N
N

N

HAL

open science

Combining a Breath-Synchronized Olfactometer and
Brain Stimulation to Study the Effect of Odor on
Corticospinal Excitability and Effective Connectivity

Cécilia Neige, Laetitia Imbert, Maylis Dumas, Anna Athanassi, Marc

Thévenet, Nathalie Mandairon, Jérome Brunelin

» To cite this version:

Cécilia Neige, Laetitia Imbert, Maylis Dumas, Anna Athanassi, Marc Thévenet, et al.. Combining
a Breath-Synchronized Olfactometer and Brain Stimulation to Study the Effect of Odor on Corti-
cospinal Excitability and Effective Connectivity. Journal of visualized experiments: JoVE, 2024, 203,
10.3791/65714 . hal-04758099

HAL Id: hal-04758099
https://hal.science/hal-04758099v1
Submitted on 29 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04758099v1
https://hal.archives-ouvertes.fr

OO NOULDE WN P

TITLE:
Combining a Breath-Synchronized Olfactometer and Brain Stimulation to Study the Effect of Odor
on Corticospinal Excitability and Effective Connectivity

AUTHORS AND AFFILIATIONS:
Cécilia Neige'?, Laetitia Imbert!?, Maylis Dumas?, Anna Athanassi®, Marc Thévenet?, Nathalie
Mandairon3, Jérédme Brunelin'?

Université Claude Bernard Lyon 1, Centre National de la Recherche Scientifique, Institut National de la Santé
et de la Recherche Médicale, Centre de Recherche en Neurosciences de Lyon U1028 UMR5292, PSYR2, F-
69500, Bron, France

2 Centre Hospitalier Le Vinatier, F-69500 Bron, France
3 Université Claude Bernard Lyon 1, Centre National de la Recherche Scientifique, Institut National de la Santé

et de la Recherche Médicale, Centre de Recherche en Neurosciences de Lyon U1028 UMR5292, NEUROPOP, F-
69500, Bron, France

E-mail addresses of the co-authors:

Cécilia Neige (cecilia.neige@ch-le-vinatier.fr)
Laetitia Imbert (laetitia.imbert@ch-le-vinatier.fr)
Maylis Dumas (maylis.dumas@etu.univ-lyon1.fr)
Anna Athanassi (anna.athanassi@univ-lyon1.fr)
Marc Thévenet (marc.thevenet@cnrs.fr)

Nathalie Mandairon (nathalie.mandairon@cnrs.fr)
Jérome Brunelin (jerome.brunelin@ch-le-vinatier.fr)

Corresponding author:
Jérome Brunelin (jerome.brunelin@ch-le-vinatier.fr)

KEYWORDS:
olfaction, odor hedonics, primary motor cortex, dorsolateral prefrontal cortex, connectivity,
brain stimulation.

SUMMARY:

This paper describes using a breath-synchronized olfactometer to trigger single- and dual-coil
transcranial magnetic stimulation during odorant presentation synchronized to human nasal
breathing. This combination allows us to objectively investigate how pleasant and unpleasant
odors impact corticospinal excitability and brain-effective connectivity in a given individual.

ABSTRACT:

It is widely accepted that olfactory stimulation elicits motor behaviors, such as approaching
pleasant odorants and avoiding unpleasant ones, in animals and humans. Recently, studies using
electroencephalography and transcranial magnetic stimulation (TMS) have demonstrated a
strong link between processing in the olfactory system and activity in the motor cortex in
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humans. To better understand the interactions between the olfactory and the motor systems
and to overcome some of the previous methodological limitations, we developed a new method
combining an olfactometer that synchronizes the random order presentation of odorants with
different hedonic values and the TMS (single- and dual-coil) triggering with nasal breathing
phases. This method allows probing the modulations of corticospinal excitability and effective
ipsilateral connectivity between the dorsolateral prefrontal cortex and the primary that could
occur during pleasant and unpleasant odor perception. The application of this method will allow
for objectively discriminating the pleasantness value of an odorant in a given participant,
indicating the biological impact of the odorant on brain effective connectivity and excitability. In
addition, this could pave the way for clinical investigations in patients with neurologic or
neuropsychiatric conditions that could present odor hedonic alterations and maladaptive
approach-avoidance behavior.

INTRODUCTION:

It is widely accepted that olfactory stimulation elicits automatic reactions and motor behaviors.
For example, in humans, the existence of an avoidance motor response (leaning away from the
odor source) occurring 500 ms after negative odor onset has been recently demonstrated?. By
recording freely moving human participants exploring odors emanating from flasks, Chalencon
et al. (2022) showed that motor behaviors (i.e., speed of approach to the nose and withdrawal
of the flask containing the odorant) are closely linked to odor hedonics?. Moreover, a close link
between processing in the olfactory system and activity in the motor cortex has been recently
demonstrated in humans by using electroencephalography?. Specifically, approximately 350 ms
after the onset of negative odors, a specific mu rhythm desynchronization, known to reflect
action preparation processes, was observed over and within the primary motor cortex (M1),
shortly followed by a behavioral backward movement?. Strengthening the idea of a relationship
between the olfactory and motor systems, another recent study showed that exposure to a
pleasant odorant increased corticospinal excitability compared to a no-odor condition3. In this
study, single-pulse transcranial magnetic stimulation (spTMS) was applied to M1 to evoke a
motor-evoked potential (MEP) in a target hand muscle, recorded peripherally with
electromyography (EMG) during odor perception. The exposure to pleasant odorant was
passively provided by paper strips sodden with pure bergamot essential oil and placed on a metal
holder under the nose3. In this context, it remains unclear whether the facilitation of the
corticospinal excitability is due to the pleasant odorant stimulation or to unspecific behavioral
effects such as sniffing and teeth clenching®®. Furthermore, it is still unknown how an unpleasant
odorant modulates M1 excitability probed by TMS.

In summary, this highlights the need to develop a method that offers the following advantages
over existing techniques used in previous studies®®: (1) randomizing the presentation of different
odor conditions (pleasant/unpleasant/no-odor) within the same experimental phase, (2)
precisely synchronizing odorant presentation and TMS timing according to the human nasal
breathing phases (inspiration and expiration) when studying the motor system.

TMS can also be used as a tool to investigate cortico-cortical interactions, also called effective
connectivity, between multiple cortical areas and M1 with a high temporal resolution’"*2, Here,
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we use a dual-site TMS (dsTMS) paradigm, in which a first-conditioning stimulation (CS) activates
a target cortical area, and a second-test stimulation (TS) is applied over M1 using another coil to
evoke an MEP. The effect of the CS is evaluated by normalizing the amplitude of the conditioned
MEP (dsTMS condition) to the amplitude of the unconditioned MEP (spTMS condition)*3. Then,
negative ratio values denote suppressive cortico-cortical interactions, while positive ratio values
denote facilitatory cortico-cortical interactions between the two stimulated areas. The dsTMS
paradigm thus provides a unique opportunity to identify the nature (i.e., facilitatory or
suppressive), the strength, and the modulations of the effective connectivity between the
preactivated area and M1. Importantly, cortico-cortical interactions reflect a complex balance of
facilitation and suppression that may be modulated in different timing and mental states or
tasks”14.

To our knowledge, the relatively new dsTMS paradigm has never been used to investigate
cortico-cortical interactions during odor perception with different hedonic values. However,
neuroimaging studies have shown that exposure to pleasant and unpleasant odorants induces
connectivity changes in areas involved in emotion, decision-making, and action control, including
the supplementary motor area, the anterior cingulate cortex, and the dorsolateral prefrontal
cortex (DLPFC)!>'®, Indeed, the DLPFC is a key node mediating emotional control, sensory
processing, and higher-level aspects of motor control, such as preparatory processes'’™°. In
addition, both human and animal studies have provided evidence that the DLPFC has diverse
neuronal projections to M171820-22 Depending on the context, these DLPFC projections can
either facilitate or inhibit M1 activity”1>2%, Thus, it seems possible that the effective connectivity
between DLPFC and M1 is modulated during odor presentation and that pleasant and unpleasant
odorants recruit separated cortical networks, leading to a differential effect on DLPFC-M1
connectivity.

Here, we propose a new method suitable for the methodologically rigorous study of the
modulations of corticospinal excitability and effective connectivity that might occur during the
perception of pleasant and unpleasant odors, all delivered in synchrony with human nasal
breathing.

PROTOCOL:

All experimental procedures described in the following sections have been approved by an Ethics
Committee (CPP lle de France VII, Paris, France, protocol number 2022-A01967-36) in accordance
with the Declaration of Helsinki. All participants provided written informed consent before study
enrollment.

1. Participant recruitment

1.1.  Inclusion/exclusion criteria.

1.1.1. Include adult (> 18 years) participants. Screen all participants for any contraindications to
TMS according to international expert guidelines are excluded?3.
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1.1.2. Exclude participants with implanted medical devices (e.g., cochlear implant, cardiac
pacemaker, etc.), a personal or family history of seizure, headache, brain trauma, and
neuroactive medication. Exclude participants considered “anosmic” according to the European
Test of Olfactory Capabilities?*.

1.2. Handedness: Check for right-handedness as assessed by the Edinburgh Handedness
Inventory questionnaire?.

NOTE. It is highly recommended to recruit only right-handed participants in studies assessing
corticospinal excitability and effective connectivity in the motor system?627,

1.3. Information and informed consent: Give all participants basic information about the study
objectives, procedures, and risks approved by the Ethics Committee and ask them to sign written
informed consent.

2. Experimental procedure

2.1.  Patient installation: Ask the participant to sit on a comfortable chair (dental chair type)
with both hands relaxed and pronated. Position the paricipant’s head on a chin rest to minimize
head movement during stimulation.

2.2.  Electromyography recordings

2.2.1. Prepare the participant’s skin before electrode application using an exfoliant scrub to
lightly abrade the areas and clean the areas using alcohol pads where electrodes will be applied.

2.2.2. Apply two silver/silver chloride disposable recording electrodes with a belly-tendon
montage of the first dorsal interosseous (FDI) muscle. Add the ground electrode to the styloid
process of the ulna (Figure 1).

2.2.3. Connect the electrodes to the amplifier with cables and the data acquisition system.
2.2.4. Record the EMG signal using an analog-to-digital (AD) conversion system. Amplify and
filter EMG signals (gain = 1000) using a bandwidth frequency between 10 Hz and 1 kHz. Digitize

at a sampling rate of 2,000 Hz and store each EMG file for offline analysis.

2.2.5. Check the quality of the signal displayed on the computer screen connected to the data
acquisition system.

2.3.  TMS coilm1 position.

2.3.1. Connect this coil to the A stimulator (Figure 1).
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2.3.2. Place a tight-fitting cap over the participant’s head. Use a tape measure to perform
nasion-inion, tragus-tragus, and head-circumference measurements based on standard cranial
landmarks. Identify and mark with a pen the scalp vertex at the intersection of the mid-sagittal
(nasion-inion) and interaural (tragus-tragus) lines?®.

2.3.3. Place tangentially to the scalp the first small figure-of-eight coil (inner diameter: 40 mm)
over the presumed hand area of the left M1 (coilmi1), which is 5 cm lateral from the vertex, with
the handle pointing backward and laterally at a 45° angle to the midsagittal line, resulting in a
posterior-anterior current flow (monophasic current waveform). This orientation corresponds to
a maximum induced current flowing within M1 within M1%°.

2.3.4. Ensure that the placement of the coilwi is optimal, in accordance with the most recent
international recommendations3°. Start by delivering a few single pulses at 30% of the maximum
stimulator output (%MSQ) and check that the stimulation produces an MEP as recorded by the
EMG system and displayed on the computer screen connected to the data acquisition system.

2.3.4.1. If there are no visible responses, gradually increase the stimulation intensity (5
%MSO increments) until MEPs are observed. Then, test four spots around the first site by
delivering multiple pulses. Determine the mean peak-to-peak MEP amplitude for each site.

2.3.4.2. Select the location where the average peak-to-peak MEP amplitude is the highest.
This is the so-called hotspot location for the participant®. Mark the coilu: location on the cap to
ensure proper coil placement throughout the experiment.

2.4.  Resting motor threshold (rMT) and TMS intensities

2.4.1. Determine the resting motor threshold (rMT) defined as the TMS intensity that produces
a 50% probability of eliciting an MEP?330,

2.4.1.1. Use the available online freeware (TMS Motor Threshold Assessment Tool, MTAT
2.1), which is based on a maximume-likelihood parameter estimation using a sequential testing
strategy?®. The stimulation sequence always starts with the intensity set at 37 %$MSO.

2.4.1.2. Let one experimenter hold the coilwi while another indicates whether the MEP
amplitude is > 0.05 mV. The predictive algorithm then determines the next stimulation intensity
to be delivered and is stopped after 20 stimulations, which provides sufficient accuracy for the
rMT estimation according to previous studies3734,

2.4.2. Set the %MSO for the conditioning and the test pulse stimulation. Use the previously
determined rMT value of the participant.

NOTE: Here, the intensity for the first conditioning stimulation (coilpieec) was set to 110% of the
rMT929, The intensity of the test stimulation (coilw1) was set at 120% of the rMT, an intensity
that differs slightly from previous studies that used a TS intensity that evoked a MEP of ¥1 mV in
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all participants?®2°, This fixed peak-to-peak intensity occurs at very different points on the input-
output recruitment curves due to the high inter-subject variability in motor output®. Therefore,
the stimulation intensity could be optimized using 120% RMT intensity across individuals.

2.5.  TMS coilprperc positioning
2.5.1. Connect this coil to the B stimulator (Figure 1).

2.5.2. Use the recently updated scalp heuristic to locate the region of the scalp corresponding
to the left DLPFC3%37 to estimate the position of the second small figure-of-eight coil (internal
diameter: 40 mm) over the DLPFC (coiloirrc). Download the online Excel Spreadsheet Calculation
Tool*® and enter the nasion-inion and tragus-tragus distances and the head circumference in
centimeters as inputs. Report the X.a and the Ya distances directly on the participant’s head.

2.5.3. Place tangentially to the scalp the coilpiprc over the presumed left DLPFC location, with
the handle pointing downward and laterally at a -45° angle to the mid-sagittal line. Mark the
coilpierc placement on the cap to ensure proper coil placement throughout the experiment.

NOTE: This scalp-based targeting method for both coilmi and coiloiprc locations is not optimal. In
fact, it is known to be less accurate than the neuronavigation method used to target the brain
areas of interest based on individual T1 anatomical magnetic resonance imaging (MRI)32.

2.6. Delay between the conditioning and test pulses: Set this delay to 10 ms on the pulse
generator device.

NOTE: Here, the delay is fixed at 10 ms based on previous studies showing an inhibitory influence
from the left DLPFC to the left M1 at this interval*®2°, This inhibitory effect observed at 10 ms is
likely due to the activation of the basal ganglia via the DLPFC projections to the pre-SMA, thereby
exerting an indirect influence on M1%. The delay can be adjusted in the code according to the
user’s needs. For example, a longer interstimulation interval (i.e., 25 ms) could be used to
investigate polysynaptic indirect cortico-subcortical-cortical circuits connecting DLPFC to M1%°,
Furthermore, differential facilitatory/inhibitory influences have been demonstrated using dual-
site ppTMS between multiple cortical areas, with intervals ranging from 1 ms to 150 ms*®41, Thus,
the fact that the interval can be adjusted opens the way to a wide range of possibilities for future
research studies.

2.7. Olfactometer settings

2.7.1. Select odorants with pleasant and unpleasant hedonic values. Dilute in advance the
odorants individually in mineral oil to create iso-intense perception.

NOTE: Here, the selection and concentration of odorants (i.e., isoamyl acetate and butyric acid
diluted to 0.6% and 0.11% vol/vol concentrations, respectively) were based on previous studies
by our group using the same olfactometer setup and odorants#?43. A pilot study confirms that
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the positive and the negative odors did not differ in terms of intensity but were opposite in
hedonic value. In the control condition (i.e., no odorant), only airflow is delivered to the
participant.

2.7.2. Write the code to deliver the odorants. For each trial, indicate the total duration of the
trial, the odorant to be delivered, the flow rate of the odorant controller (in milliliters per
minute), the flow rate of the carrier air regulator (in milliliters per minute ), and the flow rate of
the suction regulator.

NOTE: The order of the odorant delivered can be randomized between positive, negative, and
no-odor. Here, each trial has a duration of 12 s. The order of odor delivered was pseudo-
randomized. In addition, based on a pilot experiment, the flow rate of the odor controller was
set to 200 mL/min, the flow rate of the carrier air regulator at 500 mL/min, and the flow rate of
the suction regulator at 100 mL/min.

2.7.3. Position the nasal cannula near the participant’s nostrils to measure nasal breathing.
Instruct the participant to breathe normally through the nose.

2.7.4. Turn on the portable air compressor, the olfactometer case, and the PC containing the
software. Check all the cable connections (Figure 1).

NOTE: The olfactometer used in the current study has been described in detail in a previous
publication** but has been modified here to allow TMS triggering with variable delays after
inspiration onset detection. Briefly, the device is composed of several modules, including 1) an
air source and air treatment system coming from a portable air compressor, 2) a stimulation
system including electronic and pneumatic devices, 3) a homemade mixing head coupled to a
delivery system that allows the diffusion of odorants in the participant’s nose, 4) a respiratory
sensory system that triggers the olfactometer according to the nasal respiration measurement
with a nasal cannula and 5) a software control system#.

[Place Figure 1 here]

2.7.5. Calibration: Proceed to the calibration phase (about 20 s.), which allows for calibrating
the participant’s respiratory signal and adjusting the detection thresholds of the expiratory and
inspiratory phases. In this software, the expiratory phase is positive, and the inspiratory phase is
negative.

2.7.6. Odor hedonic and intensity ratings: Deliver the two odorants in a randomized order and
ask participants to rate the hedonic value and intensity of each odorant on visual analog scales
ranging from 1 “not at all pleasant” to 9 “extremely pleasant” and from 1 “not at all intense” to
“extremely intense.”

2.8. Combining olfactometer and TMS: Set the delay between the detection of the inspiration
phase and the trigger for sending the TMS at 600 ms.



310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

NOTE: The setting of the delay is important and has to be determined according to the
literature and the needs of the user. In this protocol, the delay was set at 600 ms, which has
been shown to be the maximum conscious perceptual representation of odors*. For single-
pulse TMS condition, this trigger immediately activates the A stimulator, and a pulse is
delivered by the coil positioned on the left M1 to evoke an unconditioned MEP. For dual-coil
TMS condition, this trigger is sent to two different devices (via two coaxial cables connected by
a T-connection): the first one immediately activates the B stimulator and a conditioning pulse is
delivered by the coil positioned on the left DLPFC; the second one is received by a pulse
generator which makes it possible to induce a fixed delay before activating the A stimulator,
thus delivering a test-stimulation through the coil positioned on the left M1 to evoke a
conditioned MEP (Figure 1).

3. Measurements

3.1.  Runthe custom-made coding script in the olfactometer software (see 2.7.2) to deliver all
combinations of spTMS and dsTMS with pleasant and unpleasant odors and no-odors occurring
in a random order.

NOTE: Here, 20 trials were recorded for each condition (120 trials in total). The experiment was
divided into 6 blocks of 20 trials each. The number of trials for each condition can be changed
according to the user’s needs.

4. Data analyses

4.1.  For each participant, condition, and trial, extract the peak-to-peak MEP amplitude. This
can be done using one of the open-source Toolboxes available online*®#7,

4.2. Normalize the data by calculating an MEP ratio expressing MEPs elicited by the test
stimulation in dsTMS trials relative to MEPs elicited by the test stimulation in spTMS trials*?. Do
this separately for each participant and for each odor condition (i.e., no-odor, positive odor, and
negative odor). After this procedure, interpret the results as follows: MEP ratios above 1 indicate
a facilitatory influence of the DLPFC on M1, whereas MEP ratios below 1 indicate an inhibitory
influence of the DLPFC on M1.

REPRESENTATIVE RESULTS:
The representative data presented here reflect recordings from participants after completing the
step-by-step protocol above to provide a preliminary insight into what we might expect.

Figure 2 shows an example of a representative participant’s respiratory signals recorded with the
olfactometer software. The expiratory and inspiratory phases are well detected when the
thresholds are crossed. The odorant is triggered immediately after the expiration phase threshold
and diffuses for 5 s. The TMS pulse is triggered with a delay (600 ms) after the inspiration phase
threshold.
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This result demonstrates that the method developed here can precisely synchronize odorant
diffusion and TMS timing according to human nasal breathing phases.

[Place Figure 2 here]

Figure 3 illustrates the results obtained from EMG data recordings from the right FDI muscle
(MEP recordings), according to the conditions (spTMS and dsTMS) and the odor hedonic values
(no-odorant, positive odorant and negative odorants) for a representative participant. The peak-
to-peak amplitude of the MEPs evoked by spTMS (Figure 3A) and by dsTMS (Figure 3B) varied
according to the hedonic value of the odorant. When the results are normalized (Figure 3C), all
MEP ratios are below 1, indicating a suppressive effect of the left DLPFC on the left M1. This
result demonstrates that the method developed here allows the investigations of modulations
of corticospinal excitability and effective connectivity that occur during pleasant and unpleasant
odor perception, all delivered in a synchronized manner with human nasal breathing. These
results are preliminary and deserve further investigation to conclude on the specific effects of
odors hedonic values on corticospinal excitability and effective connectivity.

[Place Figure 3 here]

FIGURE AND TABLE LEGENDS:

Figure 1: Experimental setup. The bold lines represent pneumatic connections. An air
compressor is connected to the olfactometer to generate different air flows. A regulator controls
the pressure, and the input air flow is directed to 3 channels (through 3 mass regulators): one for
the air conveyor (blue line), one for the aspiration system (brown line) to clean and help control
the stimulation time and the last one for the odorants**. Two U-shaped tubes contain the
odorants (green: pleasant; red: unpleasant) in which they are conditioned under pressure in the
saturated steam state, ensuring an odorized air flow with stable intensity over time. The mixing
head is used to mix the clean and odorized air streams. The airflow (odorized or pure) is delivered
to the nostrils through two tubes (gray lines) attached to a nasal cannula, which is also used to
record nasal breathing (purple line). Based on the respiratory signal, as soon as the inhalation
phase is detected, for the spTMS condition a trigger is sent to a pulse generator device used to
set a delay (here: 10 ms), then to a TMS stimulator A connected to Coilm1 applied over the left
M1 hand muscle representation, while the TMS stimulator B is turned off. For the dsTMS
condition, a trigger is immediately sent to the TMS stimulator B connected to the Coilpierc applied
over the left DLPFC, and the pulse generator device is used to set a delay (here: 10 ms) before
triggering the TMS stimulator A connected to the Coilmi. The respiratory signal and MEP
amplitude acquired by the EMG system are recorded by software installed on a PC.

Figure 2: Example of raw data from respiratory recordings for a representative participant. The
expiration phase is detected when a threshold (represented by the red line) is crossed. Inspiration
phase is detected when a threshold (represented by the blue line) is crossed. The odorant is
triggered immediately after the expiration phase threshold and diffuses for 5 s, as shown by the
green line. The TMS pulse is triggered with a delay (600 ms) after the inspiration phase threshold.
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Figure 3: Example of typical raw recordings from the right FDI muscle of a participant. (A) spTMS
condition with positive odorant (green), negative odorant (orange), and the no-odorant
conditions (gray). (B) dsTMS condition, with positive odorant (green), negative odorant (orange)
and the no-odorant conditions (gray). (C) MEP ratios obtained after the normalization procedure
for a representative participant. The three MEP ratios are below 1, indicating an inhibitory
influence of the DLPFC on M1. Raw MEP traces represent a single trial recording. Bar graphs show
the mean, the standard deviation, and the individual MEP value of the 20 trials obtained in each
condition.

DISCUSSION:

The protocol above describes a novel method combining the use of a breath-synchronized
olfactometer with single- and dual-coil TMS to investigate changes in corticospinal excitability
and effective connectivity depending on the hedonic value of the odorants. This setup will allow
for objectively discriminating the pleasantness value of an odorant in a given participant,
indicating the biological impact of the odorant on brain effective connectivity and reactivity. The
critical steps in this protocol involve both TMS parameters (placement, intensities) and
olfactometer parameters (odorant selection, timing relative to respiratory phases).

This combination of spTMS and dsTMS with an olfactometer can be adapted in many ways,
depending on the user’s needs, and has clear methodological advantages. As mentioned in the
introduction, two methodological aspects seemed crucial for a more in-depth investigation of the
mechanistic basis of the interactions between the olfactory and motor systems. The first was the
possibility of presenting different odor conditions (pleasant/unpleasant/no odor) within the
same experimental phase. This is now feasible as it is possible to specify on a trial-by-trial basis
which odorant will be delivered to the subject at a constant intensity. This is a crucial point, as it
allows us to eliminate the systematic intra-individual changes in MEPs amplitude within and
between stimulus blocks observed in previous studies, even at relatively long interstimulus
intervals*®4°,

Indeed, the application of a TMS pulse to M1 allows the quantification of the observed changes
in corticospinal excitability with undeniable temporal accuracy. However, a very large number of
factors can modulate corticospinal excitability, and these need to be controlled as much as
possible. For example, the simple fact of voluntary inspiration or exhalation (a motor act)
modifies the corticospinal excitability of non-respiratory finger muscles®°.

The second was the possibility to control and synchronize several factors with the respiratory
phases. These include the precise duration and timing of odor diffusion to the participants and
the timing of the TMS pulse. More importantly, these different parameters can be modified
according to the user’s needs, opening the way for future studies.

The method presented here opens the way for a wide range of future research and broader
guestions in the field of olfaction. First, no study has yet examined the temporal precision of the
modulation of corticospinal excitability in response to an olfactory stimulus. Is this modulation
very early (i.e., before the emergence of perceptual odor representations, estimated to be
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between 300 ms and 500 ms after odor onset*) or later (i.e., when odor representations are
extended to larger areas associated with emotional, semantic, and memory processing®)? Is the
timing of changes in corticospinal excitability the same depending on the hedonic value of the
odor? Unpleasant odors, such as pain, often signal potential danger, elicit a faster response to
quickly avoid or escape negative situations®>?, and thus modulate corticospinal excitability
earlier than positive odors. However, this remains speculative. By delivering the TMS pulse at
different times after the onset of both positive and negative odors and comparing the changes
in corticospinal excitability, the current protocol can address this question. Moreover, while the
focus of the present protocol was on the modulation of corticospinal excitability by targeting M1,
the TMS technique, due to its high temporal resolution, can also be used to investigate the causal
brain-behavior relationships and the time course of other areas during olfactory processes®3.
Similarly, in the current protocol, we evaluated the effective connectivity between the DLPFC and
M1 because there is evidence in the literature that modulations of this connectivity may occur
during odor perception. However, other cortico-cortical or cortico-subcortical-cortical networks
may be modulated during olfaction or motor control processes, and the connectivity within these
networks can be easily assessed with this new method. The only change would then be the
location of the coils toward the targeted cortical areas. For example, the orbitofrontal cortex has
been shown to be involved in coding for odor hedonic value and odor perception®*, and a recent
dual-site TMS study showed that this area has an inhibitory influence on M1 at rest*2. Probing
changes in the effective connectivity between the orbitofrontal cortex and M1 during perception
of positive and negative odors is an interesting avenue of study for a better understanding of the
mechanisms behind the interactions between olfactory and motor systems.

In addition, this method proposes a new way to reliably assess odor hedonic perception in a non-
verbal or conscious manner. This could pave the way for clinical investigations aimed at
understanding abnormal interactions between processing in the olfactory and motor systems.
For example, the current method could be used in patients with neuropsychiatric disorders such
as major depressive disorder (MDD), which has been associated with alterations in olfactory
function, including hedonic perception of odors and maladaptive approach and avoidance
behaviors®. Furthermore, since the left DLPFC has been shown to be hypoactive in MDD
patients®® and the DLPFC-M1 connectivity is modulated during approach-avoidance behaviors?®,
the combination of TMS and an olfactometer may be a promising potential tool to elucidate
neurophysiological indicators of dysfunctional connectivity between DLPFC and M1 in MDD
patients. Neurophysiological findings can then be correlated with clinical symptomatology, such
as the severity of depression or the olfactory anhedonia score, defined as the reduced ability to
experience pleasure, found in patients with MDD>’. Finally, if abnormalities in effective
connectivity are revealed in these patients using the method presented here and correlate with
clinical symptoms, dual-site TMS could be used repeatedly to neuromodulate DLPFC-M1
connectivity and improve clinical symptoms, a protocol called paired-associative cortico-cortical
stimulation®®>°,

Although the present method and results provide a proof of concept for future investigations
into the neural mechanisms underlying the interactions between the olfactory and motor
systems, some limitations and considerations must be mentioned. First, to increase the reliability
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and reproducibility of the measurements, the targeted brain areas should be precisely based on
anatomical and functional areas (this is especially true for the DLPFC target). Second, as
mentioned above and as demonstrated by E-field computational modeling, the scalp-based
targeting method used to position the coils is suboptimal compared to MRI guidance®. To
maximize the accuracy and precision of TMS positioning, a neuronavigation system that co-
registers the patient’s head and structural magnetic resonance imaging (MRI) scan and provides
real-time feedback on the coil position should be used®. In addition, computational E-field
dosimetry has been shown to provide more efficient and focused stimulation by determining the
individual coil placement that maximizes E-field delivery to a specific brain target®'. A third point
concerns the interpretation of the results: the amplitude of the MEPs. Indeed, it is known that
MEP amplitude reflects the intrinsic different neural inputs to the corticospinal cells, including
transcortical elements, and the activity of the spinal motoneuron pool®2-%4 Therefore, the
modulation of corticospinal excitability and effective connectivity observed during the exposure
to a pleasant odor provides a partial picture of the more complex supraspinal and spinal networks
that are likely to be involved in the modulation of the MEP amplitude. Results should be
interpreted with caution.
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