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Abstract 

Introduction. Volitional respiratory manoeuvres such as sniffing and apnoea play a key role in 

the active olfactory exploration of the environment. Their impairment by neurodegenerative 

processes could thus impair olfactory abilities with the ensuing impact on quality of life.  

Research question. Functional brain imaging studies have identified brain networks engaged 

in sniffing and voluntary apnoea, comprising the primary motor and somatosensory cortices, 

the insula, the anterior cingulate cortex, and the amygdala. The temporal organisation and the 

oscillatory activities of these networks are not known.  

Methods. To elucidate these aspects, we recorded intracranial electroencephalograms (iEEG) 

in 6 patients during voluntary sniffs and short apnoeas (12 seconds).  

Findings. The preparation phase of both manoeuvres involved increased alpha and theta 

activity in the posterior insula, amygdala and temporal regions, with a specific preparatory 

activity in the parahippocampus for the short apnoeas and the hippocampus for sniff. 

Subsequently, it narrowed to the superior and median temporal areas, immediately after the 

manoeuvres. During short apnoeas, a particular dynamic was observed, consisting of a rapid 

decline in alpha and theta activity followed by a slow recovery and increase. 

Conclusions. Volitional respiratory manoeuvres involved in olfactory control involve 

corticolimbic structures in both a preparatory and executive manner. Further studies are 

needed to determine whether diseases altering deep brain structures can disrupt these 

mechanisms and if such disruption contributes to the corresponding olfactory deficits. 

 

Key Points 

 Both sniff manoeuvres and small apnoeas are associated with oscillatory activity 

predominantly in low-frequency bands (alpha and theta). 

 Preparation of sniff manoeuvres and small apnoeas involve activities in low-frequency 

bands in the posterior insula and temporal regions that extend to amygdala during both 

manoeuvres’ execution. 

 During small apnoeas, activities in low-frequency bands firstly decline before continuously 

increasing until apnoeas ends. 
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Introduction 

Olfaction detects, encodes, and discriminates thousands of odoriferous molecules. It 

thus plays a key role in environment exploration and control (Roberts et al., 2020; Sharma et 

al., 2019). It also assigns emotional attributes to perceived odours, which influences mood, 

memory, and social interactions, hence a crucial contribution to quality of life (Blomkvist and 

Hofer, 2021; Thomas-Danguin et al., 2014). The olfactory process starts with the binding of 

odoriferous molecules to sensory neuron receptors in the nasal cavity olfactory epithelium. 

These molecules travel with the airflow generated by respiratory activity (Yeshurun and Sobel, 

2010) that also mobilises the olfactory cilia, a mandatory condition for olfactory perception 

(Bocca et al., 1965; Grosmaitre et al., 2007). Breathing and olfaction are, therefore, inextricably 

linked, with breathing automatically providing continuous surveillance of the odoriferous 

environment (Mainland and Sobel, 2006). On top of that, supra-pontine respiratory-related 

cortical networks (Herrero et al., 2018; Schottelkotte and Crone, 2022) authorise voluntary 

manoeuvres such as sniffing –defined as a brief and strong nasal inspiration– and voluntary 

apnoea –defined as a temporary suspension of breathing activity– that allow volitional olfactory 

sampling and avoidance, respectively. Diseases deteriorating motor control (e.g. Parkinson's 

disease or related disorders) could thus impair olfactory abilities with the ensuing negative 

impact on quality of life. 

Functional brain imaging has shown that human sniffing is associated with enhanced 

activities in the primary motor cortex, somatosensory cortex, premotor area, supplementary 

motor area, anterior cingulate cortex, insula, amygdala, hypothalamus, and cerebellum 

(Colebatch et al., 1991; Evans, 2010; Jeran et al., 2013; McKay et al., 2003; Simonyan et al., 

2007). Electroencephalographic studies have evidenced that voluntary sniffing follows the 

general pattern of movement preparation and execution, with premotor (or preinspiratory) 

potentials preceding motor potentials (Macefield and Gandevia, 1991; Raux et al., 2007). 

Voluntary apnoea engages a network comprising the dorsolateral prefrontal cortex, globus 

pallidus, caudate nucleus, insula, parietal cortex, thalamus, and temporal cortex (McKay et al., 

2008, 2003). The amygdala may also be involved, as shown by an intracranial 

electroencephalography (iEEG) study conducted in 6 patients in whom stimulation of the 

amygdala induced breathing suspension when patients breathed through the nose prior to 

stimulation (Nobis et al., 2018). These data indicate that the respiratory-related brain networks 

engaged in sniffing and voluntary apnoea involve structures such as the amygdala, the insula 

or the anterior cingulate cortex that are implicated in olfactory perception and emotional states 

(Etkin et al., 2011; Gu et al., 2013; Kulason et al., 2022; Phelps and LeDoux, 2005). However, 

it is not known how these networks are activated in terms of frequency bands and what 

temporal dynamics are associated with voluntary sniffing and voluntary apnoea.  
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In this study, we used intracerebral electrographic recordings (iEEG) to further the 

understanding of these mechanisms through spatial, temporal, and spectral 

electrophysiological characterisation. We hypothesised that, despite their markedly different 

motor characteristics, sniffing and voluntary apnoea would exhibit certain commonalities, 

notably in brain regions involved in emotional processing such as the amygdala and the insula. 

 

Material and methods 

1. Ethical approval 

The study conformed to the standards set by the Declaration of Helsinki, except for 

registration in a database. The procedures were approved by properly constituted ethic 

committees (INSERM C11-16, C19-55). All patients provided written informed consent prior to 

enrolment in the study. 

2. Setting and patients 

The study was conducted between october 2021 and october 2022 within the Epilepsy 

Unit, Department of Neurology, Pitié-Salpêtrière Hospital, Paris, France, a tertiary university 

hospital. Adult men and women (aged ≥18 years and free of legal guardianship) who were 

undergoing presurgical evaluation of pharmaco-resistant focal epilepsy with iEEG implantation 

were eligible for inclusion. Exclusion criteria were any known significant cardiorespiratory 

disease likely to interfere with the execution of respiratory tasks or a known susceptibility to 

epileptic seizures triggered by breathing exercises. Pregnant or lactating women (self-

declared) were also excluded. All patients had sufficient command of the French language to 

fully understand the requirements and aims of the study, and none had cognitive impairment 

severe enough to prevent them from performing the breathing manoeuvres. Depending on 

each patient’s medical needs, baseline antiseizure medications were either maintained or 

reduced after implantation. The experimental recordings were performed 3 to 14 days after the 

implantation of the electrodes. Table 1 presents the characteristics of the patients. 

3. Measurements 

 3.1. iEEG 

Each patient had 4 to 13 macroelectrodes implanted (Ad-Tech Medical Instrument 

Corporation, Wisconsin, USA; 4-12 platinum contacts; 1 mm diameter, 2.4 mm length; 5 mm 

inter-contact distance; nickel-chromium wiring and polyurethane tubing). The electrode 

location relied on the suspected seizure onset zone and the trajectories were defined solely 

based on clinical objectives. Neural activity was recorded using a high-performance amplifier 

at 4 kHz with a band filter between 0.1 Hz and 1 kHz. (Atlas, Neuralynx®, Inc., Bozeman, MO, 

USA). For each patient, the least active contact, preferably in the white matter, was selected 

as the reference electrode. 

 3.2. Breathing activity 
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To measure breathing activity in a minimally intrusive manner, we used a nasal 

pressure cannula connected to a Validyne differential pressure linear transducer from 0 to 140 

cm H2O (DP15-32, Validyne, Northridge, CA, USA) for which the output was amplified with a 

2000 fold gain preamplifier with a 0.05-500 Hz band-pass filter (Electronique du Mazet, Mazet 

Saint-Voy, France) before being fed into one of the bipolar inputs of the EEG amplifier. To 

ensure respiration monitoring in the event of nasal canula failure, breathing was also recorded 

using a pneumatic-based respiration sensor (Brain Products GmbH, Gilching, Germany). 

4. Experimental protocol 

 4.1. Respiratory tasks 

Participants were instructed to breathe in three different ways. 

  4.1.1. Resting breathing 

 During resting breathing, patients were instructed to breathe through their nose 

and to keep their eyes open without focusing on anything specific. 

  4.1.2. Sniff manoeuvre 

 Participants were told that "a sniff consists of a brief and strong inspiration 

through the nose that starts from the end of expiration" and the experimenter demonstrated 

how to perform the manoeuvre. Participants were then asked to perform several sniffs to check 

their understanding and minimize the impact of learning bias on the subsequent recordings. 

Then, during the experimental recordings, the patients were instructed to perform repeated 

self-paced sniffs separated by one or two normal breathing cycles. 

  4.1.3. Short apnoea (SA) 

During SA, patients were instructed to stop breathing at the end of a normal 

expiration (no pre-apnoea deep breath). They were asked to raise a finger to signal the start 

of the manoeuvre to the experimenter, who then activated a timer and signalled back to the 

patients after 12 seconds. The 12-second duration was chosen to capture "passive apnoea", 

namely the phase of voluntary breath holding that is associated with inhibitory corticobulbar 

inputs and precedes the subsequent active or "struggling" phase (McKay et al., 2008; 

Physiology of Breath-Hold Diving and the Ama of Japan, 1965). 

 4.2. Experimental sequence 

Participants were comfortably seated throughout the experiments and maintained a 

generally fixed posture. The protocol consisted of the following sequence (Figure 1): 

1) 5-minute period of resting breathing (RB condition); 

2) 2 successive blocks of 5 minutes with repeated sniffs, with each block separated by a 2-

minute break (SNIFF condition); 

3) 5-minute period of resting breathing; 

4) 3 successive blocks of 5 minutes with repeated 12-second SA, with each block separated 

by a 2-minute break (SA condition). 
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The four conditions were studied in the same order in all patients.  

 

 

Figure 1. Experimental protocol.  
Participants went through the following sequence: 1) resting breathing for 5 minutes; 2) repeated sniffs 
performed during two 5-minute blocks separated by a 2-minute rest (SNIFF condition); 3) resting 
breathing for 5 minutes; 4) repeated 12-second short apnoeas (SAs) performed during three 5-minute 
blocks separated by 2-minute rests. The four conditions were studied in the same order in all patients. 
 

5. Data analysis 

 5.1. Breathing signal analysis 

The detection of respiratory cycles for the resting breathing condition was achieved 

using an in-house toolbox (Ghibaudo et al., 2023). This algorithm performs 3 main operations: 

signal smoothing for noise reduction, detection of inspiration/expiration using slope analysis, 

and exclusion of respiratory cycles with abnormal shapes. Instantaneous respiratory frequency 

was determined as the inverse of the total breathing cycle duration. Sniffs and SAs were 

identified visually. For sniffs, start markers were positioned at the onset of the negative 

inflection of the pressure signal. For SA, start markers were positioned at the peak of 

inspiration or expiration of the cycle preceding apnoea, and stop markers were positioned 12 

seconds after the start. 

 5.2. iEEG analysis 

5.2.1. Electrodes localisation  

 The spatial localisation of each electrode was determined with the Epiloc 

toolbox (Pérez-García et al., 2015) developed by the STIM engineering platform in the Paris 

Brain Institute (https://icm-institute.org/en/cenir-stim) using co-registered pre-implantation 

1.5 T or 3 T MRI scans and post-implantation CT and MRI scans. Following the normalisation 

of MRI-pre, MRI-post and CT-post into the Montreal Neurological Institute space, contact 

localisation was automatically labelled referring to Desikan-Killiany-Tourville atlas parcellation 

https://icm-institute.org/en/cenir-stim


 8 

(Desikan et al., 2006) in the patient’s native space. This process was performed using a 

Freesurfer image analysis suite (https://surfer.nmr.mgh.harvard.edu/) embedded in the Epiloc 

toolbox, followed by manual verification and correction, if necessary. Subsequently, all EEG 

signals were re-referenced to their adjacent neighbour on the same electrode, yielding a 

bipolar montage. With this approach, bipolar iEEG signals represent the difference in local field 

potentials between those two points, which does not always reflect the region between the 

contacts. As is common practice, we used the midpoint between the two contacts as 

representing the signal. The resulting coordinates were determined as the mean of the MNI 

coordinates of two adjacent contacts composing the bipole and the corresponding structure 

was subsequently extracted with the Epiloc toolbox and visually inspected. 

  5.2.2. Visual signal assessment and contact selection  

 An initial visual inspection of continuous EEG signals was conducted to remove 

time segments showing obvious artifacts. Contacts with excessive artifacts or suspected 

epileptic activities were discarded. Contacts located in the white matter, in ventricles, or outside 

the brain were also discarded. Of note, the medical team in charge of the patients carefully 

examined all the retained contacts for localization and signals provided, in order to ensure that 

none of the contacts used for our analyses were located within epileptic foci.  

 Of the 383 contacts recorded in total, 172 contacts were rejected and 211 contacts 

were identified as usable signals (amygdala: 17; fusiform gyrus: 2; hippocampus: 24; posterior 

insula: 3; lingual: 4; orbito frontal cortex: 1; parahippocampal gyrus: 7; temporal pole: 6; supra 

marginal: 1; inferior temporal gyrus: 48; medial temporal gyrus: 53; superior temporal gyrus: 

42).  

  5.2.3. Selection of particular regions of interests 

 From the 211 contacts selected for analysis, we concentrated on a restricted 

set of seven regions of interest (amygdala, hippocampus, posterior insula gyrus, 

parahippocampal gyrus, inferior temporal gyrus, medial temporal gyrus, superior temporal 

gyrus of known significance in both volitional respiratory manoeuvres and emotional cognition 

(Koritnik et al., 2009; Simonyan et al., 2007) that were consistently recorded across all patients 

(Figure 2). These seven regions of interest represent 197 contacts. 

  5.2.4. Pre-processing  

 After the above initial phase, signal preprocessing consisted in mean centring 

all data (github.com/JulesGranget/Script_Python_iEEG_Paris_git) and applying a 50 Hz line 

noise filter (Python MNE toolbox https://doi.org/10.5281/zenodo.592483). 

  5.2.5. Post-processing 

  

 

 

https://surfer.nmr.mgh.harvard.edu/
http://github.com/JulesGranget/Script_Python_iEEG_Paris_git
https://doi.org/10.5281/zenodo.592483
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Figure 2. Number of contacts in the analysed regions of interest.  
The vertical bars indicate the total number of contacts analysed for each region of interest (ROI), each 
patient being represented by a specific colour. See "Discussion" for the justification of the ROI selection. 
Five ROIs (amygdala, hippocampus, inferior temporal, medial temporal, and superior temporal gyri) 
were recorded in all patients, in variable proportions. 
 

iEEG signals were analysed using a population-wise approach, all contacts from the same 

anatomical location being pooled together. Data were analysed using Morelet’s wavelets 

(Kronland-Martinet et al., 2012). A total of 150 complex wavelets were manually generated 

from 2 Hz to 150 Hz with a log-scaled number of cycles from 7 to 41 covering all frequencies. 

The analysis covered the theta (4-8 Hz), alpha (>8-12 Hz), beta (>12-40 Hz) and gamma (>50-

120 Hz) frequency bands, all of which are relevant to human olfactory processing (Jiang et al., 

2017; Yang et al., 2022). The iEEG signals were then convolved with these wavelets and power 

was extracted. The resulting time-frequency maps were normalized across all frequencies on 

all conditions using the robust z-score (rscore) method or median absolute deviation method, 

a variation of the z-score method that replaces outlier-sensitive mean and standard deviation 

by median and median absolute deviation. These frequency maps were then processed 

differently depending on the condition, as follows. Regarding the resting breathing condition, a 

phase-based approach was used rather than a time-based approach to capture power 

modifications throughout the respiratory cycle, thus respecting cycle-by-cycle variability 

(Kronland-Martinet et al., 2012). Markers were identified for the onset of each inspiration and 

expiration, and all respiratory cycles were stretched over the same number of time bins. This 

stretched signal was then convoluted and the resulting time-frequency map were averaged 
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using their median. Secondly, Regarding the SNIFF and SA conditions, the above precaution 

was unnecessary as the corresponding respiratory manoeuvres were all time-locked. A time-

based approach was, therefore, used to segment the respiratory signal. Selected sniff 

segments extended from 3 seconds prior to 3 seconds after the sniff. Selected SA segments 

extended from 12 seconds prior to 12 seconds after its end. This time extraction was selected 

to match the apnoea duration, constituting a baseline before and after the apnoea. Finally, for 

any given brain region, a median time frequency map was computed from all patients’ time-

frequency maps, using the same scale across all conditions. This scale was obtained by 

generating a distribution of all time frequency values, extracting the 99th percentile of this 

distribution, and using it as the upper limit of the scale, with its opposite as the lower limit. 

 To compare the temporal activation of all brain regions during SNIFF and SA, TF maps 

were segmented according to where visual inspection rendered a statistically significant 

difference possible.  For SNIFF, 4 segments of 1 second were used from 2 seconds prior to 2 

seconds after the SNIFF. For SA, 12 segments of 3 seconds were used from 12 seconds prior 

to 24 seconds after the SA start. For each of these segments, median power was extracted for 

all patients and then the median was computed across patients for each brain region. These 

representations are referred to in the statistical analysis part as TF maps matrices.  

6. Statistical analysis 

 6.1. Permutation based statistics 

 The statistical analysis of time-frequency maps was conducted using a cluster 

permutation approach to detect significant power increases during SNIFF and SA respective 

to resting breathing considered as baseline (Maris and Oostenveld, 2007). In any given region, 

stretched TF maps were extracted from all subjects for resting breathing, baseline, and the 

condition of interest. A series of 1000 permutations was performed, each consisting of the 

following steps: first, a shuffled TF map was constructed by a random selection between the 

baseline and the condition to match the number of cycles originally present in the condition of 

interest. The median shuffled TF map was computed, and the minimum and maximum were 

extracted (see above). By repeating this process 1000 times, we were able to build 2 

populations for the minimum and maximum. Their median represented the threshold for 

extracting clusters, every value in the time frequency map tested below the obtained minimum 

or above the obtained maximum is identified as significant and form a cluster (Figure 3). 

Clusters were then sorted by size and any above the 99th percentile of the cluster size 

distribution (alpha=0.01) were considered to be significantly different from the resting breathing 

condition.  
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Figure 3. Permutation procedure. 
For a given experimental condition, the median of time frequency (TF) maps across observations was 
computed and compared to a surrogate distribution to indicate significant power modulations according 
to the following process. 1) all TF maps for our experimental conditions were shuffled with the resting 
breathing set of TF maps. We computed the median across the shuffled set of TF maps and extracted 
the minimum and maximum values. 2) Across permutations, we generated two distributions for minimum 
and maximum values.  We then extracted the median for both distributions. 3) With these two thresholds 
applied to the measured TF map, we revealed clusters. 4) Clusters were then sorted by size, with 
clusters considered significant when those above the 99th percentile of the cluster size distribution. 

 

As a result, highlighted clusters represent significant power increases or decreases compared 

to resting breathing (Maris and Oostenveld, 2007).  

For TF maps matrices, in each segment, power modifications in a given frequency band were 

considered significantly different when more than 5% of the TF points fell below the 

significance threshold during the permutation-based cluster process (see below). To identify 

concurrent power modifications visually and easily, the results are represented on a time and 

space matrix. 

 

 6.2. Linear mixed models 

 Visual inspection of the signals during SA suggested dynamic power increases in 

certain regions of interest. To determine whether these trends were statistically significant, we 

used linear mixed models to take into account a possible random subject effect. The python 

package mixedlm() function from statsmodels.formula.api was used to compute the linear 

mixed model, with time as fixed effect and patients as random effect. Medians for power were 

computed for all patients in all frequency bands. Then, assumptions for proper model usage 

were verified using normality and quartile-to-quartile plot for residuals. After having checked 

the assumptions, all points between 0 and 12 seconds were included in the model. 
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Results 

1. Breathing pattern 

 All the patients understood and correctly performed the breathing tasks (Table 2 and 

Figure 4).  

 

 

Figure 4. Breathing pattern during resting breathing, sniff manoeuvres (SNIFF) and short 
apnoeas (SA).  
In each panel, the red line depicts the mean nasal pressure time dynamics (expressed in z-score 
values), with the standard deviation indicated by the pink area. Top panel (resting breathing): 
superimposed mean respiratory cycles (colored lines representing individual patients; red line 
representing the population) are relative to the inspiration/expiration transition point (vertical black line). 
Note that all breathing cycles retained for the resting breathing analysis were normalized to a fixed 
duration with the objective of eliminating any effect of breath-by-breath individual variability; for this 
reason, the x-axis of the panel indicates phase rather than time. Bottom left panel (SNIFF): 
superimposed mean SNIFF manoeuvres (by patient: coloured lines; population: red line) are relative to 
the start of SNIFF (0). Bottom right panel (short apnoeas, SA): superimposed mean SA cycles (by 
patient: coloured lines; population: red line) are relative to the start of SA (0). 
 

2. Cortico-limbic power spectrum changes during sniffing 

 Figure 5A displays the time-frequency maps of the iEEG signal recorded in each ROI. 

These changes are summarized in the corresponding matrices with the 3 distinct epochs in 

the abscissa: pre-SNIFF (-1 to 0), SNIFF (0 to 1) and post-SNIFF (1 to 2) (Figure 5B).  

 During the pre-SNIFF period, there was a significant increase for activities in low 

frequencies (theta, alpha) power in temporal regions (inferior temporal, medial temporal, 
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superior temporal gyri), posterior insula gyrus and hippocampus, compared to resting 

breathing (Figure 5B). This increase covered a larger frequency and time in temporal regions. 

Simultaneously, a decrease in gamma power was observed in the medial temporal gyrus 

region. 

 

 

 

Figure 5. Cortico-limbic dynamics during sniff manoeuvres: 
AMY: amygdala; HP, hippocampus; Tinf, inferior temporal gyrus; Tsup, superior temporal gyrus; PHG, 
parahippocampal gyrus; pINS, posterior insula gyrus; Tmed, medial temporal gyrus.  
In panel A, time frequency maps are presented from 3 seconds prior to 3 seconds after the sniff (vertical 
green line). Power modulations are expressed in terms of zscore differences between resting breathing 
and sniff results. Statistically significant activity clusters are contoured in green and obtained with a 
permutation-based approach. Contact numbers for each region are shown in parentheses. In panel B, 
activity is segmented for each frequency band for 1 second during 3 phases, namely the preparation 
phase ("pre"), the execution phase ("re", for respiratory manoeuvre), and the recovery phase ("post"). 
In both panels, the dashed green lines mark the transition between preparation and execution ("pre" 
then "re") and between execution and recovery ("re" then "post"). Significant activity clusters are marked 
with a yellow star indicating that more than 5% of the segment expressed a significant value under 
permutation-based cluster.  
 

During the SNIFF period, activities in low frequencies (theta, alpha) power significantly 
increased in amygdala, inferior temporal, medial temporal, and superior temporal gyri. In 
addition, a strong increase in gamma power occurred in inferior temporal, superior temporal 
and medial temporal gyri during the first half of the period. (Figure 5B). 
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 During the post-SNIFF period, activities in low frequencies (theta, alpha) power 

significantly decreased in hippocampus, parahippocampal gyrus and inferior temporal gyrus 

(Figure 5B). 

 

3. Cortico-limbic power spectrum changes during short apnoea manoeuvres 

 Figure 6A displays the time-frequency maps of the iEEG signal recorded in each ROI. 

These changes are summarised in the corresponding matrices, with the 3 distinct epochs in 

the abscissa: pre-SA (-12 to 0), SA (0 to 12), post-SA (12 to 24) (Figure 6B). 

 

 

Figure 6. Cortico-limbic dynamics during short apnoeas 
AMY: amygdala; HP, hippocampus; Tinf, inferior temporal gyrus; Tsup, superior temporal gyrus; PHG, 
parahippocampal gyrus; pINS, posterior insula gyrus; Tmed, medial temporal gyrus. In panel A, time-
frequency maps are presented from 12 seconds before to 24 seconds after the start of the apnoea, 
shown by the first vertical green line. The second vertical green line shows the end of the apnoea (12 
second duration). Power modulations are expressed in terms of standard deviation modulation 
respective to the resting breathing conditions. Statistically significant activity clusters are contoured in 
green and obtained with a permutation-based approach. Contact number for each region are shown in 
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parentheses. In panel B, activity is segmented for each frequency band for 3 seconds during 3 phases, 
namely the preparation phase ("pre"), the execution phase ("re", for respiratory manoeuvre), and the 
recovery phase ("post"). In both panels, the dashed green lines mark the transition between preparation 
and execution ("pre" then "re") and between execution and recovery ("re" then "post"). Significant activity 
clusters are marked with a yellow star indicating that more than 5% of the segment expressed a 
significant value under permutation-based cluster.  
 

 During pre-SA, significant and marked activities in low frequencies (theta, alpha) 

increases occurred in the temporal region (inferior temporal, medial temporal, superior 

temporal gyri), amygdala, posterior insula gyrus and parahippocampal gyrus (particularly 

during the 5 seconds preceding SA).  

 During SA, significant power modulations were observed in all our ROIs in low 

frequencies (theta, alpha) in contrast to SNIFF. However, only in amygdala, hippocampus, 

inferior temporal, medial temporal, and superior temporal gyri, theta and alpha power 

decreased for the first 3 seconds and then increased until the end of the manoeuvre. 

 During post-SA, the observed power increases dropped sharply in amygdala, 

hippocampus, inferior temporal, medial temporal, and superior temporal gyri, and then 

increased after 3 seconds. 

 In amygdala, parahippocampal gyrus, hippocampus, inferior temporal, medial 

temporal, and superior temporal gyri, the increase in theta power observed after the first 3 

seconds was statistically significant according to the linear mixed model analysis (Figure 7 and 

Table 3). This was also the case for the increase in alpha power, except for the superior 

temporal gyrus (Figure 7B).  
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Figure 7. Dynamics of theta and alpha power increase throughout the duration of short apnoeas.  
AMY: amygdala; HP, hippocampus; PHG, parahippocampal gyrus; Tinf, inferior temporal gyrus; Tmed, 
medial temporal gyrus; Tsup, superior temporal gyrus. 
Linear mixed model testing power modulations over time for brain regions and band frequencies 
showing significant power dynamics during SA with patients as a random effect (n=6). For clarity, mean 
power for 2 second segments are plotted, but p values correspond to the whole signal model. Contact 
numbers for each region are shown in parentheses. Results are indicated for (A) theta band (4-8Hz) 
and (B) for alpha band (8-12Hz). 
pvalues are indicated on top left position of each panel (mixed linear model regression) 
  

 

Figure 8 summarizes the above observations.  
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Figure 8. Summary of activity changes in the selected regions of interest during the SNIFF 
condition and the short apnoea (SA) condition. 
In both panels, the seven regions of interest (AMY: amygdala; PHG, parahippocampal gyrus; Tsup, 
superior temporal gyrus; Tmed, medial temporal gyrus; Tinf, inferior temporal gyrus; pINS, posterior 
insula gyrus; HP, hippocampus) are represented as the vertices of a heptagon. Coloured dots denote 
significant changes in power (decrease in blue, increase in red), the size of each dot being proportional 
to the magnitude of the corresponding change. Black circles indicate regions exhibiting similar power 
modulation during SNIFF and SA.  Panel A depicts the observation mades for low frequency bands. 
Panel B depicts the observation made for low frequency bands (SA is not represented because no 
significant modulation was found). 
 

Discussion 

This iEEG study showed that both sniff manoeuvres and SA were associated with 

oscillatory activity predominantly in low-frequency bands (alpha and theta), with the following 

specificities: i) the preparation phase of both manoeuvres involved increased alpha and theta 

activity in the posterior insula, amygdala and temporal regions, with a specific preparatory activity 

in the parahippocampus for the SA and the hippocampus for sniff; ii) subsequently, it narrowed to 
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the superior and median temporal areas, immediately after the manoeuvres. During SA, a particular 

dynamic was observed, consisting of a rapid decline in alpha and theta activity followed by a slow 

recovery and increase. These observations provide novel insights in the temporal behaviour of part 

of the networks involved in two respiratory manoeuvres involved in the olfactory control of the 

environment. 

 Movement preparation 

 Like any voluntary movement, the sniff manoeuvre entails cortical preparation. Scalp 

EEG studies have identified Bereitschaftspotential-like activities followed by motor potentials 

in central regions, in normal individuals performing repeated sniffs (Macefield and Gandevia, 

1991; Raux et al., 2007). These pre-inspiratory potentials occur in the presence of inspiratory 

loads (Raux et al., 2007) and are associated with breathing discomfort (Georges et al., 2016). 

Here, we describe sniff preparatory activities involving temporal regions, the posterior insula 

gyrus, amygdala and hippocampus, indicating that the respiratory-related cortical network 

mobilised by the preparation of sniff manoeuvres extends beyond premotor and motor regions. 

Two sniff fMRI studies showed activity in the primary sensorimotor cortex, lateral premotor 

cortex, supplementary motor area, but also in the cingulate motor area, insula, basal ganglia, 

thalamus as well as in regions involved in olfactory processing such as the piriform cortex, 

entorhinal cortex and parahippocampal gyrus (Koritnik et al., 2009; Simonyan et al., 2007). 

Our observations indicate that some of these fMRI activities, which have previously been 

interpreted as resulting from afferences or reafferences following motor execution, could also 

be preparatory in nature.  

 We also observed iEEG patterns suggestive of preparatory activity before SA. Such a 

phenomenon has seemingly not been described before using scalp EEG or iEEG. In an fMRI 

study conducted in 8 healthy volunteers, (McKay et al., 2008) described the neural network 

responsible for volitional breath-holding during 15-second apnoeas performed from end-

expiration (dorsolateral prefrontal cortex and lateral premotor cortex, anterior cingulate cortex, 

insula, amygdala, basal ganglia, and thalamus). As before, our data indicate that at least part 

of this network is involved not only in the performance of short voluntary apnoea, but also in 

their preparation. The activation of the amygdala during the pre-apnoea period is in line with 

the increasingly established role of the amygdala in breathing inhibition (Dlouhy et al., 2015; 

Harmata et al., 2023; Nobis et al., 2018; Yang et al., 2020). 

 The theta power pattern that we observed in the hippocampus is consistent with the 

hypothesis that unlike other sensory systems, human hippocampal networks are functionally 

close to the olfactory system. This is based on behavioral results (Chu and Downes, 2002; 

Plailly et al., 2019) and on iEEG data showing that connectivity between the piriform cortex 

and hippocampus is modulated by the respiratory cycle in the absence of any olfactory task, 

especially in the theta frequency band (Zhou et al., 2021). Thus, the SNIFF theta preparatory 
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activities in the hippocampus could be mediated by a specific exchange with the olfactory 

system.  

 

 Movement execution 

 Our results show that amygdala, hippocampus, posterior insula gyrus, inferior temporal, 

medial temporal, and superior temporal gyri are involved during the execution of voluntary 

sniffs and voluntary apnoeas, in line with available fMRI data (Koritnik et al., 2009; McKay et 

al., 2008; Simonyan et al., 2007). The particular theta and alpha dynamics that we observed 

during SA and that was saliently present in the amygdala is consistent with data showing that 

amygdala activation can provoke apnoea, both in clinical contexts (Dlouhy et al., 2015; 

Harmata et al., 2023) and experimentally (Nobis et al., 2018), through inhibitory efferent 

projections to brainstem central pattern generators (Harmata et al., 2023; Liu et al., 2021; Yang 

et al., 2020). The pattern of SA-related amygdala activation could also correspond to the build-

up of an aversive emotion. Animal studies have demonstrated that the amygdala is carbon 

dioxide sensitive (Ziemann et al., 2009) and that its activation by hypercarbia elicits fear-related 

behaviour. Given that the apnoea performed by the patients in our study were too short to 

induce significant carbon dioxide changes, our data suggest that the role of the amygdala 

during such manoeuvres is more complex than merely a reaction to homeostatic compromise. 

Having in mind that processing emotionally salient events and successful pattern separation 

of emotional stimuli in humans engage an amygdala-hippocampus network notably through 

theta-alpha synchrony (Zheng et al., 2019, 2017), one possibility to interpret our observations 

would be that activities recorded from the very start of voluntary apnoea are implicated in 

building a memory trace of an aversive respiratory event. In this context, a recent iEEG study 

showed theta modulation during fear learning in the amygdala and the medial prefrontal cortex 

(Chen et al., 2021). Consistent with this hypothesis, the amygdala-hippocampus parallel 

pattern present during voluntary apnoea was not observed during voluntary sniffs (no 

hippocampal involvement) that do not carry an aversive background. 

 We observed a significant increase in gamma power in temporal regions during sniff 

execution. Surges in gamma activity can be observed during the strong, brisk, and unstoppable 

muscle contractions that characterise so-called “ballistic" movements. The intensity of gamma 

oscillations correlates positively with ballistic movement parameters such as velocity, duration, 

or applied force (Tatti et al., 2023; Ulloa, 2022). Our observations, therefore, provide a 

neurophysiological substrate to the ballistic nature of sniff manoeuvres. Of note, gamma 

activities in temporal regions have been described in relationship with speech production and 

associated movements (Kingyon et al., 2015; Marstaller et al., 2014). Yet speech production 

requires coordination with respiratory muscles (Fuchs and Rochet-Capellan, 2021), and the 

dynamics of sniffing resemble those of the sharp inspirations that precede locutory sequences 
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(prephonatory breaths). It is worth noting that gamma activity measured during sniffing is also 

seen in regions that typically subserve language.  

 

 Methodological considerations 

 We acknowledge several methodological limitations to the study. First, the small 

number of patients (n=6) means that caution should be used when interpreting the results. 

However, recruiting intracranial EEG patients is challenging, and patients must be stringently 

selected to avoid disease-related biases, cognitive or otherwise, meaning that small numbers 

of patients are common in iEEG studies (Herrero et al., 2018; Zelano et al., 2016). Second, 

the recorded brain structures vary across our patients, with a limited number of common 

electrode locations. This limitation is inherent to iEEG studies because the choice of recorded 

regions depends on the clinical indication in each patient. In our study, recording activities in 

the prefrontal cortex and the anterior cingulate gyrus would have been particularly interesting 

given what is known of suprapontine respiratory-related networks (Evans, 2010; McKay et al., 

2008, 2003), and given their implication in both respiratory and olfactory processes (Carlson 

et al., 2020; Igarashi et al., 2014; Tabert et al., 2007). Also, we did not compare amygdala-

hippocampal connectivity between apnoea and sniffs. This type of analysis would have added 

weight to our data, but posed major difficulties due to the difference in time dynamics between 

the two conditions. Third, breathing frequency varies across patients, as did the number of 

manoeuvres performed. This could have biased our results through the introduction of some 

between-patient variability. Finally, we did not control for the olfactory environment in the 

patients' bedrooms during the experiment, and olfactory stimuli during the sniffing maneuvers 

could have interfered with the observation. However, attention to odors is highly important for 

olfactory consciousness and electrophysiological correlates (Degel and Köster, 1999): when 

explaining the study to the participants, the possibility that sniffing could induce odor perception 

was never mentioned, and, naturally, no instruction to pay attention to the olfactory 

environment was given. Also, there is no reason to think that changes in the olfactory 

environment in the patients' rooms occurred systematically during the experiments. This 

environment was most probably generally stable, which must have led to habituation of both 

the behavioral and neuronal responsiveness (Pellegrino et al., 2017). Of note on this, olfactory 

changes of usual intensity are very poorly detected (Menzel et al., 2019). In addition to the 

above, and perhaps most importantly, the permutation analysis that we used contrasts 

respiratory maneuvers to resting breathing; with this approach, spurious reactions to changes 

in the olfactory environment cannot statistically contribute to the ERPs observed in response 

to sniffs.  

 The study also has strengths. Instead of comparing a period of activity to a pre-event 

period, which is common in studies of event-related potentials, we performed statistical 

comparisons between sniffs or apnoeas and resting breathing. This allowed us to study 
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preparatory activities that would otherwise have been obscured. In addition, we conducted 

statistical comparisons of sniff and SA data against multiple averaged such segments rather 

than against single random resting breathing segments, thereby ensuring a more robust 

threshold of significance. We also used a phase-locked approach rather than a time-locked 

approach to maximize activity synchronisation and increase the specificity of our statistical 

threshold. 

 

Putative clinical implications 

 Olfactory deficits characterize certain diseases altering deep brain structures, like 

multiple system atrophy or Parkinson’s Disease. These deficits, of which the severity relate 

with disease progression, primarily result from alpha synuclein pathology (Ercoli et al., 2022; 

Marin et al., 2018). However, sniff execution does determine olfactory performance (Mainland 

and Sobel, 2006) and olfactory deficits have been linked to sniffing impairment in humans 

(Sobel et al., 2001). From these observations and our present results, it could be hypothesized 

that brain rhythms disruptions in limbic structures could contribute to olfactory deficits in these 

degenerative diseases. This idea aligns with rehabilitation of brain rhythms with deep brain 

stimulation in Parkinson’s Disease having positive impacts on olfactory performances in 

Parkinson’s disease (Brand et al., 2023). A putative link between olfactory deficits and impaired 

respiratory motor control would justify devising respiratory-targeted therapeutic programs, 

following a strategy used for motor control in general (Grossauer et al., 2023). Of note, olfactory 

training can be useful in COVID-19 patients (Pires et al., 2022) and other patients with smell 

loss (Vance et al., 2023), but the relative contributions of sensory and motor stimulations to 

these benefits are not known. 

 

Conclusions 

 This study furthers our understanding of how brain structures involved in producing sniff 

manoeuvres (Koritnik et al., 2009) and voluntary apnoeas (McKay et al., 2008) interact during 

the execution of these manoeuvres. In addition, the study is the first to show that limbic 

structures are involved in their preparation, notably the amygdala and the hippocampus that. 

appears to play a pivotal role in the orchestration of two respiratory manoeuvres particularly 

involved in the control of the olfactory environment.  
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Tables 

Table 1. Clinical information 
 

patient age sex handedness 
presumed epileptic zone 
(according to scalp EEG) 

baseline antiepileptic 
medication 

 
1 

       
27 M Right  temporal pole 

Brivacetam, 
Carbamazepine 

 
2 

             
29 F Right  

hippocampal regions of the two 
sides 

Zonisamide, 
Carbamazepine 

 
3 

             
38 M Right  temporal pole, amygdala Lamictal 

 
4 

             
33 F Left  left hippoampus 

Lamotrigine, 
Brivacetam 

 
 
 
5 

             
44 F Right  temporal pole, amygdala 

Oxcarbazepine, 
Lacosamide, 
Zonisamide, 
Porpanolol 

 
6 

             
26 M Right  

temporal pole, anterior temporo 
basal regions 

Perampanel, 
Eslicarbazepine 
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Table 2. Number of respiratory events used for iEEG analysis 
 

Participant Resting 
Breathing 

SNIFF SA 

1 65 49 34 

2 89 58 36 

3 56 91 26 

4 67 29 24 

5 113 73 39 

6 53 66 39 
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Table 3. Linear mixed model coefficient for time-dependent power modification in SA. 
 

Frequency Band ROI Fixed effect 
Coefficients* 

Z-values** P-value 

Alpha amygdala 0.016 3.718 0.00374 

Alpha hippocampus 0.027 -2.322 p<0.001 

Alpha inferior temporal 
gyrus 

0.01 1.868 p<0.001 

Alpha medial temporal 
gyrus 

0.012 1.039 p<0.001 

Alpha superior temporal 
gyrus 

0.004 4.697 0.37 

Alpha parahippocampal 
gyrus 

0.016 1.448 p<0.001 

Alpha posterior insula 0.011 1.317 0.935 

Theta amygdala 0.029 1.429 p<0.001 

Theta hippocampus 0.029 -1.811 p<0.001 

Theta inferior temporal 
gyrus 

0.017 1.72 p<0.001 

Theta medial temporal 
gyrus 

0.015 1.686 p<0.001 

Theta superior temporal 
gyrus 

0.014 1.68 0.0022 

Theta parahippocampal 
gyrus 

0.013 1.744 0.00113 

Theta posterior insula 0.001 4.13 0.992 

* represent the average relationship across the entire population and depend on the strength and 
direction of the relationship between the predictor variables and the outcome, adjusted for fixed and 
random effects;  ** calculated by dividing the coefficient estimate by its standard error (SE), they provide 
an estimation of effect size (the higher Z, the greater the effect size). 


