporting HC is underlined, by both EEG and fNIRS measures, as a form of focused activation which includes a larger brain network. We can hypothesize a ventral–dorsal stream (Binkofski et al., 1999), following other research findings, also for olfactory/cross-modal processes, and not only for visual/olfactory processes (Kuang and Zhang, 2014). Here, it seems that the dorsal and ventral pathways are predominantly a meta-function linked to the identification of the spatial representation, the form, its representation and its meaning (Marois et al., 2000; Zachariou et al., 2014).

Furthermore, a significant correlation was observed between N1 (i.e., frontal, central, and parietal localization) with the oxy-Hb frontal. This effect is a significant marker of hemodynamic and metabolic activity related to a specific electrophysiological trend: when the specific ROI shows a significant increased (or decreased) activity, the hemodynamic measure demonstrates a concomitant trend of increasing/decreasing activity. Following this, we may suppose that a primary sensorial activation (i.e., N1), however, evident in the three main locations, can be seen in a metabolic aspect in frontal oxy-Hb. It is particularly interesting how the literature refers to the activation of frontal aspects in oxy-Hb as both related to emotional aspects (negatively correlated to depression) (Kawano et al., 2016) and to subcortical activations (Sakatani et al., 1999). Considering that this sensory activation registered with OERPs is greater for the olfactory condition, we can hypothesize that specifically olfactory sensory stimulation involves subcortical and emotional processes, evident at the neuroimaging level. Indeed, the line of research that sees olfactory impairment as a biomarker also in depression (Pause et al., 2001; Atanasova et al., 2008; Croy and Hummel, 2017) would serve as a theoretical confirmation of the involvement of the olfactory aspects in emotional components.

A negative correlation was found in amplitude of LPC parietal with deoxy-Hb central. This important result highlights the role of LPC for HC in term of metabolic response. Indeed, in the case of a specific parietal brain activity (pointed out by increased LPC amplitude) the central topographic representation also becomes more active (deoxy-Hb decreasing as a marker of a supposed increased brain activity), as a form of focused activation which includes a larger brain network even for longer latencies (i.e., LPC) as described before for shorter latencies (i.e., N1).

This research opens interesting aspects linked to smell and 3D cross-modal representation. In fact, we can observe a common pathway where the brain areas act in terms of electrophysiological activation linked to metabolic activation/deactivation (Shin et al., 2018). This can help to understand the complex relationship of the brain dynamics in a cross-modal perceptive way with a hybrid system as EEG–fNIRS co-registration.

This study, however, highlights methodological limits due to the analysis not evaluating the entire EEG spectrum of alpha, beta, delta, gamma, and delta rhythms. This would have increased the complexity of the analysis, which, due to the small sample size, would have weakened the reliability of the data (Button et al., 2013). In fact, the evaluation of alpha/mu and delta rhythms, as mentioned above, has been chosen as the two rhythms seem to be mostly associated olfactory perception and cross-modal haptic stimulation in literature (Martin, 1998; McFarland et al., 2000; Freyer et al., 2012; Piarulli et al., 2018). Another limit is due to the exiguity of studies in literature that can guide the investigation of the hybrid EEG and fNIRS co-registration (Putze et al., 2014; Shin et al., 2018).

Although the analysis of the effects of the conditions does not give significant variations of rhythms, we can consider this aspect as a limit of a complete and simple pilot survey that allows us to explore various aspects, some strongly correlated with the task and others more related to general aspects of cortical and sensory non-specific activation, but through which common pathways are then highlighted within the hybrid co-registration. Even these limited aspects, especially in a pilot study, can be useful as a basis for structuring subsequent research studies (Amrhein et al., 2019; Haaf et al., 2019).

In fact, our results seem to be in line with cross-modal studies on cross-modal perception and shapes analysis (Lalanne and Lorenceau, 2004) where it is described that the perception follows from cross-modal processing, and that an integrated percept can emerge from unique representation that comes out of a common generalization when the stimuli are temporally and spatially connected to each other. This perceptive “communality” is highlighted by the same process modalities which must be carried out within aspects linked to dynamic network, where the predominant perceptive area can also include multisensory aspects when they are associated with each other during the stimuli perception (Spence, 2002; Lalanne and Lorenceau, 2004; Rubin et al., 2015).

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Psychology Department, Catholic University of Milan. The patients/participants provided their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

SI developed the experimental design, the EEG and OERP data collection, and the EEG, OERP, and fNIRS data analysis. VC supported the technical aspects of the olfactometer. SI, RM, GF, and IV participated in the experimental phase, data analysis, and discussion. SI, MB, and GF wrote the manuscript. SI and MB conducted the supervision of the research, the planning and supervision of the experimental design, and data analysis.

ACKNOWLEDGMENTS

SI would like to acknowledge Angela Romano (University of Salento, Italy) for her support in the data recording and olfactory task preparation, Graziano Scalinci (University of Salento, Italy) for his support in printing the 3D shapes, Prof. David Katan (University of Salento, Italy) for providing the English revision, and Ivano Triggiani (National Institute of Health, NIH, United States) for the EEG suggestion.

REFERENCES

Amrhein, V., Greenland, S., and Mcshane, B. (2019). Retire statistical significance. Nature 567, 305–307.

Atanasova, B., Graux, J., El Hage, W., Hommet, C., Camus, V., and Belzung, C. (2008). Olfaction: a potential cognitive marker of psychiatric disorders. Neurosci. Biobehav. Rev. 32, 1315–1325. doi: 10.1016/j.neubiorev.2008.05.003

Başar, E., Başar-Eroglu, C., Karakaş, S., and Schürmann, M. (2000). Gamma, alpha, delta, and theta oscillations govern cognitive processes. Int. J. Psychophysiol. 39, 241–248. doi: 10.1016/s0167-8760(00)00145-8

Binkofski, F., Buccino, G., Posse, S., Seitz, R. J., Rizzolatti, G., and Freund, H. J. (1999). A fronto-parietal circuit for object manipulation in man: evidence from an fMRI-study. Eur. J. Neurosci. 11, 3276–3286. doi: 10.1046/j.1460-9568.1999.00753.x

Bornkessel-Schlesewsky, I., and Schlesewsky, M. (2013). Reconciling time, space and function: a new dorsal-ventral stream model of sentence comprehension. Brain Lang. 125, 60–76. doi: 10.1016/j.bandl.2013.01.010

Button, K. S., Ioannidis, J. P. A., Mokrysz, C., Nosek, B. A., Flint, J., Robinson, E. S. J., et al. (2013). Power failure: why small sample size undermines the reliability of neuroscience. Nat. Rev. Neurosci. 14, 365–376. doi: 10.1038/nrn3475

Croy, I., and Hummel, T. (2017). Olfaction as a marker for depression. J. Neurol. 264, 631–638. doi: 10.1007/s00415-016-8227-8

Dade, L. A., Zatorre, R. J., Evans, A. C., and Jones-Gotman, M. (2001). Working memory in another dimension: functional imaging of human olfactory working memory. Neuroimage 14, 650–660. doi: 10.1006/nimg.2001.0868

Freyer, F., Reinacher, M., Nolte, G., Dinse, H. R., and Ritter, P. (2012). Repetitive tactile stimulation changes resting-state functional connectivity—implications for treatment of sensorimotor decline. Front. Hum. Neurosci. 6:144. doi: 10.3389/fnhum.2012.00144

Goodale, M. A., Króliczak, G., and Westwood, D. A. (2005). Dual routes to action: contributions of the dorsal and ventral streams to adaptive behavior. Prog. Brain Res. 249, 269–283. doi: 10.1016/s0079-6123(05)49019-6

Haaf, J. M., Ly, A., and Wagenmakers, E. J. (2019). Retire significance, but still test hypotheses. Nature 567:461. doi: 10.1038/d41586-019-00972-977

Hanson-Vaux, G., Crisinel, A. S., and Spence, C. (2013). Smelling shapes: crossmodal correspondences between odors and shapes. Chem. Senses 38, 161–166. doi: 10.1093/chemse/bjs087

Harada, H., Eura, Y., Shiraishi, K., Kato, T., and Soda, T. (1998). Coherence analysis of EEG changes during olfactory stimulation. Clin. EEG Neurosci. 29, 96–100. doi: 10.1177/155005949802900208

Harmony, T. (2013). The functional significance of delta oscillations in cognitive processing. Front. Integr. Neurosci. 7:83. doi: 10.3389/fnint.2013.00083

Hucke, C. I., Pacharra, M., Reinders, J., and van Thriel, C. (2018). Somatosensory response to trigeminal stimulation: a functional near-infrared spectroscopy (fNIRS) study. Sci. Rep. 8:13771. doi: 10.1038/s41598-018-32147-1

Invitto, S., Calcagnì, A., de Tommaso, M., and Esposito, A. (2019). “Olfactory and haptic crossmodal perception in a visual recognition task,” in Smart Innovation, Systems and Technologies, eds R. J. Howlett, and C. Lakhmi, (Berlin: Springer Science and Business Media), 57–71. doi: 10.1007/978-3-319-95095-2_6

Invitto, S., Piraino, G., Ciccarese, V., Carmillo, L., Caggiula, M., Trianni, G., et al. (2018). Potential role of OERP as early marker of mild cognitive impairment. Front. Aging Neurosci. 10:274. doi: 10.3389/fnagi.2018.00272

Ishimaru, T., Yata, T., Horikawa, K., and Hatanaka, S. (2004). Near-infrared spectroscopy of the adult human olfactory cortex. Acta Otolaryngol. 124, 95–98. doi: 10.1080/03655230410017751

Jönsson, F. U., Møller, P., and Olsson, M. J. (2011). Olfactory working memory: effects of verbalization on the 2-back task. Mem. Cogn. 39, 1023–1032. doi: 10.3758/s13421-011-0080-5

Kaeppler, K. (2018). Crossmodal associations between olfaction and vision: color and shape visualizations of odors. Chemosens. Percept. 11, 95–111. doi: 10.1007/s12078-018-9245-y

Kawano, M., Kanazawa, T., Kikuyama, H., Tsutsumi, A., Kinoshita, S., Kawabata, Y., et al. (2016). Correlation between frontal lobe oxy-hemoglobin and severity of depression assessed using near-infrared spectroscopy. J. Affect. Disord. 205, 154–158. doi: 10.1016/j.jad.2016.07.013

Keil, A., Stolarova, M., Heim, S., Gruber, T., and Müller, M. M. (2003). Temporal stability of high-frequency brain oscillations in the human EEG. Brain Topogr. 16, 101–110. doi: 10.1023/B:BRAT.0000006334.15919.2c

Kokan, N., Sakai, N., Doi, K., Fujio, H., Hasegawa, S., Tanimoto, H., et al. (2011). Near-infrared spectroscopy of orbitofrontal cortex during odorant stimulation. Am. J. Rhinol. Allergy 25, 163–165. doi: 10.2500/ajra.2011.25.3634

Kuang, S., and Zhang, T. (2014). Smelling directions: olfaction modulates ambiguous visual motion perception. Sci. Rep. 4:5796. doi: 10.1038/srep05796

Lalanne, C., and Lorenceau, J. (2004). Crossmodal integration for perception and action. J. Physiol. 98, 265–279. doi: 10.1016/j.jphysparis.2004.06.001

Leleu, A., Demily, C., Franck, N., Durand, K., Schaal, B., and Baudouin, J. Y. (2015a). The odor context facilitates the perception of low-intensity facial expressions of emotion. PLoS One 10:e0138656. doi: 10.1371/journal.pone.0138656

Leleu, A., Godard, O., Dollion, N., Durand, K., Schaal, B., and Baudouin, J. Y. (2015b). Contextual odors modulate the visual processing of emotional facial expressions: an ERP study. Neuropsychologia 77, 366–379. doi: 10.1016/j.neuropsychologia.2015.09.014

Lenk, S., Bluschke, A., Beste, C., Iannilli, E., Rößner, V., Hummel, T., et al. (2014). Olfactory short-term memory encoding and maintenance - An event-related potential study. Neuroimage 98, 475–486. doi: 10.1016/j.neuroimage.2014.04.083

Ludwig, K. A., Miriani, R. M., Langhals, N. B., Joseph, M. D., Anderson, D. J., and Kipke, D. R. (2009). Using a common average reference to improve cortical neuron recordings from microelectrode arrays. J. Neurophysiol. 101, 1679–1689. doi: 10.1152/jn.90989.2008

Marois, R., Leung, H. C., and Gore, J. C. (2000). A stimulus-driven approach to object identity and location processing in the human brain. Neuron 25, 717–728. doi: 10.1016/s0896-6273(00)81073-9

Martin, G. N. (1998). Human electroencephalographic (EEG) response to olfactory stimulation: two experiments using the aroma of food. Int. J. Psychophysiol. 30, 287–302. doi: 10.1016/s0167-8760(98)00025-7

Matsuda, G., and Hiraki, K. (2006). Sustained decrease in oxygenated hemoglobin during video games in the dorsal prefrontal cortex: a NIRS study of children. Neuroimage 29, 706–711. doi: 10.1016/j.neuroimage.2005.08.019

McFarland, D. J., Miner, L. A., Vaughan, T. M., and Wolpaw, J. R. (2000). Mu and beta rhythm topographies during motor imagery and actual movements. Brain Topogr. 12, 177–186. doi: 10.1023/A:1023437823106

Merkonidis, C., Grosse, F., Ninh, T., Hummel, C., Haehner, A., and Hummel, T. (2015). Characteristics of chemosensory disorders—results from a survey. Eur. Arch. Otorhinolaryngol. 272, 1403–1416. doi: 10.1007/s00405-014-3210-4

Neisser, U. (1988). Five kinds of self-knowledge. Philos. Psychol. 1, 35–59. doi: 10.1080/09515088808572924

Ngo, M. K., Misra, R., and Spence, C. (2011). Assessing the shapes and speech sounds that people associate with chocolate samples varying in cocoa content. Food Qual. Prefer. 22, 567–572. doi: 10.1016/j.foodqual.2011.03.009

Oostenveld, R., and Praamstra, P. (2001). The five percent electrode system for high-resolution EEG and ERP measurements. Clin. Neurophysiol. 112, 713–719. doi: 10.1016/s1388-2457(00)00527-7

Pause, B. M., Miranda, A., Göder, R., Aldenhoff, J. B., and Ferstl, R. (2001). Reduced olfactory performance in patients with major depression. J. Psychiatr. Res. 35, 271–277. doi: 10.1016/s0022-3956(01)00029-2

Pause, B. M., Sojka, B., Krauel, K., and Ferstl, R. (1996). The nature of the late positive complex within the olfactory event- related potential (OERP). Psychophysiology 33, 376–384. doi: 10.1111/j.1469-8986.1996.tb01062.x

Peled-Avron, L., Goldstein, P., Yellinek, S., Weissman-Fogel, I., and Shamay-Tsoory, S. G. (2016). Empathy during consoling touch is modulated by mu-rhythm: an EEG study. Neuropsychologia 16, 802–813. doi: 10.1016/j.neuropsychologia.2017.04.026

Piarulli, A., Zaccaro, A., Laurino, M., Menicucci, D., De Vito, A., Bruschini, L., et al. (2018). Ultra-slow mechanical stimulation of olfactory epithelium modulates consciousness by slowing cerebral rhythms in humans. Sci. Rep. 8:6581. doi: 10.1038/s41598-018-24924-9

Putze, F., Hesslinger, S., Tse, C. Y., Huang, Y. Y., Herff, C., Guan, C., et al. (2014). Hybrid fNIRS-EEG based classification of auditory and visual perception processes. Front. Neurosci. 8:373. doi: 10.3389/fnins.2014.00373

Riečanský, I., Paul, N., Kölble, S., Stieger, S., and Lamm, C. (2015). Beta oscillations reveal ethnicity ingroup bias in sensorimotor resonance to pain of others. Soc. Cogn. Affect. Neurosci. 10, 893–901. doi: 10.1093/scan/nsu139

Rihm, J. S., Diekelmann, S., Born, J., and Rasch, B. (2014). Reactivating memories during sleep by odors: odor specificity and associated changes in sleep oscillations. J. Cogn. Neurosci. 26, 1806–1818. doi: 10.1162/jocn_a_00579

Rubin, D. B., VanHooser, S. D., and Miller, K. D. (2015). The stabilized supralinear network: a unifying circuit motif underlying multi-input integration in sensory cortex. Neuron 85, 402–417. doi: 10.1016/j.neuroN.2014.12.026

Sakatani, K., Katayama, Y., Yamamoto, T., and Suzuki, S. (1999). Changes in cerebral blood oxygenation of the frontal lobe induced by direct electrical stimulation of thalamus and globus pallidus: a near infrared spectroscopy study. J. Neurol. Neurosurg. Psychiatry 67, 769–773. doi: 10.1136/jnnp.67.6.769

Schaefer, A. T., and Margrie, T. W. (2007). Spatiotemporal representations in the olfactory system. Trends Neurosci. 30, 92–100. doi: 10.1016/j.tins.2007.01.001

Schriever, V. A., Han, P., Weise, S., Hösel, F., Pellegrino, R., and Hummel, T. (2017). Time frequency analysis of olfactory induced EEG-power change. PLoS One 12:e0185596. doi: 10.1371/journal.pone.0185596

Schroeter, M. L., Zysset, S., Kruggel, F., and Von Cramon, D. Y. (2003). Age dependency of the hemodynamic response as measured by functional near-infrared spectroscopy. Neuroimage 19, 555–564. doi: 10.1016/s1053-8119(03)00155-1

Shepherd, G. M. (2006). Smell images and the flavour system in the human brain. Nature 444, 316–321. doi: 10.1038/nature05405

Shimada, S., and Hiraki, K. (2006). Infant’s brain responses to live and televised action. Neuroimage 32, 930–939. doi: 10.1016/j.neuroimage.2006.03.044

Shin, J., Von Lühmann, A., Kim, D. W., Mehnert, J., Hwang, H. J., and Müller, K. R. (2018). Data descriptor: simultaneous acquisition of EEG and NIRS during cognitive tasks for an open access dataset. Sci. Data 5:180003. doi: 10.1038/sdata.2018.3

Spence, C. (2002). Multisensory attention and tactile information-processing. Behav. Brain Res. 135, 57–64. doi: 10.1016/s0166-4328(02)00155-9

Stettler, D. D., and Axel, R. (2009). Representations of odor in the piriform cortex. Neuron 63, 854–864. doi: 10.1016/j.neuron.2009.09.005

Yeshurun, Y., Dudai, Y., and Sobel, N. (2008). Working memory across nostrils. Behav. Neurosci. 122, 1031–1037. doi: 10.1037/a0012806

Zachariou, V., Klatzky, R., and Behrmann, M. (2014). Ventral and dorsal visual stream contributions to the perception of object shape and object location. J. Cogn. Neurosci. 26, 189–209. doi: 10.1162/jocn_a_00475

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Invitto, Montinaro, Ciccarese, Venturella, Fronda and Balconi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-13-00226-t004.jpg
Rhythms NIRS Frontal Central Parietal

EEG ROI EEG ROI EEG ROI
Delta Frontal oxy Sign 0.170 0.030 0.036
R 0.500 0.717 0.700
Central oxy Sign 0.350 0.007 0.005
R —0.356 0.817 0.833
Alpha/mu  Frontal deoxy — Sign 0.050 0.576 0.637

R 0.667 -0.217 —-0.183





OPS/images/fnbeh-13-00226-t005.jpg
Cross-modal condition N1 frontal N1 central N1 parietal

Deoxy frontal Sign 0.511 0.260 0.117
R 0.236 0.394 0.527
Deoxy central Sign 0.676 0.676 0.511
R —0.152 —-0.162 0.511
Deoxy parietal Sign 0.009 0.029 0.138
R —0.770 —0.685 —0.503
Oxy frontal Sign 0.006 0.023 0.011
R —0.794 —0.745 —0.758
Oxy central Sign 0.385 0.162 0.128
R 0.309 0.479 0.515
Oxy parietal Sign 0.777 0.987 0.603

R —0.103 0.006 —0.188






OPS/images/fnbeh-13-00226-t002.jpg
ROI Condition

Smell
Cross-modal
Smell
Cross-modal
Smell

T T O O ™ m

Cross-modal

Alpha-mu

3.22
2.89
3.56
3.1
3.78
3.67

Delta

4.89

4.89

4.56
4.78

Significance (Friedman test 0.000): frequency band mean power.





OPS/images/fnbeh-13-00226-t003.jpg
Condition

Smell

Cross-modal

Oxy-ROI

T O ™m T O

Mean

0.179
0.1676
0.108
0.067
—-0.1187
—0.021

SEM

0.60
0.28
0.13
0.31
0.33
0.27






OPS/images/cross.jpg
3,

i





OPS/images/fnbeh-13-00226-g001.jpg





OPS/images/cover.jpg
, frontiers

in Behavioral Neuroscience

Smell and 3D Haptic
Representation: A Common
Pathway to Understand
Brain Dynamics in a Cross-Modal
Task. A Pilot OERP and fNIRS
Study





OPS/images/fnbeh-13-00226-g002.jpg
Delta

Smell £l Y

fNIRS

B

Session 1

Crossmodal

Smell

Crossmodal





OPS/images/fnbeh-13-00226-g003.jpg
i ~ Smell
Suv
3 304
5 \{ \\/ \/\
W

S)ns s 20rs-Wrs N0

"‘ M [
IAMW P o
smell

INIRS
(o4
Crossmodal
| \ P /
crossmoda & HHb + O2Hb 7z
Crossmodal y - ’
RULSES S0rs-200ms A0ms-80ms 0ms-500ms
fNIRS ——
10V opv 10pv
Session 2
2 TR O (¢ 0 W { B2










OPS/images/logo.jpg
, frontiers )
in Behavioral Neuroscience





OPS/images/fnbeh-13-00226-t001.jpg
Name of the odorant

Cinnamaldehyde

Citral

Hexanal

Phenethyl alcohol — PEA
Carvone

1-Octen-3-ol

Isoamyl acetate
4-Ethylphenol

Perception

Cinnamon
Lemon

Grass

Rose

Mint
Mushroom
Banana
Flower/solvent

Condition

Cross-modal
Cross-modal
Smell
Smell
Smell
Cross-modal
Cross-modal
Smell





