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Résumé

La COVID-19 est une maladie infectieuse causée par le virus SARS-CoV-2. L'un de ses symptémes
les plus précoces et les plus fréquents est la dysfonction olfactive (OD). Selon le variant du virus,
de 2 a 80 % des individus présentent une OD, telle que I’hyposmie ou I'anosmie, et certains dé-
veloppent une OD qualitative, incluant la parosmie ou la phantosmie. Bien que la récupération
survienne généralement en quelques semaines, certains cas persistent et entrainent une perte

olfactive a long terme.

Des études antérieures ont démontré que I'entrainement olfactif (OT) peut bénéficier aux pa-
tients présentant une OD causée par des infections virales des voies respiratoires supérieures.
Dans le cadre de I'intégration multisensorielle, différents canaux sensoriels peuvent s’amplifier
ou interférer mutuellement selon leur congruence. Etant donné que les entrainements multimo-
daux montrent des effets supérieurs dans les études sur la plasticité neuronale, I'utilisation de
stimuli gustatifs et visuels congruents, en complément a des stimuli olfactifs, pourrait accroitre
I'efficacité de I'OT. Cette hypothése peut étre évaluée en testant des combinaisons de stimula-

tions doubles et triples dans des taches de perception multisensorielle.

Le premier objectif de cette thése est de quantifier la perception de similarité de stimuli olfactifs
présentés avec ou sans costimulation gustative et visuelle, et de déterminer I'ampleur de I'effet
de la stimulation hétéromodale. Le second objectif consiste a intégrer ces stimuli multisensoriels
dans un protocole d’OT modifié afin d’évaluer si la récupération de la perte olfactive peut étre

optimisée.

Dans l'article 1 (Chapter 2 - Congruency of Multisensory Olfactory Stimuli), nous avons testé 48
jeunes adultes en bonne santé a l'aide de stimuli multisensoriels, comprenant des composantes
olfactives, gustatives et visuelles dont les composantes chiniosensorielles étaient administrés par
voie rétronasale. Ces stimuli étaient présentés en combinaisons doubles et triples, dans des con-
ditions congruentes et incongruentes. Les stimuli étaient également présentés individuellement
afin d’établir des valeurs perceptuelles de base. Les stimuli olfactifs et gustatifs étaient adminis-

trés sous forme de gouttes déposées sur la langue (c.-a-d. rétronasale), tandis que les stimuli



visuels étaient présentés sur un écran d’ordinateur. Les participants évaluaient la similarité entre
les solutions présentées et I'étiquette olfactive correspondante a I'aide d’échelles visuelles ana-

logiques.

Dans l'article 2 (Chapter 3 - Can Multisensory Olfactory Training Improve Olfactory Dysfunction
Caused by COVID-19?), nous avons recruté 68 participants présentant une OD persistante depuis
au moins deux mois apres une infection a la COVID-19. Les participants étaient répartis en trois
groupes. Le premier groupe recevait un entrainement olfactif classique (COT), consistant en I'ex-
position répétée a quatre odorants. Le deuxieme groupe suivait un entrainement olfactif multi-
sensoriel (MOT), recevant les mémes odorants par voie rétronasale sous forme de gouttes sur la
langue, accompagnés simultanément de stimuli gustatifs et visuels congruents. Le troisieme
groupe recevait du propyléne glycol inodore dans quatre flacons (groupe témoin/placebo). L’en-
trainement était réalisé deux fois par jour pendant 12 semaines. La fonction olfactive (UPSIT) et

la qualité de vie spécifique a I'olfaction (SQOD-NS) étaient évaluées avant et apres I'intervention.

Dans I'article 1, nous avons observé un effet significatif de la congruence sur la perception de
similarité (p < 0,001). La costimulation gustative avait un effet significativement plus important
sur la perception olfactive que la costimulation visuelle (p = 0,02). Dans I’Article 2, les deux
groupes d’intervention présentaient des améliorations significatives similaires de la fonction ol-
factive, tandis que le groupe placebo ne montrait aucune amélioration significative. Les scores de

qualité de vie se sont améliorés dans les trois groupes aprés 12 semaines.

En conclusion, la costimulation congruente améliore la perception de similarité, alors que la costi-
mulation incongruente la réduit. La costimulation gustative exerce des effets plus prononcés sur
I'olfaction que la costimulation visuelle. Intégrés au MOT, ces stimuli multisensoriels améliorent
significativement les capacités olfactives a l'issue de la période d’entrainement.

Mots clés : olfaction, gustation, vision, perception multisensorielle, entrainement olfactif, plasti-

cité.



Abstract

COVID-19 is an infectious disease caused by the SARS-CoV-2 virus. One of its earliest and most
common symptoms is olfactory dysfunction (OD). Depending on the COVID-19 variant, 2-80% of
individuals experience OD, such as hyposmia or anosmia, and some develop qualitative OD, in-
cluding parosmia or phantosmia. Although recovery typically occurs within a few weeks, some

cases persist and lead to long-term olfactory loss.

Previous studies have shown that olfactory training (OT) can benefit patients with OD caused by
viral infections of the upper respiratory tract. In multisensory integration, different sensory chan-
nels may enhance or interfere with one another depending on congruency. Because multimodal
trainings show improved outcomes in plasticity studies, using congruent gustatory and visual
stimuli alongside olfactory stimuli may increase OT effectiveness. This can be evaluated by testing

dual and triple stimulation combinations in multisensory perception tasks.

The first objective of this thesis is to quantify likeness perception of olfactory stimuli presented
with or without gustatory and visual co-stimulation and to determine the magnitude of the het-
eromodal stimulation effect. The second aim is to incorporate such multisensory stimuli into a

modified OT protocol to assess whether recovery from olfactory loss can be improved.

In Article 1 (Chapter 2 - Congruency of Multisensory Olfactory Stimuli), we tested 48 healthy
young participants using retronasal olfactory stimuli consisting of olfactory, gustatory, and visual
components. These stimuli were presented in dual and triple combinations under congruent and
incongruent conditions. Stimuli were also presented individually to establish baseline perceptual
values. Olfactory and gustatory stimuli were delivered as droplets on the tongue (i.e., retrona-
sally), while visual stimuli were shown on a computer screen. Participants rated the likeness of

the solutions to the corresponding olfactory label on visual analog scales.

In Article 2 (Chapter 3 - Can Multisensory Olfactory Training Improve Olfactory Dysfunction
Caused by COVID-19?), we recruited 68 participants with persistent OD lasting two months or
more following COVID-19 infection. Patients were divided into three groups. One group received

classical olfactory training (COT), which involved smelling four odorants. The second group



followed multisensory olfactory training (MOT), receiving the same odorants retronasally as drop-
lets on the tongue, accompanied by simultaneous and congruent gustatory and visual stimuli. The
third group received odorless propylene glycol in four bottles (control/placebo group). Training
was performed twice daily for 12 weeks. Olfactory function (UPSIT) and olfactory-specific quality

of life (SQOD-NS) were assessed before and after the intervention.

In Article 1, we observed a significant effect of congruency on likeness perception (p < 0.001).
Gustatory co-stimulation had a significantly stronger effect on olfactory perception than visual
co-stimulation (p = 0.02). In Article 2, both intervention groups showed similar significant im-
provements in olfactory function, while the placebo group showed no significant improvement.

Quality-of-life scores improved in all three groups after 12 weeks.

In conclusion, congruent co-stimulation enhances likeness perception, while incongruent co-stim-
ulation reduces it. Gustatory co-stimulation has stronger effects on olfaction than visual co-stim-
ulation. When integrated into MOT, these multisensory stimuli significantly improve olfactory

abilities after the training period.

Keywords: Olfaction, gustation, vision, multisensory perception, olfactory training, plasticity.



Table of contents

RESUMIB...... ettt e et e et e she ettt b e es et se s she sae et s besbe e e she sntean e e e ense e aes 3
ADSEIACT .ttt e et e b et he et b e eae b seea ettt ehe she e ben et eaeeeenenaas 5
TADIE OF CONTENTS ...ttt et ettt s e s et ebe st sttt ebe st en e ene s 7
LISt OF TADIS ettt e et b e e sttt n e et es e ne s 11
LIST O fIGUIES ettt st et ae e s restestestestesteste e saesse s e e sessessensestesaesansaes 12
List of acronyms and abbreVviations...........cooo ettt ettt s e ere e 13
ACKNOWIEUGEMENTS.......eiieiiie e ce ettt st sttt e e e ae sbestesaseeseessesse e stesssensassaessesnsensestesseannnes 17
Chapter 1 - Introduction and theoretical background..........cccccocieveieie e se e 19
1.1, INErOQUCTION ...ttt ettt et e st e bt e e e e b et et se s s 19

1.2. Anatomy, physiology and function of the olfactory system......c.ccceevveeveeveivecve e cee e, 20

1.3. Olfactory dySTUNCLION.......ccovvieieice ettt et ee et s bbb saeseraesses e e ne sbeeae s 25

1.3.1. Forms of Olfactory DysfunCtion..........ccecceveve e et 25

1.3.2. Prevalence of Olfactory Dysfunction........cccoeoeeeeeieiccccie e 25

1.3.3. Causes of Olfactory Dysfunction..........ccceceee e e 25

1.3.3.1. Sin0Nasal diSOrders........cccoueirereeinneirrire et 26

1.3.3.2. Post-viral olfactory disorders (without COVID-19).........ccceveveuee.e. 26

1.3.3.3. Traumatic Brain iNjUIY...coc o eeeeeeeeieeeeree ettt cre e eenaenes 27

1.3.3.4. Congenital aN0SMI@.....ccvecuiecinee ettt et sae e 28

1.3.3.5. Neurodegenerative diSOrders.........ccuuieeveenenreceeceenreerreeeseeseesveenes 29

1.3.3.6. Idiopathic olfactory dysfunction.........ccceeveeveiecieseie e 30



1.3.3.7. AGINE.eeereeeeereeeeee oo eeeseseeeseseesseseesesses e ees s e ses s ses e ses e 30

1.3.4. Consequences of Olfactory DysfuncCtion.........cceeveveeveieiceciecce e 30

1.4, COVID-19. ettt sttt sttt sttt s et e st es e e s et e es et e ses e ebe s e ebe s e enea 32
1.4.1. COVID-19 and 0lfaction......c.cccuveeureeineeeieiirecie ettt e e 34

1.5. Therapies for olfactory dysfunction post COVID-19........cccccecereireieininrineneeeee e 36
1.5.1. Platelet-rich plasma.... et e st e s e 36

1.5.2. Pharmacological interventioNns........ccccucueieieivineiscre e st st 37

1.5.3. Olfactory TraiNiNg ..ottt se ettt saesaesae e saesee e nens 38
1.5.3.1. History of olfactory training.......ccccceeeeeieininirire e 38

1.5.3.2. Mechanisms behind OT.........cccccoerriieinine et 39

1.5.3.3. Forms of olfactory training........cccueuveeeveiveineirecceerece e 40

1.5.3.4. Olfactory training with modified training time..........c.cccceeeeveenenee 40

1.5.3.5. Olfactory training with modified stimuli..........ccccoeieeeicnie e 41

1.6. NeUuronal PlastiCity.....cccuuiiiiireiieei e e e e e e e e e e e e e e s e 42
1.6.1. Olfactory plastiCity.......ueeeeeeeieeeie e 43
1.6.1.1. Olfactory Training related changes (Plasticity)..........ccceeeeurrrrreneen.. 44

1.6.1.1.1. Behavioral Changes........cccccvvvurvereeeeieeeeeeeeeeeeceecrnnreeeeene, 44

1.6.1.1.2. Changes related to OB.........ccooevvevimrrrrreereeeeeeeeeeeeeeeeeeanns 45

1.6.1.1.3. Cellular level changes.........cccoeeveevcvvinereeeeeeeeeeeee e 45

1.6.1.1.4. Cortical Chanes......cccuvveeeeeeeieeiieeeeei e 45

1.7. MUItiSENSOrY PerCePtioN...cccceeteee e e e e e e e e e e e e e e e e e e eae s 46
1.7.1. Congruency in multisensory perception......cccceccecinicecceecee e e 48

8



1.7.2. Multisensory olfactory training.....ccccoccvveeiiiiiiieiee et 48

1.7.3. GUSEATION....eiiiiiiieiiei e 49

17,4, VISION...utiiiiiiiiiiii et 50

1.7.5. Olfaction — gustation interaction...........ccceeeeeciiiie e 50

1.7.6. Olfaction — viSion iNteraction.........c.cceeveeeiieiiieeiieee e 52

1.7.7. Olfaction — gustation — vision interaction..........ccccceeecieeeeeccciieee e, 53

1.8. Methodological CoONSIAEIrAtIONS......cccceeiieeeirriet sttt st st st s s s 54

1.9. AiMS aNd HYPOthESES........viiiiiieiiiiie et e e e e e esara e e e e s eanes 55
Chapter 2 - Article 1 - Congruency of multisensory olfactory stimuli............cccccoeiveiiiiiiierreeeennnn... 57

Chapter 3 - Article 2 - Can Multisensory Olfactory Training Improve Ol-factory Dysfunction caused

DY COVID L7ttt ettt e e ettt e s ettt e e e e st e e e e e s saaabaeeeesesaabbteeessaass sansraeeesannes 77
Chapter 4 — General diSCUSSION.........uuuiiiiiiiiiiiiee e e e e e e e e e e s e e rerrareeeeeaaeeeeeessennnnns 101
4.1. Impact on Research and LItEratUure.......coueveeeeeeeieeieeeieiieccccirerreeeee e e ee e e e ee e enrnnees 101

L W O 1 =Tt o] VA 1 = 121 [V =S8R 101

4.1.2. Multisensory integration between olfaction, gustation and vision............. 103

g . R @ o =4 U =Y o o R 105

4.1.4. Olfactory PlastiCity.....ccceeeiei it e e e e e e e e e e e s e naans 106

4.2. Limits, advantages and future considerations...........cccccoviiiiieiieiiee e, 109

O Y T o TV | PP PPPR 109

B.2.2. ADNEIENCE. ... ittt e 110

4.2.3. EXperimental task........ccccciiiiiiiiieeece e 111

4.2.4. SCOPE OF traiNING.uueeeeieiieeiiei it e e eecee e rereeeeeeeeeeeeeeseenans 112



L T \V/ LT T U T =] 0 T= L N 112

4.2.6. Sex ratio in the eXperiments. ... e 113

4.2.7. Age of PartiCipants.......cccoccciiiii e 114

4.3, CONCIUSION....eiiiiiiiiee e st s e s e s e 115

= (=T =T o [ol TP PP PRSP 117
ANNEXES. ..ttt e e e e e e s bbb a e e e e s b e e 162
Article - Olfactory bulb volume and cortical thickness evolve during sommelier training............ 163
Book Chapter — Different methods to assess trigeminal system.........cccceevvciiieeiiiiciieeee e, 197

10



List of tables

Table 2.1. Characteristics of olfactory and gustatory stimuli..........cccoevevinineieice e 60
Table 2.2. Congruency or incongruency of each co-stimulation........cccccoeieicevieccccce e, 60
Table 2.3. Overview of items in different cONditions..........c.ooeoeririiinin e 62
Table 2.4. Average likeness scores of different conditions............couvveeeicivicicecceccece e 64
Table 3.1. Odorants and tastes used in the multisensory stimulation.........ccccovveeeceevivcccceieee, 84
Table 5.1. Average ages across Sommelier and control groups at baseline and follow-up............ 168
Table 5.2. Effects of sommelier training on cortical thickness..........cueceeveie e, 177

11



List of figures

Figure1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 2.1.
Figure 2.2.
Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 5.1.
Figure 5.2.
Figure 5.3.

Figure 5.4.

Flow of olfactory information from periphery to central nervous system...................... 20
Structures of the olfactory system in olfactory epithelium and olfactory bulb............... 22
A closer 100k at 0lfactory MUCOSA.......ccoeiviiriecce e e s s 23

Olfactory and gustatory pathways to orbitofrontal cortex to form flavor perception...24

Flow chart of the eXperiment..........ci e s 63
Average likeness scores of different conditions..........ccceveeveie e, 65
Number of participants at each step of the study........cccoeeeii e, 82
UPSIT scores before and after the training.......ccccoeve e 86
SQOD-NS scores before and after the trainiNg........cccuevvevivivirccecce e 87
Coronal slice Of the BraiN........co e e 170
OB vOIUMES T1 @Nd T2ttt s s s s e e s s s s en e s 177
Effect of sommelier training on cortical thickness.........cccoeveieevecesecceccee e 178
Olfactory performance at T1 and T2.....co oo cceeceieecee ettt st s s s 179

12



List of acronyms and abbreviations

AC: Alternating current

ACE2: Angiotensin-converting enzyme 2
Bcl-2: B-cell lymphoma 2

cAMP: Cyclic adenosine monophosphate
CO2: Carbon dioxide

COT: Classical olfactory training

COVID-19: Coronavirus disease 2019

CNV: Cranial nerve

CREB: cAMP response element-binding protein
CNS: Central nervous system

DAMP: Damage-associated molecular pattern
DP: Daphnée Poupon

EEG: Electroencephalogram

EOG: Electro-olfactogram

ERP: Event-related potentials

FWHM: Full-width-half-max

fMRI: Functional magnetic resonance imaging
GCS: Glasgow coma scale

IPS: Intraparietal sulcus

ISI: Interstimulus interval

13



MAPK: Mitogen-activated protein kinase

MOT: Multisensory olfactory training

MNI: Montreal Neurological Institute
MPRAGE: Magnetization prepared rapid gradient echo imaging
MRI: Magnetic resonance imaging

mRNA: Messenger ribonucleic acid

NaCl: Sodium chloride

NMP: Negative mucosal potential

OB: Olfactory bulb

OD: Olfactory dysfunction

OE: Olfactory epithelium

OMP: Olfactory marker protein

OR: Odorant receptor

OSN: Olfactory sensory neuron

OT: Olfactory training

PAMP: Pathogen-associated molecular pattern
PRP: Platelet-rich plasma

PTFE: Polytetrafluoroethylene

PVOD: Post-viral olfactory disorders
RmMANOVA: Repeated measures of ANOVA
SARS-CoV2: severe acute respiratory syndrome coronavirus 2

STS: Superior temporal sulcus

14



SZ: Subependymal zone

QOD: Questionnaire of olfactory disorders

S.D.: Standard deviation

SQOD-NS: Shortened Questionnaire of Olfactory Disorders - Negative Statements
Tau: Tubulin associated unit

TBI: Traumatic brain injury

TDI: Threshold-discrimination-identification

TMPRSS2: Transmembrane serine protease 2

UPSIT: University of Pennsylvania Smell Identification Test
URTI: Upper respiratory tract infection

VAS: Visual Analogue Scales

wk: Week

15






Acknowledgements

| would like to express my sincere gratitude to the administration of the Université du Québec a
Trois-Rivieres for opening their admissions to international students during the COVID-19 pan-
demic. Thanks to this initiative, | was able to pursue my graduate studies in biomedical sciences
despite the global circumstances. | am also grateful for the scholarships intended for international
students, as well as the excellence scholarships, which greatly supported my transition to Québec

and contributed significantly to the progression of my studies.

| am sincerely thankful to my mentor and supervisor, Professor Johannes Frasnelli, for giving me
the opportunity to work on a project that truly inspires me. His continuous guidance, both in the
academic aspects of my PhD and in the professional standards of research within the academic

field, has been invaluable.

| would also like to thank Professor Syrina Al Ain and Professor Mathieu Piché for their mentor-
ship, their thoughtful insights, and their constructive feedback. Their support and distinct per-

spectives have enriched my experiments and strengthened my overall training.

My sincere appreciation goes to Professor Aysun Dogan for being the first person to encourage
me to pursue academic research abroad, and to Professor Jamie Ward for giving me my first op-

portunity to follow my interests in multisensory research within academia.

| would like to express my appreciation to Professor Maria Veldhuizen, Professor Francois Cham-
poux, and Professor Sandrine Coté for accepting to be part of my thesis jury and for contributing

their expertise to this important stage of my academic journey.

| would like to warmly thank my long-time friends Pinar, Suleyman, and Atanas, and the friends |
was fortunate to meet during my PhD, Shalini and Nasim, for their unwavering encouragement
and support throughout this journey. Additional thanks to my lab mates for their collaboration

and their willingness to share their expertise across various fields, topics, and techniques.

Finally, | would like to extend my heartfelt thanks to my family in Turkey, my mother Berrin, my

father Ali, and my sister Ozge. Even though we were thousands of kilometers apart, they were

17



always close to me in every way that mattered. Their constant support and love accompanied me

throughout my journey in Québec.

18



Chapter 1 - Introduction and theoretical background

1.1. Introduction

Multisensory perception occurs when information from more than one sense is combined into a
single, multimodal percept (Driver & Spence, 2000). For example, the perception of coffee in-
volves multiple components, including taste, color, texture, and temperature. Multisensory per-
ception is a continuous and powerful process: it reduces ambiguity in perceptual information (van
Ee et al., 2009), aids in stimulus detection and identification (Small & Prescott, 2005), provides
robust information about the environment (Ernst & Bulthoff, 2004), supports memory (Lehmann
& Murray, 2005), enhances overall performance with faster decision-making (Shi & Muller, 2013),
and leads to more effective (Shams & Seitz, 2008) and facilitated (Seitz et al., 2006) learning, es-
pecially when stimuli are congruent (Kim et al., 2008). Congruency refers to information from
different sources that align with one another (Laurienti et al., 2004). For example, when entering
a coffee shop, one expects the smell of coffee; when opening a trash can, one expects a foul odor;

when eating watermelons, one expects sweetness, and so on.

COVID-19 (Coronavirus disease 2019), a viral infection caused by SARS-CoV2 (severe acute respir-
atory syndrome coronavirus 2), emerged in Wuhan, China, in December 2019 (Shereen et al.,
2020). It rapidly spread worldwide and infected over 750 million people, causing the deaths of
more than 7 million individuals as of 29 June 2025 (World Health Organization, 2024). One of the
earliest and most reliable predictor symptoms of contracting COVID-19 is the loss of olfactory
function (Gerkin et al., 2021). Until the emergence of the Omicron variant, olfactory loss was
highly prevalent among COVID-19 patients (Chang et al., 2024), reaching rates as high as 53% (Wu
et al., 2022). This percentage decreased to 3.7% once the Omicron variant, an evolved form of
SARS-CoV-2 with 2.5 times higher transmissibility (Liu & Rocklov, 2022), became the globally dom-
inant strain (von Bartheld & Wang, 2023). Although COVID-19 patients typically recover olfactory
function within a few weeks after losing their sense of smell, up to 10% do not regain olfactory

abilities even after six months, resulting in long-term olfactory loss (Kim et al., 2024). Therefore,

19



there is a need for therapies, and clinicians and researchers have explored various methods to

address this issue.

One method for regaining olfactory function after viral infection is olfactory training (OT). In the
classical olfactory training (COT) paradigm, patients sniff four different odors (lemon, clove, eu-
calyptus, and rose) twice daily for 12 weeks (Hummel et al., 2009). This training has been shown
to be effective in treating olfactory loss caused by viral infections of the upper respiratory tract,
even before the COVID-19 pandemic (Kattar et al., 2021), although the recovery rates remain
suboptimal, with only 55% of participants reporting subjective improvement in their olfactory
abilities (Khan et al., 2023). In recent years, researchers have attempted to modify OT to increase
its success rates. One possible modification is to introduce multisensory elements into the proce-
dure. Although some attempts to modify COT have been made, to date, integrating both gusta-
tory and visual stimuli into the training have never been tried. Our aim is to improve COT by lev-

eraging the strengthening effects of multisensory perception.

1.2. Anatomy, physiology and function of the olfactory system

Olfaction is the least explored human sense, partly because it has historically been regarded as
an intuitive sense rather than one that conveys information (Boesveldt & Parma, 2021). Never-
theless, people are constantly surrounded by chemosensory cues, such as the smell of flowers,
the perfume of others, and the scent of foods and beverages they consume. Olfactory information

is continuously transmitted to the brain, even when it does not reach conscious awareness.

=
Primary olfactory cortex
« Amygdala Secondary olfactory cortex
Olfactory = Olfactory ﬁ - @
-  Piriform cortex s

E} bulb '-E}s . e Insular cortex
+ Entorhinal cortex « Orbitofrontal cortex
« Anterior olfactory nucleus

N

Figure 1.1. Flow of olfactory information from periphery to central nervous system. The special-
ized tissue olfactory epithelium captures the olfactory cues and sends them to the olfactory bulb

for processing. From here, information is sent to the entorhinal cortex and amygdala for
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integrating and emotionally processing the data, the piriform cortex for perception of smell and
anterior olfactory nucleus for early processing of odors. Information is sent to the insular cortex
for further sensory processing and emotional reqgulation and orbitofrontal cortex for higher order
cognitive functions such as decision making, mediating responses, value coding, learning or driv-

ing social behavior. Figure is taken from (Han et.al., 2023).

Olfaction serves numerous purposes in human life. Odors contribute to ingestive behavior
through the detection and identification of food sources, stimulate appetite, facilitate breastfeed-
ing via maternal breast odor, enable recognition and avoidance of environmental hazards such as
chemicals or pathogens, identify microbial threats such as vomit or decay, assist in social commu-
nication, and influence reproductive behaviors including inbreeding avoidance and mate selec-
tion (Stevenson, 2010). Olfaction plays key roles in cognitive and emotional functions, such as
emotion processing and emotional regulation (Bratman et al., 2024), as well as personal safety as

people with OD cannot detect dangerous odors such as gas leaks or fires (Lee et al., 2024).

The first step in olfactory perception occurs when odorant molecules reach the olfactory mucosa
within the olfactory epithelium either orthonasally or retronasally. During orthonasal olfaction,
odorants enter the nasal cavity through sniffing or inhaling, whereas in retronasal olfaction, odor-
ant molecules reach the nasal cavity from the mouth through the nasopharynx during chewing or
swallowing. Odorant molecules then reach the cilia of olfactory sensory neurons (OSNs), where
they bind to chemoreceptors known as odorant receptors (OR). These receptors are expressed in
OSNs located within the olfactory mucosa. The binding of odorants triggers chemo-electrical
transduction, generating action potentials that are transmitted to the glomeruli in the olfactory

bulb (OB) via OSN axons (Breer, 2008, Duchamp-Viret et al., 2016).
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Figure 1.2. Structures of the olfactory system in olfactory epithelium and olfactory bulb. While
mitral cells receive information from the axons of OSNs, they form synapses with glomeruli. Glo-
meruli are spherical structures that form synapses between the dendrites of mitral cells and ter-
minals of olfactory nerves. The ciribriform plate is the top part of ethmoid bone with tiny holes
that allow olfactory nerves to pass through to deliver olfactory information to glomeruli. Lamina
propria that is situated under the ciribriform plate is a connective tissue that is constituted of mu-
cosa. Cilias are small, hair-like structures that help in the detection of external stimuli. Figure is

taken from (Han et.al., 2023).

The glomeruli serve as initial synaptic sites where OSN axons converge and synapse with the den-
drites of mitral and tufted cells (Chen & Shepherd, 2005). Within the OB, olfactory signals undergo
processes such as adjustment and enhancement (Chen & Shepherd, 2005). Mitral cell axons that

form the olfactory tract convey output signals to higher brain regions (Breer, 2008). These regions
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include the amygdala, primary olfactory cortex which encompasses the piriform cortex, anterior
olfactory nucleus, and entorhinal cortex (Han et al., 2023, Duchamp-Viret et al., 2016). From these
areas, information is transmitted to limbic structures involved in higher-order cognitive pro-
cesses, such as emotional and behavioral responses (Shepherd, 2005), olfactory memory (Bu-
chanan et al., 2003), reward processing and learning in the amygdala (Noto et al., 2021), spatial
mapping, navigation and memory facilitation in the hippocampus (Silkis, 2023), and attention and

learning functions in the thalamus (Courtiol & Wilson, 2015).
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Figure 1.3. A closer look at olfactory mucosa. Olfactory sensory neurons (also sometimes called
olfactory receptor neurons) express olfactory receptors. The axons of the olfactory sensory neu-
rons that express the same receptor converge into a single glomerulus. Two types of basal cells
are shown in the image: (1) Globose basal cells are reserves but active progenitors and (2) Hori-
zontal basal cells are also reserves but they are activated by injury to the olfactory system. Bow-
man’s glands secrete mucus that is essential and contains olfactory binding proteins. Supporting
cells dispose of dead or dying cells and chemically process the pollutants. Microvillar cells increase
the area for more diffusion, help in absorption and secretion. Figure is taken from (Han et.al.,

2023).

Although the olfactory system is the most developed sensory system at birth (Sarnat & Flores-
Sarnat, 2019), humans generally perform poorly on odor identification tasks (Stevenson & Case,

2005). This phenomenon is often called “tip of the nose” experience or described as the “feeling
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of knowing” (Jonsson & Olsson, 2003). This may occur because odor recognition and verbal labels
are weakly linked in semantic memory (Stevenson et al., 2007). Based on this information, one
could hypothesize that additional sensory information may facilitate odor identification and po-
tentially enhance performance in OT and related tasks. Because if the information coming from
olfactory channel is not enough to identify the stimuli, additional sensory information from gus-

tation and vision can aid in the various olfactory scores such as identification, detection and dis-

crimination.
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Figure 1.4. Olfactory and gustatory pathways to orbitofrontal cortex to form flavor perception.
Thal: thalamus. Ob: olfactory bulb. PC: piriform cortex. Amyg: amygdala. Hipp: hippocampus.
Ento: entorhinal cortex. NS: nucleus of the solitary tract. It is a primary, visceral sensory relay sta-
tion, receives information from respiratory and gastrointestinal systems. CNVII: Cranial nerve VI,
Facial nerve, receives information from the face, responsible for face expression and taste sensa-
tion in the anterior tongue. CN IX: Cranial nerve IX; Glossopharyngeal nerve. Receives sensory and

taste information from posterior tongue and pharynx. CN X: Cranial nerve X; Vagus nerve. It
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receives sensory information from head, neck, abdominal and digestive tract. Figure is taken from

(Han et.al., 2023).

1.3. Olfactory dysfunction

1.3.1. Forms of Olfactory Dysfunction
Olfactory Dysfunction (OD) can be categorized into two main types (1) quantitative OD which
refers to the impairments characterized by a loss or reduction in olfactory abilities, and (2) quali-
tative OD, which involves distorted olfactory perception. Quantitative OD includes two condi-
tions: (1) anosmia, the complete loss of olfactory function, and (2) hyposmia, a significant reduc-
tion in the sense of smell. Qualitative OD, also known as dysosmia, can be divided into two sub-
types: (1) parosmia, the distorted perception of odors, and (2) phantosmia, the perception of
odors in the absence of an external odor source. Parosmia typically results in certain odors being
perceived as unpleasant. In very rare cases, distorted olfactory perception may cause normally
unpleasant or neutral odors to perceived as pleasant, a condition referred to as euosmia (Landis

et al., 2006, Yang & Pinto, 2016).

1.3.2. Prevalence of Olfactory Dysfunction
The prevalence of OD before the COVID-19 pandemic was estimated to be approximately 22%
based on a meta-analysis of 25 publications comprising a total of 175.073 participants (Desiato et
al.,, 2021). These data were derived from both survey-based assessments and psychophysical

tests, which varied in methodology, task design, and duration.

OD prevalence can also be evaluated according to specific disorder types. Qualitative OD gener-
ally shows a lower prevalence compared to quantitative OD, although parosmia appears to

emerge more frequently in the context of quantitative impairments (Hummel et al., 2023).

1.3.3. Causes of Olfactory Dysfunction

OD can arise from several conditions, including sinonasal disorders, viral infections of the upper
respiratory tract, traumatic brain injuries, idiopathic olfactory loss, neurodegenerative diseases,

congenital abnormalities, and age-related factors (Whitcroft et al., 2023).
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1.3.3.1. Sinonasal disorders
Sinonasal OD refers to impairments caused by pathologies involving sinuses or nasal pathways. It
can be divided into two categories: (1) conductive OD, in which air-flow-related abnormalities
obstruct the passage of air to olfactory epithelium or olfactory cleft, and (2) neurosensorial OD,

in which damage or dysfunction occurs along the olfactory neural pathway (Schwartz et al., 2019).

Sinonasal-related OD may arise from conditions such as chronic rhinosinusitis, with or without
nasal polyps, as well as from surgical interventions that result in damage, scarring or inflammation
of the olfactory epithelium. Chronic rhinosinusitis is characterized as an inflammatory condition
involving epithelial barrier disturbance caused by microbes, allergens, and inflammatory pathway
dysregulation. It typically presents four symptoms: facial pain or pressure, hyposmia or anosmia,
nasal obstruction, and nasal drainage. It can persist for at least 12 weeks (Desrosiers et al., 2011,

Fokkens et al., 2012).

According to the Canadian Clinical Practice Guidelines, chronic rhinosinusitis may be identified
through endoscopic findings such as discolored mucus and edema of the middle meatus or eth-
moid region; in chronic rhinosinusitis with polyps, clinicians may observe unilateral or bilateral
nasal polyps in the middle meatus (Desrosiers et al., 2011). Nasal polyps are defined as inflamma-
tory lesions occurring within the olfactory airways (Stevens et al., 2016). Potential contributing
factors to chronic rhinosinusitis include genetic predispositions, septal deviation, bacterial colo-
nization of the sinonasal tract, environmental exposures such as airborne fungal elements, aller-

gies, and microbial pathogens (Chin et al., 2025).

Sinonasal disorders are the most common cause of OD, with chronic rhinosinusitis affecting ap-
proximately 10% of the European population based on self-reported symptoms, and with 84% of

individuals with chronic rhinosinusitis exhibiting OD (Whitcroft et al., 2023).

1.3.3.2. Post-viral olfactory disorders (without COVID-19)
Post-viral olfactory disorders (PVOD) are defined as olfactory dysfunctions that occur following
viral infections. Viruses known to cause OD include rhinoviruses, influenza and parainfluenza vi-
ruses, respiratory syncytial viruses, adenoviruses, enteroviruses, and coronaviruses (Heikkinen &

Jarvinen, 2003).
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Viruses may impair olfactory function through three primary mechanisms: (1) physical obstruc-
tion, caused by local inflammation, swelling of nasal passage lining, or excessive nasal discharge
which prevents odor molecules from reaching and binding to olfactory receptors, (2) damage to
the olfactory epithelium, including injury to peripheral olfactory nerves and cells, (3) central nerv-
ous system involvement, in which viruses penetrate the central nervous system (CNS) and poten-
tially damage olfactory-related regions such as OB, piriform cortex, amygdala, and olfactory tu-

bercle (Rebholz et al., 2020).

Although a systematic review of 38 animal studies reported a reduction in the number of olfactory
receptor neurons in the olfactory epithelium and OB, identifying consistent infection sites and
specific affected cell types remains challenging. This variability arises from differences in animal

models, viral species, and strain variants used across studies (Lee et al., 2021).

Human studies have documented several consequences of PVOD, including increased olfactory
cleft volume and width (Altundag et al., 2021), significant gray matter reduction in the orbitofron-
tal cortex (Yao et al., 2018), hypometabolism in the piriform cortex, amygdala, and parahippo-
campal regions (Kim et al., 2012), reduced OB volumes (Rombaux, Martinage, et al., 2009), and
decreased numbers of olfactory receptor cells and nerve bundles in mucosal biopsies (Yamagishi

et al., 1994).

Epidemiological studies also highlight the prevalence of PVOD. In a study of 441 patients at the
Taste and Smell Clinic of the Connecticut Chemosensory Clinical Research Center (USA), 19% were
diagnosed with PVOD (Goodspeed et al., 1987). Among 375 patients with OD at an outpatient

clinic in Japan, 24.3% had post-viral origins (Suzuki et al., 2007).

1.3.3.3. Traumatic brain injury
Traumatic brain injury (TBI) refers to an injury caused by an external force to the head, with se-
verity ranging from a simple blow to the head to penetrating injuries, or in milder cases, concus-
sions (Georges & Das, 2025). Damage resulting from TBI may affect peripheral olfactory structures
or orbitofrontal regions, leading to olfactory dysfunction (OD) or reduced olfaction (Tai et al.,

2023).
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The scope of injury may include: (1) nasal damage, such as direct trauma, mucosal hematoma,
edema, scarring involving nasal passages, (2) tearing or trauma to olfactory nerve fibers, which
may occur with nasal or skull-based fractures or blunt head forces, (3) brain contusions, including
bruising of the OB or orbital frontal pole region (Costanzo & Miwa, 2006), as well as cerebral
softening due to bleeding or inflammation in subfrontal and temporal lobes (Yousem et al., 1999).
These types of injuries can result in various forms of OD, including anosmia, hyposmia, parosmia,

or phantosmia in patients with TBI (Tai et al., 2023).

The severity of TBI is commonly assessed using the Glasgow Coma Scale (GCS), with scores <9
indicating severe TBI, scores between 9-12 indicating moderate TBI, and scores between 13-15
classified as mild TBI (Marino et al., 2025). The likelihood of OD has been found to correlate
strongly with GCS scores, amnesia, and radiological abnormalities (Green et al., 2003). OD has
been reported in 13% of patients with mild TBI, 19% of those with moderate TBI, and 25% of those

with severe TBI (Howell et al., 2018).

1.3.3.4. Congenital anosmia
Congenital anosmia is defined either as hypoplastic (underdeveloped) or aplastic (absent) OB
(Abolmaali et al., 2002). The malformations underlying congenital anosmia may result from ge-
netic or environmental factors and often manifest as multiple defects in organ or bodily morpho-
genesis, although the precise mechanisms are typically unclear (Corsello & Giuffre, 2012). Re-
ported structural abnormalities include: (1) a bilaterally thicker layer of gray matter in the left
piriform cortex and medial orbitofrontal cortex (Frasnelli et al., 2013), (2) a deeper olfactory sul-
cus levels on the right side compared to the left (Abolmaali et al., 2002), (3) temporal and frontal

volume loss (Yousem et al., 1996).

These patients usually present with anosmia or severe hyposmia from birth; however, they are
typically diagnosed between the ages of 12 and 16 (Whitcroft et al., 2023). Congenital anosmia
appears to be relatively rare, with an estimated prevalence of 1 in 10,000 people (Saw et al.,

2022).

28



1.3.3.5. Neurodegenerative disorders
Neurodegenerative disorders are defined as the progressive loss of neurons, including deteriora-
tion of their physicochemical properties and functions in the brain or peripheral organs. Alz-
heimer’s disease, Parkinson’s disease, and multiple sclerosis are among the most common neu-

rodegenerative disorders (Gadhave et al., 2024).

Alzheimer’s Disease, the most common form of dementia, is characterized by progressive impair-
ment in memory and other cognitive functions such as learning, motor control, and thinking
(Gadhave et al., 2024). The underlying pathomechanisms of Alzheimer’s Disease include the ac-
cumulation of amyloid-B plaques and tau proteins (microtubule-associated protein in neurons),
as well as neuronal inflammations and subsequent synaptic-dysfunction (Gouras et al., 2015). OI-
factory deterioration is considered an early biomarker for predicting Alzheimer’s disease (Wang
et al., 2010). As the disease progresses, olfactory function continues to decline, resulting in im-
paired odor identification scores (Wang et al., 2010). Explanations for the deterioration in olfac-
tory ability include: (1) reduced gray matter volume in the piriform cortex, amygdala, and ento-
rhinal cortex (Jobin et al., 2023), (2) smaller OB volumes and a trend toward reduced primary
olfactory cortex (Jobin et al., 2021), (3) reduced blood flow in the primary olfactory cortex and

insula (Wang et al., 2010).

Parkinson’s disease is a neurodegenerative movement disorder caused by dopaminergic neuronal
degeneration in the substantia nigra (Postuma et al., 2015). It is characterized by bradykinesia,
tremor, rigidity, or combinations of these symptoms (Postuma et al., 2015). The pathomechanism
involves the formation of Lewy bodies, which are abnormal intracellular aggregates composed
primarily of a-synuclein protein (Morris et al., 2024). Olfactory degradation is commonly observed
in Parkinson’s disease, with OD serving as an early biomarker and gradually worsening throughout
disease progression (Doty, 2012). Explanations for this decline include: (1) accumulation of Lewy
bodies (aggregated a-synuclein) in the OB and anterior olfactory nucleus (Beach et al., 2009), (2)
Lewy body pathology in the cells of the olfactory epithelium (Saito et al., 2016), (3) altered func-
tional activity in olfactory regions such as amygdala, orbitofrontal cortex, olfactory gyrus, insula,
and parahippocampal gyrus (Su et al., 2015), (4) environmental pathogens such as viruses and

toxins (Doty, 2008).

29



Because olfactory impairment in Alzheimer’s disease can serve as a predictor, OD is observed up
to 100% of Alzheimer’s disease cases (Duff et al., 2002) and in 90% of the Parkinson’s disease

patients (Doty, 2012).

1.3.3.6. Idiopathic olfactory dysfunction
OD can be classified as idiopathic when all other possible causes have been excluded through
testing, clinical examination, or attempted treatments, leaving the disorder without an identifia-
ble underlying reason or pathomechanism (Whitcroft et al., 2023). In some cases, idiopathic OD
may serve as a predictor for the later development of neurodegenerative diseases, such as Par-
kinson’s disease (Sommer et al., 2004). The relative frequency of idiopathic OD has been esti-

mated at 8% in the general population (Hummel et al., 2023).

1.3.3.7. Aging
Although aging itself is not a pathology, OD is commonly observed in older people (Gogele et al.,
2024). Several factors may contribute to this decline, including comorbidities that increase with
age such as those associated with neurodegenerative diseases, as well as atrophy of the olfactory
epithelium, reduced mucosal blood flow (Doty & Kamath, 2014), and decreased cortical activity
(Morgan & Murphy, 2010). Additionally, some medications frequently used by elder population,
including antihistamines, antihypertensives, cardiovascular agents, and anti-infectives can also

lead to olfactory complaints (Schiffman, 2018).

The prevalence of age-related OD varies considerably between self-reported assessments and
test-based investigations, possibly because older patients may be unaware of the gradual decline
in their olfactory abilities. Self- reported estimates of OD are at 1% (Hoffman et al., 1998),
whereas psychophysical test-based evaluations indicate a markedly higher prevalence of 24.8%
in older populations (Seubert et al., 2017). These discrepancies highlight the limited reliability of

self-evaluation for olfactory function.

1.3.4. Consequences of Olfactory Dysfunction

Patients with OD face numerous challenges. Olfaction is an important sensory modality for sur-

vival because unpleasant odors can signal potential danger (Koike et al.,, 2021). Therefore,
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olfaction is essential in detecting: (1) house fires, gas leaks, and toxic substances in the environ-
ment (Pence et al., 2014), (2) burnt food (Croy et al., 2012) or even (3) individuals who are sick
(Tognetti et al., 2023). Losing the sense of smell can make daily life burdensome, as patients must
compensate by relying on other senses or devices such as gas detectors (Croy et al., 2014). Con-
sequently, 37% of people with olfactory impairment report experiencing at least one hazardous
event related to their dysfunction, such as failing to detect fire, gas leaks, or spoiled food (Santos

et al., 2004).

Olfaction also plays a central role in feeding. Humans rely on odors to determine whether food is
suitable for ingestion based on prior experiences and the associated outcomes of consuming that
food product (Stevenson, 2010). When an ingested food does not match expected olfactory cues,
people may reject it, which can help protect against microbial contamination or food poisoning
(Stevenson, 2010). Odors can regulate appetite by serving as appetizers before consumption of
food (Zoon et al., 2016), promote reliable salivation (Rogers & Hill, 1989), and contribute to feel-
ings of satiety with prolonged exposures (Yeomans, 2006). In infants, olfactory cues guide breast-
feeding behavior, as newborns can recognize and orient towards their mother’s breast odor pro-

moting suckling and ingestion (Varendi & Porter, 2001).

Olfaction is also crucial for social communication. Humans perceive olfactory cues that convey
emotional information such as stress, anxiety and fear (de Groot & Smeets, 2017), happiness (de
Groot et al., 2015), and disgust (Zheng et al., 2018). Humans use olfactory cues to determine sex
(Schleidt et al., 1981), recognize faces (Damon et al., 2021), and identify family members or kin
(Lundstrom et al., 2009). Due to difficulties in perceiving social odor cues, people with OD often
worry about their personal hygiene and fear that they may smell unpleasant without being aware
of it (Croy et al., 2014). As a result, they may report fewer sexual relationships or feeling less
secure in romantic relationships (Croy et al., 2013).

People with OD frequently report that socializing becomes more difficult and that they avoid go-
ing to restaurants because they cannot enjoy food or beverages with friends or family (Aschen-
brenner et al., 2008). They describe reduced pleasure from eating, which can contribute to eating
disorders such as anorexia nervosa or bulimia nervosa (Dazzi et al., 2013), diminished appetite,

and unhealthy weight loss (Mattes & Cowart, 1994).
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OD can also negatively impact work life (Bramerson et al., 2007), particularly in environments
requiring social interaction or teamwork. Careers that rely heavily on olfactory abilities such as
chefs, perfumers, sommeliers, firefighters and nurses may be especially affected (Haxel et al.,

2012).

Considering these challenges collectively, people with olfactory impairment are at increased risk
of developing mental health problems such as anxiety (Chen et al., 2021) or depression (Kohli et
al., 2016). Olfaction plays an essential role in daily life, contributing to safety, social interaction,
work, eating, and drinking. Therefore, OD should be properly diagnosed and treated to support

patients in maintaining quality of life and functional well-being.

1.4. COVID-19

COVID-19 is an infectious disease caused by the SARS-CoV-2 virus (Adil et al., 2021). The onset
period of the disease ranges from three to seven days, with an average of five days (Hakki et al.,
2022). Common symptoms include fever, cough, fatigue, and headache as well as loss of the sense
of smell (Menni et al., 2020). In some cases, infection may be asymptomatic, which can mislead
people about their health status and contribute to increased transmission (Ravindra et al., 2022).
Diagnosis of COVID-19 is achieved through viral testing methods such as: (1) viral gene detection,

(2) human antibody detection, and (3) viral antigen detection (Yuce et al., 2021).

The virus primarily spreads between humans through interactions involving breathing, coughing,
or sneezing, both at close and long ranges, particularly indoors (Wang et al., 2021). Various pre-
ventive measures are recommended to limit transmission, including social distancing, travel and
public gathering restrictions, lockdowns, maintaining hygiene, and wearing masks (Girum et al.,

2021).

Angiotensin-converting enzyme 2 (ACE2) serves as the host receptor for SARS-CoV-2 (Hoffmann
et al., 2020). ACE2 is expressed primarily in lungs, enterocytes (intestinal absorptive cells), renal
tubules in the kidneys, gallbladder, cardiomyocytes (cardiac muscle cells), male reproductive
cells, placental cells, ductal cells in the eyes, and blood vessels (Hikmet et al., 2020). Importantly,

ACE?2 is also expressed by sustentacular cells in the olfactory epithelium, making the sense of
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smell vulnerable to infection, although OSNs themselves are not targeted (Bryche et al., 2020).
Additionally, the protease transmembrane serine protease 2 (TMPRSS2) facilitates viral entry into
host cells (Fuentes-Prior, 2021). TMPRSS2 is an androgen-regulated enzyme encoded by the
TMPRSS2 gene (Koyou et al., 2025).

Transmission primarily occurs through contact of respiratory droplets or aerosol with the nasal,
conjunctival (thin layer covering the sclera), or oral mucosa (Arienzo et al., 2023). Therefore, the
virus mainly affects the respiratory tract (nose, throat, sinuses) and may spread to the lungs, caus-
ing respiratory complications such as pneumonia and acute respiratory distress syndrome (Su et
al., 2021). Long-term consequences can include chronic lung injury, resulting in symptoms such
as dyspnea (shortness of breath), reduced diffusion capacity of carbon monoxide, and radiological
anomalies including ground-glass opacity (lighter looking tissue), reticular opacity (decreased soft

tissue), bronchial dilation, and air trapping (Cha et al., 2024).

Due to ACE2 expression sites in the gastrointestinal tract, patients may experience gastrointesti-
nal infection leading to irritable bowel syndrome, inflammation, and alterations in the intestinal
microbiomes (King, 2024). Significant cardiac complications have also been reported, including
myocardial infarction (heart attack), heart failure, Takotsubo cardiomyopathy (broken heart syn-
drome), myocarditis (inflammation of heart muscle), and arrhythmias (irregular heartbeat)
(Krishna et al., 2024). Kidney-related problems may occur as well, such as proteinuria (high levels
of protein in urine), hematuria (blood in urine), and renal injury involving tubular damage or col-

lapsing glomerulopathy, with viral particle traces detected in the kidneys (Kaye et al., 2021).

In severe cases, these complications may require hospitalization and can potentially lead to death
(Baptista et al., 2023). Hospital admissions increased during the pandemic for conditions involving
blood disorders, eye problems, circulatory and digestive system issues, and poisoning in neonatal
and pediatric intensive care units as well as emergency and hematology departments (Motiei et
al., 2025). Hospitalization risk is heightened by factors such as age (> 50), underlying medical con-
ditions (cardiovascular or lung diseases, diabetes, neurological disorders), asymptomatic infec-
tion, and residency in long-term care facilities such as nursing homes, adult daycares, and medical

foster homes (Taylor et al., 2024). The median hospital stay was 10 days, but the duration

33



increased more than 21 days in cases involving pneumonia, chronic liver disease, organ trans-
plants, bacterial sepsis, blood cancers, and blood clots (Lucijanic et al., 2023). Risk factors for fa-
tality due to COVID-19 include chronic obstructive pulmonary disease, kidney injury, diabetes,

hypertension, cardiovascular diseases, older age, smoking, and obesity (Dessie & Zewotir, 2021).

COVID-19 symptoms are managed using standard influenza-like treatments or, in severe cases,
additional support such as respiratory and circulatory assistance, plasma transfusion, and immu-
notherapy (Song et al., 2020). Antiviral medications developed specifically for COVID-19 became
available in 2021, reducing hospitalization risk and accelerating symptom resolution (lbrahim et

al., 2025).

Researchers began developing vaccines immediately, and effective vaccines became publicly
available starting in late 2020 (Prasad & Haslam, 2024). Vaccination has been shown to reduce
disease severity, decrease COVID-19 incidence, and lower the risk of hospitalization and death

(Brice et al., 2023).

1.4.1. COVID-19 and olfaction

One of the earliest signs of COVID-19 is olfactory loss or impairment (Gerkin et al., 2021, Kim et
al., 2020, Chang et al., 2024). Because of this, researchers conducted both animal and human
studies to determine the infection sites responsible for olfactory dysfunction. These investiga-
tions identified SARS-CoV-2 infections in the OB and olfactory epithelium of golden hamsters
(Frere et al., 2022), and in the olfactory cortex and orbitofrontal cortex of rhesus monkeys (Beck-
man et al., 2022). In humans, post-mortem examinations revealed infection of sustentacular cells

in the olfactory mucosa (Khan et al., 2021).

When the virus first enters the body, infection occurs with the assistance of ACE2 and TMPRSS2,
leading to active viral replication, a strong inflammatory response, and subsequent cell death.
During the immune response phase, cell deaths trigger DAMP (damage-associated molecular pat-
tern) and PAMP (pathogen-associated molecular pattern) recognition, resulting in the release of
pro-inflammatory cytokines and chemokines and the recruitment of monocytes, macrophages,
and T-cells to eliminate the infected cells. However, if the disease progresses from mild to a se-
vere case, excessive infiltration of immune cells into the lungs can occur, causing dysregulated
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cytokine production and allowing viruses to spread to other organs, potentially triggering a pro-

coagulant response and organ failure (Bohn et al., 2020).

The infection may spread through the nasal cavity or bloodstream, triggering neuroinflammation
in several brain regions such as the hippocampus, insular lobe, or olfactory cortex (Castanares-
Zapatero et al., 2022). In persistent taste and smell disorders, neuroepithelial viral invasion and
subsequent inflammation have been suggested as mechanisms underlying long-term disturb-
ances (Gasmi et al., 2021). Persistent viral presence and ongoing inflammation within the olfac-
tory epithelium can make recovery from chemosensory dysfunction considerably more difficult
(Kandemirli et al., 2021). Persistent SARS-CoV-2 viral presence has also been reported within taste
buds (Doyle et al., 2021). Another proposed mechanism for long-term OD is virus-driven changes
in neural susceptibility (neurotropism), which may contribute to long-term dysfunction (Casta-

nares-Zapatero et al., 2022).

Chronic inflammation and sustained viral presence can lead to tissue injury, immune dysregula-
tion, and persistent activation of inflammatory pathways (Aid et al., 2025). Additionally, infection
of sustentacular cells may produce severe local inflammation that exposes OSNs to cytokines and
induces mRNA reorganization, leading to functional impairments (Zazhytska et al., 2022). In nor-
mal recovery, infected sustentacular cells are cleared, allowing epithelial regeneration through

olfactory basal stem cells, resulting in repair (Gadye et al., 2017).

The persistence and mechanisms of inflammation in OD remain the subject of ongoing research.
However, hypotheses such as antibody dysregulation have been proposed (Cabral-Marques et al.,
2022, Kim et al., 2024). Sustentacular cell infection and destruction of the olfactory epithelium
during the acute phase may progress into long-term OD due to OSN dysfunction, OB injury, and
alterations in the olfactory and associated cortex (Chang et al., 2024). Differences in recovery
rates among patients, with some experiencing rapid resolution and others developing long-term
OD, may be explained by both viral and host factors, including viral variants, genetic background,

ethnicity, and age (Chang et al., 2024).

The prevalence of COVID-19-related OD varies considerably across studies and populations,

largely due to methodological differences in assessment techniques. In a recent study that
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included both subjective complaints and psychophysical measurements of quantitative and qual-
itative dysfunctions, 89.5% of participants showed quantitative OD, with 50% experiencing paros-

mia and 43.3% experiencing phantosmia (van Dijk et al., 2025).

1.5. Therapies for olfactory dysfunction post COVID-19

Various therapeutic approaches have been investigated for their potential effectiveness in restor-
ing olfactory function, although OT has emerged as the most effective method for treating olfac-
tory loss resulting from viral infections (Alarfaj et al., 2023). In addition to OT, other suggested
therapies include platelet-rich plasma, pharmacological treatments such as corticosteroids, and
topical treatments including vitamin A, palmitoylethanolamide, luteolin, and sodium citrate

(Hummel et al., 2023).

1.5.1. Platelet-rich plasma

Platelet-rich plasma (PRP) has been introduced as a treatment option for prolonged OD in pa-
tients with COVID-19 (Yan et al., 2023). PRP is an autologous blood-derived biological product
containing supraphysiologic concentrations of growth factors obtained from the patients’ own
blood (Yan et al., 2023). Blood is drawn from the patient, and injected into nasal regions such as
the septum, or in cases of septal deviation, the closest accessible area to the olfactory cleft

(Lechien & Saussez, 2024).

PRP may be beneficial because it contains high levels of leukocytes, fibrin, and bioactive growth
factors that contribute to tissue repair. Platelets play a role in hemostasis and release growth
factors, while leukocytes (white blood cells) clear pathogens from tissues, and fibrin supports tis-
sue regeneration (Wang et al., 2022). This treatment has been associated with neuronal protec-
tion, prevention of neural apoptosis, promotion of vascular and axonal regeneration, regulation
of inflammatory processes, and reduction in muscle atrophy (Sanchez et al., 2017). PRP has also
been shown to support peripheral nerve regeneration through modulation of inflammatory re-

sponses (Wang et al., 2022).

In a comparative study with a control group, after one month of treatment, the PRP group demon-

strated more substantial improvements in TDI scores (particularly in threshold scores) than those
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in the control group (Steffens et al., 2022). After two months of PRP treatment, patients showed
significant improvement in TDI and subjective quality of life scores (QOD) compared to placebo
groups (Lechien et al., 2023). At 10 weeks (2.5 months), both PRP and control groups showed
significant improvement in TDI scores; however, only the PRP group demonstrated increased

QOD scores (Lechien et al., 2024).

In a study following patients with post-COVID-19 OD for one year after receiving either PRP or
placebo injections, the PRP group showed significantly greater improvement in objective and sub-
jective scores, indicating potential long-lasting therapeutic effects (Fieux et al., 2025). Systematic
reviews and meta-analyses have also confirmed that PRP therapy significantly improves both sub-

jective and objective olfactory outcomes in COVID-19 patients (Albazee et al., 2025).

1.5.2. Pharmacological interventions

Some therapeutic interventions for olfactory dysfunction include pharmacological treatments
such as corticosteroids, and topical agents (vitamin A, palmitoylethanolamide, luteolin, sodium
citrate), which are applied directly on affected surfaces (Hummel et al., 2023).

The use of corticosteroid nasal sprays has been recommended as earlier studies reported im-
provements in olfactory threshold, discrimination, and identification scores among hyposmic pa-
tients following nasal corticosteroid treatment (Abdelalim et al., 2021). Oral corticosteroids,
tested in combination with OT in a prospective cohort study, were also evaluated (Le Bon et al.,
2021). While nasal corticosteroids produced significant improvements, oral corticosteroids had
minimal effects, and neither demonstrated superiority over OT alone.

Oral supplements such as palmitoylethanolamide and luteolin (both possessing neuroprotective
and anti-inflammatory properties) have also been used to address COVID-19-related olfactory
impairment (Gellrich et al., 2024). Patients treated with the combination of palmitoylethanola-
mide and luteolin showed greater improvement in olfactory threshold, discrimination, and iden-
tification scores.

Vitamin A has been proposed as a supplement to support repair process in the olfactory epithe-

lium (Taheri et al., 2024), based on evidence demonstrating its role in promoting olfactory sensory
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neuron regeneration following PYOD (Hummel, Whitcroft, Rueter, et al., 2017), although its ef-
fectiveness appears limited.

Sodium citrate, tested in combination with melatonin and vitamins (including zinc), was evaluated
alongside OT in COVID-19 patients; however, it did not provide significant improvement beyond
that achieved with OT alone (Garcia et al., 2024). Intranasal sodium citrate on its own has also
been tested in patients with post-viral OD and similarly failed to produce significant improvement

in Sniffin” Sticks scores (Whitcroft et al., 2021).

1.5.3. Olfactory Training
OT consists of participants sniffing four predetermined odors (lemon, rose, clove, and eucalyptus
in the original study) twice daily for 12 weeks (Hummel et al., 2009). Prior to the pandemic, OT
had already been shown to improve olfactory abilities in 30% of patients with post-upper respir-
atory tract infection (URTI)-related olfactory dysfunction (Hummel et al., 2009). As a non-invasive
and no-risk intervention, OT remained a primary recommended treatment for OD, (Kattar et al.,
2021, Denis et al., 2021) sometimes used in combination with other therapeutic approaches such

as intranasal corticosteroids (Asvapoositkul et al., 2023).

1.5.3.1. History of olfactory training
OT is based on the theory that repeated exposure to odors may promote the regeneration and
functional recovery of olfactory neurons (Youngentob & Kent, 1995). For example, younger adults
demonstrate better performance than children in odor threshold, odor identification, and object-
naming tasks in the Boston Naming Test. Researchers have hypothesized that this advantage may
be due to greater lifelong exposure to a wider range of odors (Cain et al., 1995). This conceptual
foundation of OT can be traced back to 1969, when researchers periodically presented odorous
Q-tips to infants and observed selective facilitation and enhanced responsiveness to those odors
after repeated exposure (Engen & Bosack, 1969). Modern OT protocols derive their choice of
odorants from Hans Henning’s “odor prism” theory from 1916, which categorizes odors into six
groups: flowery (rose in OT), foul, fruity (lemon in OT), aromatic (clove in OT), burnt, and resinous

(eucalyptus in OT) (Hummel et al., 2009, Koyama & Heinbockel, 2022).

38



1.5.3.2. Mechanisms behind OT
The exact underlying mechanism by which OT improves olfactory function remains unclear. One
proposed explanation is that OT promotes neurogenesis within the olfactory epithelium (OE),
which contains stem cells capable of generating new OSNs (Schwob & Costanzo, 2010), thereby
increasing the number of neurons in the olfactory mucosa (Doty, 2019; Pieniak et al., 2022). OT
may also upregulate gene expressions related to synaptic plasticity and neuronal survival in the
OB (Tepe et al., 2018). OT might serve as an olfactory marker protein (OMP) promoter, potentially
triggering oncogene expression that initiates neuronal turnover by accelerating cell death and

replacement (Schwob & Costanzo, 2010).

Another hypothesis involves the trophic dependency of OSNs on the OB. If the OB becomes in-
fected or damaged, rapid OSN cell death may occur; however, repeated stimulation through OT
may encourage neurogenesis, modulated by sensory activity and odorant saliency (Schwob &
Costanzo, 2010). Repeated odor exposure may stimulate neurogenesis in the OE and promote
axonal growth, enabling connection with mitral cells via synapses, ultimately increasing OB vol-
ume. Such neurogenesis may occur through heightened activation of olfactory receptors and in-
creased secretion in neurotrophic factors, which promote proliferation and activation of neural
precursor cells, ultimately supporting regeneration (Hu, Zhang, et al., 2022). This plastic response
may mirror early human developmental mechanism, in which exposure to olfactory stimuli facil-

itates encoding new information and formation of new synaptic connections (Arisi et al., 2012).

Evidence from animal studies supports these hypotheses. In mice, OT accelerates the expression
of olfactory receptors (B. Y. Kim et al., 2020). OT may also stimulate stem cells and glial cells in
OE, promoting neurogenesis and suggesting that odorant exposure acts as a regulator of recovery
(Kim et al., 2019). Additionally, repeated odor stimulation may prevent OSN apoptosis by activat-
ing MAPK (mitogen-activated protein kinase) and CREB (cAMP response element-binding protein)
transcriptional pathways, leading to the expression of anti-apoptotic protein such as Bcl-2 (Watt

et al., 2004).

Synaptogenesis is another proposed mechanism. Increased sensory activity during OT may mod-

ulate and strengthen synaptic connections between OSNs and mitral cells, resulting in increased
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OB volume (Eavri & Nedivi, 2013, Zatorre et al., 2012). Progenitor cells in subependymal zone (SZ)
can also generate chains of neuroblasts that migrate toward the lateral cerebral ventricle (Kor-
nack & Rakic, 2001). Although the existence of this pathway in humans is debated (Johansson et
al., 1999, Sanai et al., 2004), neural stem cells in the SZ of rodents can produce neuroblasts that
migrate to the OB and differentiate into olfactory interneurons both in rats and monkeys (Kornack

& Rakic, 2001, Lois et al., 1996, Ming & Song, 2011).

Finally, the intrinsic plasticity of the OB may contribute to the effects of OT. Neural stem cells
residing in the OB may be stimulated through repeated exposure, leading to increases in OB cell

number and volume (Pagano et al., 2000).

1.5.3.3. Forms of olfactory training
The COT protocol consists of four odorants (rose, lemon, eucalyptus, and clove). These odorants
are self-administered by patients or participants twice daily for 12 weeks. In the first study intro-
ducing this method, 30% of patients demonstrated improvement following COT (Hummel et al.,
2009). In a meta-analysis including 16 articles in the qualitative synthesis and 4 in the meta-anal-
ysis, researchers found that patients with PVOD had a greater likelihood of recovering olfactory

function compared to controls after completing an OT program (Kattar et al., 2021).

Since the introduction of COT, numerous attempts have been made to modify the training para-
digm to improve patient outcomes. Some of these modifications have focused on altering the

duration of the training program or on changing the types of odor stimuli used in the protocol.

1.5.3.4. Olfactory training with modified training time
One form of modification to OT involves altering the duration of the training period or the number
of daily training sessions. Researchers have proposed that extending the duration of OT may
strengthen its effects. For example, increasing the training period from 12 weeks to 36 weeks
resulted in enhanced outcomes (Altundag et al., 2015). Similarly, prolonged training over 32
weeks (Geissler et al., 2014) and combining OT with 35 weeks of flavor education (Besser et al.,

2020) have been associated with improved recovery.
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Other modifications have not increased the likelihood of recovery but were found to be equally
effective as the standard OT protocol. These include extending the training to 18 weeks (Damm

et al., 2014) or increasing the number of daily sessions from two to four (Oleszkiewicz et al., 2022).

1.5.3.5. Olfactory training with modified stimuli
Another form of modification to the OT involves altering the stimuli used in the protocol. This can
include changing the concentrations of odorants, introducing new types of stimuli, increasing the

number of odorants, or using novel methods for stimulus administration.

Some of these modifications have been shown to enhance the effectiveness of OT. For instance,
combining OT with steroids such as budesonide (Nguyen & Patel, 2018) or topical corticosteroids
(Fleiner et al., 2012) has been associated with improved outcomes. Increasing the number of
odorants to 10 (restricted to plant-based oils) over a 30-day training period also produced bene-
ficial effects (Donelli et al., 2023). Culturally adapted OT using locally familiar odorants has been
successful in improving recovery rates (Choi et al., 2021). Additional methods to improve adher-
ence include using an OT ball with four odorants inserted on its sides (Saatci et al., 2020) and
holding weekly video calls to encourage consistent participation (Delgado-Lima et al., 2024).
Other innovative approaches include using seven different odorants delivered nightly via an odor
diffuser for two hours over six months (Woo et al., 2023), as well as distributing randomized sin-

gle-molecule and complex odorants among test groups (Li et al., 2023).

Several other modifications, while not increasing effectiveness beyond that of standard OT, were
still found to be equally effective. Examples include increasing the number of odorants to eight
(Genetzaki et al., 2024), using complex odor mixtures instead of simple odorants or changing
odorants every two months across training duration of 4 to 12 months (Oleszkiewicz et al., 2018),
using seven odorants instead of four (Power Guerra et al., 2024), administering an uncontrolled
randomized set of four odorants (Patel et al., 2017), and presenting 64 odorants immersively in a
large theater using a huge olfactometer that disperses odorized air to participants (Chao et al.,

2024).
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1.6. Neuronal Plasticity

Understanding neuronal plasticity within the olfactory system is essential for explaining the
mechanisms underlying OT. Neuronal plasticity refers to the brain’s ability to modify itself func-
tionally or structurally (von Bernhardi et al., 2017). Historically, neuroplasticity was believed to
be unlikely in adults, and the idea of an adult brain reorganizing itself was dismissed until the
1990s (Owiji & Shoja, 2020). Today, researchers recognize that the human brain undergoes con-
tinuous, lifelong development through processes such as memory formation, skill acquisition, re-
covery from injury, adaptation, and learning (Marzola et al., 2023). Nevertheless, plasticity mani-
fests differently across the lifespan: (1) during development (prenatal period and childhood), plas-
ticity is highly facilitated as the brain undergoes rapid growth and forms new neuronal connec-
tions (Knudsen, 2004), (2) in adulthood, plasticity depends on factors such as age, personal expe-
rience, and environmental influences, as the mature brain is more tightly regulated than the de-

veloping brain (Marzola et al., 2023).

Neuroplasticity can be categorized into two major types: (1) structural plasticity, involving physi-
cal changes in neurons or neural networks, such as altered gray matter volume, changes in neu-
ronal number, neuronal migration, modifications in somato-dendritic and axonal morphology,
and changes in synaptic strength or connectivity (Anderson, 2011, Innocenti, 2022). Neuroplastic
changes also occur at the cellular level through nerve repair, myelination, and regeneration car-
ried out by Schwann cells, oligodendrocytes, and neural stem cells (Tataranu & Rizea, 2025). (2)
Functional plasticity, involving changes in the efficiency, strength, or synchrony of neuronal net-

works, including formation of new functional connections (Innocenti, 2022, Marzola et al., 2023).

Sensory plasticity is a form of neuroplasticity that includes: (1) associative learning, in which new
or altered sensory abilities emerge rapidly in response to specific stimuli, and (2) perceptual learn-
ing, in which long-term training produces more gradual (smaller) improvements (McGann, 2015).
Plasticity has been studied across multiple sensory systems, including visual (Bang et al., 2023),
gustatory (Hill, 2004), and olfactory (Wilson et al., 2004) systems. This thesis focuses specifically

on plasticity within the olfactory system.
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Plastic modifications can also be categorized by duration: (1) short-term plasticity, which disap-
pears rapidly (within minutes), and (2) long term-plasticity, (often referred to as long-term poten-
tiation), which can persist for years and is considered a fundamental mechanism of learning and

memory (Deperrois & Graupner, 2020).

Plastic changes may be positive (restorative), neutral, or negative, with the latter contributing to
pathological outcomes (Puderbaugh & Emmady, 2025). During human development, synaptic re-
organization (or pruning) is a normal and essential component of a healthy, adaptive brain (Mar-
zola et al., 2023). However, imbalanced pruning has been associated with neurological conditions
such as autism and schizophrenia (Monday et al., 2018). Plasticity impairments can also arise from
injury (Mavroudis et al., 2024), trauma (Yuan et al., 2025), neurodegenerative disorders such as
Alzheimer’s disease or mild cognitive impairment (Morais et al., 2025), or, as examined in this

thesis, COVID-19-related olfactory dysfunction (Vaira et al., 2020).

1.6.1. Olfactory plasticity
Olfactory plasticity refers to the olfactory system’s ability to reorganize itself, modify its structure
and function, and recover or restore the sense of smell after impairment (Wilson et al., 2004).
Such plasticity may arise from learning and experience, resulting in short or long-term changes,
or may occur through non-synaptic changes within the olfactory system (Wilson et al., 2004). A
unique feature of olfactory plasticity is that it persists throughout the lifespan, owing to the highly

regenerative nature of the olfactory system.

Olfactory sensory neurons undergo lifelong renewal within the olfactory epithelium, and synap-
togenesis continues to occur between OSN axons and mitral cells in the glomeruli (Huart et al.,
2013). The olfactory epithelium contains neuronal stem cells, progenitor cells, and both mature

and immature neurons (Durante et al., 2020), providing a cellular basis for ongoing regeneration.

Olfactory plasticity can also be observed at the electrophysiological level: increases in electro-
olfactograms (EOG) amplitudes have been recorded at the olfactory epithelium following olfac-
tory stimulation or training (Hummel et al., 2018). Plasticity-related changes have been detected
at the level of neuronal connectivity, with increased connectivity between the orbitofrontal cor-
tex and cingulate cortex (Hosseini et al., 2020). Further enhancements in connectivity have been

43



found within the broader olfactory network, including the piriform cortex, entorhinal cortex,

amygdala, and thalamus following OT (Kollndorfer et al., 2015)

Structural changes can also occur: increases in OB volume have been observed after recovery
from olfactory dysfunction (Gudziol et al., 2009), highlighting the capacity of central olfactory

structures to undergo measurable plastic reorganization.

1.6.1.1. Olfactory Training-related changes (Plasticity)

Olfactory-related plasticity changes occur in both the peripheral and central nervous systems.

1.6.1.1.1. Behavioral changes
Increased sensitivity to olfactory stimuli can be observed in humans after repeated exposure to
odors (Gillmeister et al., 2025) as it is the case in OT. This training can lead to improvements in
general olfactory function across various tasks, including odor intensity classification, odor quality
classification, and especially odor identification, even in healthy participants (Al Ain et al., 2019).
Comparable effects are seen following specific forms of training, such as culinary training, which

leads to enhanced discrimination and threshold scores (Niklassen et al., 2025).

Repeated exposure to odorants can also influence affective and cognitive aspects of olfactory
perception. Such effects include affective habituation (a progressive decrease in emotional inten-
sity of odors) (Ferdenzi et al., 2014), increased familiarity and hedonic value (Luisier et al., 2019),
improved discrimination ability (Jehl et al., 1995), and enhanced performance in similarity-judge-
ment tasks (Jehl et al., 1994). However, the interstimulus interval plays a critical role in these
outcomes. Short latencies between odor presentation can lead to habituation effect and reduced
amplitudes of chemosensory event-related potentials for both olfactory and trigeminal stimuli

(Kassab et al., 2009).

Importantly, the after-effects of exposure, including perceived intensity and salience, remain sta-
ble for significantly longer periods for food-related odorants in humans (Fontana et al., 2023).
This observation is particularly relevant for our experiment, as we used food odorants. These

odorants are less likely to introduce habituation or lose salience throughout the study.
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1.6.1.1.2. Changes related to OB
Researchers can investigate olfactory system plasticity by measuring OB volumes, which are
closely associated with olfactory function (Huart et al., 2013). OB volumes are significantly smaller

in patients with OD (Buschhuter et al., 2008).

Following OT, OB volumes (notably the thickness and length of the bulb) show significant in-
creases compared with pre-training measurements (Negoias et al., 2017). Additionally, EOG sig-

nals recorded from the olfactory epithelium are elevated after OT (Hummel et al., 2018).

These findings indicate that structural and functional improvements within the olfactory system
occur following OT. Importantly, such effects have been observed not only in patients with olfac-
tory loss but also in healthy participants, demonstrating the capacity of the olfactory system for

plasticity.

1.6.1.1.3. Cellular level changes
Plasticity can be observed at the cellular level when mitral-tufted cells and olfactory-receptor
fields become more finely tuned to odorants with repeated exposure. After initial exposure, ol-
factory receptor fields show temporary suppression, but they subsequently recover and shift to-
wards the exposed odorant with even greater response compared to pre-exposure levels
(Fletcher & Wilson, 2003). Experience-dependent changes are also visible in the output of mitral
cells, reflected in altered excitation and inhibition of synapses within the OB (Wilson et al., 2004).
These changes can occur both spatially, through the recruitment of additional glomeruli units,
and temporally, through reduced response latencies or increased response amplitudes (Spors &

Grinvald, 2002).

1.6.1.1.4. Cortical and subcortical changes
Olfactory plasticity can be observed in various cortical regions following OT. Structural changes
such as increased gray matter volume have been reported in the hippocampus or thalamus
(Gellrich et al., 2018), as well as in the cerebellum and orbitofrontal cortex (Han et al., 2021).
Although the thalamus is not a relay station for olfactory signals, the mediodorsal nucleus of the
thalamus receives input from the piriform cortex (Courtiol & Wilson, 2014), while the hippocam-
pus is involved in olfactory memory processes (Li et al., 2025). Increased cortical thickness has
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also been observed in the right inferior frontal gyrus, bilateral fusiform gyrus, and right entorhinal

cortex following OT (Al Ain et al., 2019).

Neural changes associated with repeated odor exposure can be detected through neuroimaging
techniques such as EEG, which reveals event-related potential changes involving primary and sec-
ondary olfactory cortices as early as 200 ms after stimulation (Kim et al., 2020). Increased activa-
tion has been observed across multiple networks, including: (1) olfactory regions such as anterior
entorhinal cortex, inferior prefrontal cortex, primary somatosensory cortex, (2) integrative re-
gions such as insula, orbitofrontal cortex, inferior parietal lobule, middle and superior temporal
gyrus, and (3) somatosensory regions such as insula, primary and secondary somatosensory cor-
tex (Kollndorfer et al., 2015). Additionally, OT can lead to increased activations in the medial or-
bitofrontal cortex and anterior cingulate cortex, as well as enhanced functional connectivity be-

tween the piriform cortex and caudate nucleus (Rezaeyan et al., 2025).

1.7. Multisensory Perception

Multisensory perception occurs when information from more than one sensory channel is inte-
grated into a single percept (Driver & Spence, 2000). For instance, the perception of lemon arises
from the combination of its smell, taste, flavor, color, texture, and shape. Multisensory percep-
tion is a powerful everyday process that reduces the cognitive effort required to process each
sensory modality separately, enabling faster construction of percepts and more efficient identifi-
cation of objects and situations (Lovelace et al., 2003). It facilitates faster responses to environ-
mental stimuli (Laurienti et al., 2004), enhances performance when multisensory cues align
closely with the task (Shi & Muller, 2013), and increases perceptual sensitivity (Schifferstein &
Verlegh, 1996). In cross-modal integrations, one sensory modality can influence or modulate the
perception of another such as odor and taste stimuli modifying each other’s perceptual qualities

(Prescott, 2012).

For many years, sensory cortices were studied as independent processing units; however, this
view has shifted in recent decades. It is now widely accepted that sensory cortices interact and
that they can respond to stimuli from different sensory modalities (Driver & Spence, 2000). Cor-

tical areas also interact with subcortical regions through complex neural circuits that contribute

46



to multisensory integration (Choi et al., 2023). Several polymodal brain regions support this inte-
gration, although the specific convergence areas vary depending on the type of sensory infor-

mation involved; for example, spatial versus speech-related processing (Choi et al., 2023).

Although multisensory integration in olfaction has been studied far less extensively, several in-
vestigations provide evidence for cross-modal processing involving smell (Ripp et al., 2018). For
example, the anterior cingulate cortex and orbitofrontal cortex respond to pleasantness ratings
of odors when they are semantically modulated, such as presenting isovaleric acid with a
“cheese” versus “body odor” label (de Araujo et al., 2005). While affective value (pleasantness)
and multisensory representations are processed in the anterior cingulate and orbitofrontal cor-
tex, respectively, intensity coding and odor memory processing engage the inferior frontal gyrus

(Rolls et al., 2008, Rolls, 2008).

In olfactory-trigeminal integration, multisensory processing involves regions such as the left STS,
right IPS, and both left medial and lateral orbitofrontal cortices (Boyle et al., 2007). Posterior STS,
orbitofrontal cortex, and the amygdala exhibit strong activation when integrating emotional ol-
factory and visual stimuli (Novak et al., 2015). Chemosensory anxiety cues increase activation in
the insula and middle occipital gyrus, and they also heighten fearful evaluation of faces; for ex-
ample, when presenting sweat collected during an oral examination compared to sweat collected
after exercise alongside fearful facial expressions (Wudarczyk et al., 2016). The anterior insular

cortex responds to attention in both taste and olfaction (Veldhuizen & Small, 2011).

Gustatory and olfactory stimuli delivered retronasally converge in the far anterior insular cortex
(de Araujo et al., 2003). The orbitofrontal cortex correlates with pleasantness ratings of both taste
and smell of food (Rolls, 2008), and neural representation of taste have also been identified in
the pregenual cingulate cortex which receives signals from the orbitofrontal cortex (Rolls, 2008).
Furthermore, the insula, orbitofrontal cortex, and anterior cingulate cortex respond significantly
to congruent taste-odor mixtures but not to incongruent ones (Small et al., 2004). Similarly, the
frontal operculum is activated during flavor perception but not during isolated presentation of

taste or odor stimuli (Seubert et al., 2015).
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1.7.1. Congruency in multisensory perception
Congruency refers to the harmony or comparability between two sensory inputs, based on the
assumption that the stimuli naturally belong together (Chen & Spence, 2017). Past experiences
and prior knowledge about objects, people, and events determine whether people perceive sen-
sory combinations as congruent or incongruent (Greve et al., 2019). Humans therefore rely on
memory to retrieve these experiences to judge what is acceptable (congruent) or unacceptable
(incongruent) (Greve et al., 2019). The effects of semantic congruency can be observed in the
brain. For example, when people are presented with word-color combinations based on whether
the pairs exist in nature, activations occur in the left prefrontal cortex and occipito-temporal cor-
tex (Maril et al., 2011). Congruency effects also emerge in social and marketing contexts. For in-
stance, gender-congruent advertisements (e.g., women presenting female-associated products)
elicit greater activation in the posterior cingulate cortex, a region associated with value coding
(Casado-Aranda et al., 2018). Collectively, these examples demonstrate that congruency percep-
tion is largely a learned ability: sensory congruence is acquired through experience, stored in

memory, and retrieved when evaluating sensory combinations.

1.7.2. Multisensory olfactory training

Multisensory training is generally more effective for learning and inducing plasticity than unisen-
sory training, in which only a single sensory modality such as visual-only or auditory-only stimu-
lation is used (Seitz et al., 2006, Lehmann & Murray, 2005). For example, in a study involving
people with anosmia, multisensory (audio-visual) stimulation provided greater benefits than
unisensory stimulation, including enhanced performance in multisensory integration tasks (Peter

et al.,, 2019).

Building on this principle, multisensory elements have been integrated into COT, leading to in-
creased effectiveness; for instance, presenting visual stimuli (digital images) alongside odorants
improved outcomes compared with COT (Khan et al., 2023). Similarly, visually assisting partici-
pants using a web application that displayed images and names of odorants enhanced the training
effectiveness (Denis et al., 2021). Significant improvements in odor threshold and discrimination

were observed when participants watched an instructional video while smelling the
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corresponding odorants, suggesting that simultaneous auditory, visual, and olfactory stimulation

can amplify the effects of OT (Li et al., 2023).

1.7.3. Gustation

Gustation (the sense of taste) comprises of five basic tastes: sweet, salty, sour, bitter, and umami
(Lindemann, 1996). When a substance enters the mouth, it interacts with the gustatory papillae
located on the tongue (Azzali et al., 1996). These lingual papillae are small structures composed
of epithelial, neural, connective, and vascular tissues, and they contain taste buds (Gravina et al.,
2013). Each taste bud consists of 50 to 100 taste receptor cells that extend toward the surface of

the tongue, allowing them to detect gustatory molecules in the oral cavity (Kinnamon, 2012).

There are four types of lingual papillae: circumvallate, fungiform, and foliate papillae, which are
involved in taste signal transduction, and filiform papillae, which do not participate in taste per-
ception but contributes to touch, pain, and temperature sensation (Gravina et al., 2013). When
gustatory stimuli bind to gustatory receptor cells, sensory information is transmitted via cranial
nerves VIl (facial), IX (glossopharyngeal), and X (vagus) (de Araujo & Simon, 2009). Cranial nerve
VIl participates in facial expressions and taste perception, cranial nerve IX contributes to taste
and throat sensation, cranial nerve X extends to the digestive system and it is responsible from

taste sensation from epiglottis and pharynx (de Araujo & Simon, 2009).

These cranial nerves convey gustatory signals to the nucleus of the solitary tract in the medulla
(de Araujo & Simon, 2009). From there, the information is relayed to the thalamus and subse-
guently to the gustatory cortex. Gustatory input further converges with olfactory input in the far

anterior insular cortex for perception of flavor and pleasantness (de Araujo et al., 2003).

Gustatory perception serves multiple functions, including helping people avoid toxic substances
(Barlow, 2022), select and consume nutritious foods shaping feeding patterns and flavor prefer-
ences (Barlow & Klein, 2015). Importantly, gustation interacts with olfaction to construct the mul-

tisensory percept of flavor (Small & Prescott, 2005).
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1.7.4. Vision

Vision is the sense of sight and a primary tool for navigating the external world. Visual perception
begins when light waves reach the cornea. The cornea directs the incoming light toward the back
of the eye, focusing it on the fovea centralis, the focal point located at the center of retina
(Sanchez Lopez de Nava et al., 2025). The retina contains millions of photoreceptors that are
called cones and rods. Cones encode color information, whereas rods are more tuned to low light

levels (Sanchez Lopez de Nava et al., 2025).

Signals generated in the retina are transmitted through cranial nerve Il (the optic nerve), however,
the retinal image is inverted in the “upside-down” form and is corrected by subsequent neural
processing in the brain (Baden & Nilsson, 2022). The optic nerve travels to the optic chiasm, lo-
cated inferior to hypothalamus at the base of the brain (Ireland & Carter, 2025). Beyond this point,
the optic tract, an extension of the optic nerve, relays visual information to the lateral geniculate
nucleus in the thalamus (Mehra & Moshirfar, 2025). From the LGN, visual input is projected to
the primary visual cortex (V1 or striate cortex), located in the occipital lobe (Mehra & Moshirfar,

2025).

From V1, visual information diverges into cortical pathways depending on the cognitive processes
involved. The ventral stream supports object recognition, memory-guided actions, and conscious
visual perception, whereas the dorsal stream supports spatial processing, attention, and real-time

action guidance (Milner, 2017).

Vision plays an important role in short- and long-term visual memory (Schurgin, 2018), mental
imagery (Baddeley & Andrade, 2000), mnemonic performance (Keogh & Pearson, 2011), naviga-
tion in the external environment (Ekstrom, 2015), maintenance of balance (Villicana et al., 2025),

and learning (Bobek & Tversky, 2016).

1.7.5. Olfaction — gustation interaction

Olfaction and gustation have a unique interaction because they jointly construct the percept of
flavor (Small & Prescott, 2005). Although “taste” and “flavor” are often used interchangeably in

everyday language, i.e., describing odors with taste qualities (Rozin, 1982), gustation alone does
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not account for flavor perception. This confusion arises from the olfactory location illusion, in
which odor-derived sensations are misattributed as originating in the mouth rather than nose
(Prescott, 2012, Rozin, 1982). For this reason, our study used retronasal stimuli (droplets deliv-
ered to the back of throat containing both olfactory and gustatory properties) to minimize this

perceptual illusion and avoid confusing participants.

Beyond flavor perception, olfaction and gustation interact in additional ways. Congruent odor-
taste combinations can alter detection thresholds; for instance, co-stimulation with benzalde-
hyde (cherry/almond odor) and monosodium glutamate (salty) produces higher thresholds com-
pared to benzaldehyde paired with saccharin (sweet) condition (Dalton et al., 2000). Congruent
olfactory-gustatory combinations can also enhance flavor intensity, particularly in patients with
chemosensory impairments and such sensory amplification has been proposed as a potential

therapeutic tool for treating related sensory deficits (Schiffman & Graham, 2000).

Odors can also influence taste perception directly. For example, congruent strawberry-sucrose
co-stimulation facilitates taste detection compared with incongruent ham-sucrose pairing
(Djordjevic et al., 2004a). This facilitation can occur even when the odor is only imagined rather
than physically presented (Djordjevic et al., 2004a). Congruent odor-taste pairings can also en-
hance taste identification (White & Prescott, 2007), increase perceived sweetness when straw-
berry odor accompanies sucrose, decrease perceived sourness when strawberry odor accompa-
nies citric acid (Stevenson et al., 1999), and reduce perceived saltiness when paired with soy sauce

(Djordjevic et al., 2004b).

Neurobiological evidence further supports the strong interaction between gustation and olfac-
tion. In rats, functional olfactory receptor cells have been detected in taste papillae, suggesting
that gustatory taste cells may serve as an early integration site for odor-taste information (Malik
et al., 2019). In macaque monkeys, multimodal neurons in the orbitofrontal cortex respond to
congruent odor-taste combinations (Rolls & Baylis, 1994, Prescott, 2004), while gustatory cortex

neurons can respond to retronasal odors (Blankenship et al., 2019).

Human neuroimaging studies also reveal substantial overlap in brain regions of taste and smell.

Shared activation is observed in the secondary olfactory cortex (orbitofrontal cortex) (Small et al.,
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1997), insula (Cerf-Ducastel & Murphy, 2001), and anterior cingulate cortex (Small et al., 2003).
In rats, extracellular recordings show that intraoral stimuli can evoke overlapping olfactory, gus-
tatory, and oral-somatosensory responses in both olfactory and gustatory cortices, with conver-
gence occurring in both modality and temporal response patterns (Maier, 2017). This integrative
relationship is further demonstrated through lesion studies, where damage to the gustatory cor-
tex impairs odor perception and identification, indicating the interconnectedness of gustatory

and piriform cortices (Maier et al., 2015).

1.7.6. Olfaction — vision interaction
Olfactory and visual senses can influence one another across various perceptual conditions and
tasks. In congruent visual-olfactory stimulations, visual cues can facilitate olfactory perception
(Gottfried & Dolan, 2003), modify perceived odors intensity (Zellner & Kautz, 1990) and pleasant-
ness (Osterbauer et al., 2005), increase accuracy in odor identification (Zellner et al., 1991), and

improve odor discrimination performance (Dematte et al., 2009).

Odors can also enhance performance in visual search tasks when the odor is congruent with the
visual target; participants locate the visual object more rapidly under these conditions (Seigneuric
et al., 2010). Odors may bias in participants’ visual judgements, such as increasing the selection
of grey or brown colors when certain odors are present (Ward et al., 2023). Moreover, olfactory
cues can modulate visual perception even without prior associative learning; for example, lemon
odor has been shown to bias participants toward perceiving slower dot movement, whereas va-

nilla odor leads to the perception of faster movement (Tsushima et al., 2021).

Neuroimaging findings support these interactions. Functional MRI studies demonstrate cross-
modal congruency effects in regions such as the right precuneus for memory related visual im-
agery (Ripp et al., 2018). Increased activity in the orbitofrontal cortex and insular cortex is associ-
ated with higher congruency perception between odors and visual stimuli (Osterbauer et al.,
2005). Additional regions involved include the hippocampus (Gottfried & Dolan, 2003), right
amygdala, and piriform cortex (Schicker et al., 2025). Modulations of response patterns have also
been observed in the primary visual cortex (V1) during congruent and incongruent olfactory-vis-

ual stimulation (Tsushima et al., 2021). In this experiment, participants reported the speed of
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moving dots; they perceived slower motions with a lemon smell and faster motions with a vanilla
smell without prior training. This behavior indicates an innate but not acquired behavior. In the
fMRI scanning, participants’ brain activities in the medial temporal area were significantly higher

for vanilla compared to lemon smells.

1.7.7. Olfaction — gustation — vision interaction

The three-way interaction between olfaction, gustation, and vision has been rarely described in
literature. In one example, an augmented reality experiment presented participants with three
conditions: (1) visual stimuli alone, (2) olfactory stimuli alone, and (3) combined olfactory-visual
stimuli. Participants were also given a flavorless coffee creamer and asked to evaluate the overall
flavor (rated as correct or incorrect). The multisensory visual-olfactory condition had the strong-
est influence on participants’ beliefs about the coffee flavor, with olfaction contributing more
prominently than vision. Accuracy in perceiving the coffee flavor increased in multisensory con-
ditions compared with either unimodal condition, whereas participants were more likely to misi-

dentify the flavor when stimuli were presented unimodally (Halabi & Saleh, 2021).

At the neural level, multimodal neurons responding to gustatory, olfactory, and visual stimuli or
to discrimination tasks involving these stimuli have been identified in the orbitofrontal cortex of
macaque monkeys through microelectrode single-neuronal recordings (Rolls & Baylis, 1994). Sim-
ilar integrative processes have been observed in rats trained in flavor discrimination, taste detec-
tion, and odor detection tasks before the removal of certain brain regions. Rats were divided into
three groups: (1) experimental group, removal of the left OB and right orbitofrontal and insular
cortices, (2) unilateral group, the same removals but limited to the right hemisphere, and (3)
sham-control group, anesthetized and incised but without tissue removal. While no significant
differences were found between groups for odor and taste detection, rats in the experimental
group required significantly longer times to complete the flavor task compared to both control
and unilateral groups (Schul et al., 1996). These results suggest that cooperative neural processing

between olfactory, gustatory, and visual modalities is essential for efficient flavor perception.

Additional evidence supports cross-modal convergences among these senses. The orbitofrontal

cortex receives associative and integrative input from visual stimuli (Chaumon et al., 2014), and
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the insular cortex has been shown to have reduced cortical thickness in patients with vision loss
(Chamard et al., 2022). Together, these findings align with the structures implicated in the study
by Schul, et.al., highlighting the potential anatomical convergence of olfactory, gustatory, and

visual pathways.

Given these synergistic interactions, dual and triple-modal combinations of olfaction, gustation,
and vision may produce stronger sensory integration effects than unisensory stimulation. There-
fore, to benefit from these fortifying multisensory interactions, we incorporated all three modal-
ities into our MOT protocol to investigate whether this approach could enhance the recovery

outcomes beyond those achieved through COT.

1.8. Methodological Considerations

In Article 1, our experimental design used the absence/presence and congruency/incongruency
of three sensory modalities across multiple conditions. In some conditions, gustatory and/or vis-
ual stimuli were semantically matched or mismatched with the olfactory stimuli. In the triplet
conditions, gustatory and visual stimuli were either both congruent, both incongruent, or one
congruent, and the other incongruent relative to the olfactory stimulus. This approach allowed
us to collect data from both dual and triple multisensory stimulations within a single experiment,
facilitating direct comparisons across conditions. The design also enabled us to evaluate olfactory,
gustatory, and visual perceptions separately, as well as in interaction. Importantly, the experi-
ment was optimized to remain concise to avoid participant fatigue associated with prolonged

testing sessions.

A noteworthy methodological characteristic of our research is the use of retronasal, rather than
orthonasal olfactory stimulation. Participants did not sniff the stimuli; droplets were placed at the
back of the throat. This method was intentionally chosen to simulate natural real-life experiences
of flavor perception, where olfactory and gustatory information are typically integrated during
consumption. Participants therefore evaluated the stimuli as they would during everyday eating
or drinking. This method also allowed us to deliver olfactory and gustatory stimuli simultaneously

without requiring specialized equipment such as gustometer. This same retronasal approach was
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implemented in Article 2, where patients in the MOT group applied droplets onto the tongue

rather than sniffing odors.

In Article 2, we not only compared MOT with COT, but we also included a placebo control group.
The inclusion of a well-defined control condition strengthens the validity of randomized clinical
trials and provides an essential baseline for evaluating treatment effects (Moser, 2020). Although
spontaneous recovery from COVID-19-related OD is expected in some cases (Dias et al., 2024),
the placebo group in our study did not show significant improvement in olfactory function com-

pared to the multisensory or classical OT groups.

1.9. Aims and Hypotheses

Our overarching aim was to support recovery from OD in the context of COVID-19 by implement-
ing a MOT paradigm. Based on the existing body of literature, we hypothesized that MOT using
congruent olfactory, gustatory, and visual stimuli would enhance recovery of olfactory abilities in
patients experiencing post-COVID-19 olfactory loss. We hypothesized that introducing gustatory
and visual co-stimulations into established OT protocol would better simulate the natural experi-
ence of smelling food-related odors and thereby improve training outcomes. For the gustatory
stimuli, we selected the four basic tastes. For the olfactory stimuli, we selected four edible odor-
ants: strawberry, cheese, lemon, and coffee to pair with congruent gustatory stimuli: sweet
(strawberry), salty (cheese), sour (lemon), and bitter (coffee). Corresponding visual stimuli (im-

ages) were chosen to match each odor-taste pair.

Thus, the overall objective of this thesis was to investigate the effects of gustatory and visual
congruency during olfactory co-stimulation and explore interactions among these three sensory
modalities to develop a MOT protocol. We then aimed to evaluate the effectiveness of this new

protocol in patients with long-term olfactory loss following COVID-19 infection.

Objective 1: To elucidate the effects of gustatory and visual co-stimulation on olfactory percep-
tion by measuring likeness rating, i.e., how well a label matches an odor, under congruent and

incongruent conditions (Chapter 2).
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Objective 2: To evaluate the effects of MOT in patients with long-term COVID-19-related OD, and
to compare the effectiveness of MOT with COT using both objective and subjective measures
(Chapter 3). Objective measure includes UPSIT test with olfactory identification scores, and sub-

jective measure includes SQOD-NS test with quality-of-life scores.
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Chapter 2 — Article 1 - Congruency of multisensory olfactory stimuli
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Abstract

We perceive our environment via different sensory channels in a multisensory fashion. During
multisensory integration, these channels can enhance or hinder each other depending on con-
gruency. Here, we aimed to investigate how the congruency of gustatory and visual costimulation
alter the perception of olfactory stimuli. We hypothesized that congruent costimulation enhances
the perception of likeness, i.e. how well stimuli match a label, compared with no and to incongru-
ent costimulation. We also aimed to quantify the effect of gustatory and visual costimulation. We
tested 48 healthy young participants. We used retronasal olfactory stimuli (strawberry, cheese,
lemon, and coffee) (i) alone or with congruent/incongruent costimulation ((ii) with congruent
gustatory (sweet, salty, sour, and bitter), (iii) with congruent visual (images of strawberry, cheese,
lemon, and coffee), (iv) with congruent visual and gustatory, (v) with congruent visual and incon-

gruent gustatory, (vi) with congruent gustatory and incongruent visual, (vii) with incongruent

57


https://doi.org/10.1093/chemse/bjaf034

visual and gustatory costimulations). Olfactory and gustatory stimuli were presented by means of
droplets on the tongue, i.e. olfactory stimuli were delivered retronasally, while visual stimuli were
presented on a computer screen. We asked participants to evaluate the solutions' likeness to the
respective olfactory label on visual analog scales. We observed a significant effect of congruency
on likeness (P < 0.001). Gustatory costimulation had a significantly stronger effect than visual
costimulation (P = 0.02). Congruent costimulation enhances the evaluation of likeness while in-
congruent costimulation reduces it, with gustatory costimulation having significantly stronger ef-
fects than visual costimulation. This could be useful in multisensory olfactory training paradigms

for olfactory loss.

Introduction

We perceive our surroundings as multisensory percepts, based on mental models, preconceived
knowledge about the com plex scenes, objects, events from the world (Klasen et al. 2012; Duncan
2025). Multisensory perception is the combination of sensory modalities into one percept (Driver
and Spence 2000). Congruent sensory input corresponds to previous experiences and semantic
knowledge (Gau and Noppeney 2016). For example, we expect strawberries to be red, straw
berry-shaped, sweet, etc., in line with our pre-existing knowledge of this fruit. However, if we are
presented with a blue colored or bitter tasting strawberry, the incongruent costimulation inter-
feres resulting in the perception of an object that corresponds less to stored features of the ob-
ject. Therefore, in congruent costimulation in other modalities leads olfactory stimuli to be per-
ceived as less familiar (Prescott 1999; Labbe et al. 2006), less intense (Zampini et al. 2008), and
to be detected only at higher concentrations (Dalton et al. 2000) and more slowly (Wongtrakun
et al. 2024) while congruent costimulation in other modalities leads olfactory stimuli to be per-
ceived as more intense, faster, and more accurately (Ernst and Bulthoff 2004; Laurienti et al. 2004;
Kim et al. 2008; Roberts et al. 2024). As a consequence, when white wine is colored red, even
experienced participants describe its sensory proper ties with labels that are normally attributed
to red wine (Morrot et al. 2001). In other words, incongruently colored drinks (e.g. green colored,
orange flavored drinks) are identified less accurately (Zampini et al. 2007). In turn, when com-
bined with congruent tastants (e.g. sweet saccharin), odorants (e.g. almond smelling benzalde-
hyde) are more intense and can be perceived even at levels below perception threshold of
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monomodal olfactory stimuli (Dalton et al. 2000). Consequently, sensory training with congruent
olfactory-visual stimuli leads to lower detection thresholds as well as better performance in dis-

crimination (Li et al. 2023) and memory tasks (Olofsson et al. 2020).

Olfactory training, i.e. self-administration of a limited number (e.g. 4) of odorants regularly (e.g.
twice a day) and repeatedly (e.g. for 12 wk) (Hummel et al. 2009) is the most promising interven-
tion in olfactory dysfunction following viral infection (Hummel et al. 2009; Vance et al. 2024). In
its present form, olfactory training is typically carried out with a unimodal olfactory design. Nev-
ertheless, since congruent multisensory stimuli are perceived as more intense, olfactory training

with multimodal stimuli may be more efficient than with monomodal stimuli (Filiz et al. 2024).

Therefore, we aimed to investigate how congruency of multisensory stimuli influences perception
in individuals with a normal sense of smell. More specifically, we aimed to determine how con-
gruent and incongruent gustatory and visual stimuli affect likeness i.e. how well an olfactory stim-
ulus matches its label. We hypothesized congruent gustatory and/ or visual stimuli to increase
likeness, while incongruent gustatory and/or visual stimuli decrease likeness. This also allows for

estimating the magnitude of the impact of congruency in the different sensory channels.

Materials and methods

Participants
This research was approved by UQTR’s ethics board. Participants provided written consent before
the experiment. We recruited 50 healthy participants between 18 and 35. Due to technical issues,
we had to exclude the data of two participants; the final sample therefore consisted of 23 women
and 25 men (average age: 26 years; standard deviation: 4.1). We assessed demographics of our
participants (age, gender, health conditions including allergies, COVID history, history of olfactory

dysfunction, and history of nasal surgery).

Stimuli

We used four odorants (strawberry, cheese, lemon, and coffee flavors) and four tastants (sucrose

(sweet), sodium chloride (salty), citric acid (sour), and sucrose octa-acetate (bitter)). We opted
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not to include umami as a taste quality because of its relative unfamiliarity (See Table 1for an
overview of manufacturers; see Table 2 for an overview of the congruency matching of stimuli).
Chemosensory (olfactory and gustatory) stimuli were premixed in amber opaque glass vials (30
mL, Fisherbrand Inc, USA). We further presented participants with images of strawberry, cheese,

lemon, coffee (Pixabay) on a computer screen by using Psychopy, GNU (GPL v3+, 2023).

Modality | Stimulus Manufacturer; # Volume (olfaction)/
Amount (gustation)

Olfaction | Strawberry flavor Foodarom; MET0003559 3mL

Cheese flavor Foodarom; MET0017403 3mL

Lemon flavor Foodarom; MET0000055 3ml

Coffee flavor Foodarom; MET0017403 1.5mL
Gustation | Sucrose Acros; 424500010 0.9¢g

Sodium chloride BDH; 127038.119541 0.3g

Citric acid Milliard; XOOOHT86Q5 0.3g

Sucrose octa-acetate | Sigma Aldrich; W303801 0.0015g

Table 2.1. Characteristics of olfactory and gustatory stimuli. Manufacturers: Foodarom: Fooda-
rom Glanbia Nutritionals, St. Hubert, QC, Canada; Acros: Acros Organics, Thermo Fischer Scienttific,
New Jersey, USA; BDH: Inc. LOT, Toronto, Ontario, Canada; Milliard: Milliard Brands, New Jersey,
USA; Sigma-Aldrich: Sigma-Aldrich, Oakville, Ontario, Canada. Olfactory/ gustatory stimuli were

diluted in 30mL of demineralized water.

Gustatory co-stimulation
Olfactory stimulus | Sweet Salty Sour Bitter
Strawberry Congruent Incongruent Incongruent Incongruent
Cheese Incongruent Congruent Incongruent Incongruent
Lemon Incongruent Incongruent Congruent Incongruent
Coffee Incongruent Incongruent Incongruent Congruent
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Table 2.2. Congruency or incongruency of each co-stimulation.

Conditions
We presented stimuli in seven conditions. Specifically, olfactory stimuli were delivered either
without costimulation or with congruent/incongruent, gustatory and/or visual costimulation. The
conditions consisted of mixing and matching of four olfactory stimuli (aromas of strawberry,
cheese, lemon, and coffee), with five gustatory stimuli (sweet, salty, acid, bitter, and tasteless
baseline) and five images as visual stimuli (strawberry, cheese, lemon, coffee, and blank image
baseline). Chemosensory stimuli were presented as droplets on the tongue with dropper lids (Filiz
et al. 2024). Olfactory stimuli were therefore delivered retronasally. In parallel, participants

looked at a computer screen for the presentation of the visual stimuli.

In the following, G indicates the gustatory costimulation; V indicates the visual costimulation; 0
indicates the baseline condition, c indicates a congruent costimulation; i indicates an in congruent
costimulation; c and i always refer to the olfactory stimulus. For example, for a congruent stimu-
lation in all three modalities (GcVc) we presented, e.g. strawberry aroma with sweet taste and a
strawberry image, while for an incongruent stimulation in all 3 modalities (GiVi), we presented,
e.g. cheese flavor with acid taste and a coffee image. For partly incongruent/congruent stimula-
tions we presented, e.g. coffee flavor with bitter taste (congruent) and a cheese image (incongru-
ent), which was coded as GcVi. GOVO in turn represents the baseline condition without costimu-

lation.

Procedure
We presented stimuli in a randomized order. Upon stimulation, we asked participants to evaluate
the likeness of the stimulus to the four labels by the question: “How much like label (label: straw-
berry/cheese/lemon/coffee) is this mixture?” via four separate visual analog scales (VAS; ranging
from 0: “not at all label” to 100: “completely label”) presented on the computer screen. We did
not control when participants swallowed or spit out the droplets on their tongue. The visual stim-

uli stayed on the screen until the participants finished rating the VAS.
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Stimuli were separated by a 40s interstimulus interval during which participants rinsed their
mouth. Participants received a total amount of 25 different costimulations of stimuli in a total of
97 trials. For a given odorant (e.g. strawberry), we used five gustatory costimulations (one con-
gruent one (Gc), here sweet (sucrose), 3 incongruent ones (Gi), here salty (sodium chloride), sour
(citric acid), bitter (sucrose octa-acetate), and as well as a blank (tasteless water; G0)). Analo-
gously, a given odorant was presented with five visual costimulations (one congruent one (Vc),
here strawberry image; 3 incongruent ones (Vi), here cheese image, lemon image, coffee image,
and 1 blank (gray screen; V0)). We did the analogous with the other odorants. This resulted in 4
(4 odorants) * 5 (5 gustatory costimulations) * 5 (5 visual costimulations) = 100 permutations.
However, of these permutations only four are GcVc, the condition of interest, giving too much
potential weight to outliers. We therefore repeated each of the four GecVc stimuli three times (12
stimuli), leaving us with 108 stimuli. In turn, since we deemed that the experiment would have
taken too long, we took out the 12 stimuli that consisted of congruent gustatory-visual combina-
tions (e.g. sweet/strawberry image) that were incongruent to the olfactory stimulus (e.g. cheese).
We did the same with the 24 stimuli for which the costimulation of 1 modality was incongruent
while the costimulation of the other modality was a blank (e.g. strawberry flavor with a cheese
image and no gustatory costimulation). This resulted in a total of 72 stimuli that were presented
to each participant. After each trial, participants rated the likeness to the categories (strawberry,
lemon, coffee, and cheese) with four different VAS. However, for further analysis we only re-

garded the category that corresponded to the odor that had been presented.

The number of trials per condition is presented in Table 3. The experiment took 2 h to complete,
and it was divided into 2 sessions with a 15-min break between. The experiment flow is presented

in Fig. 1

GcVe GcVO GOVc GOVO GiVc GceVi GiVi

Trials 12 4 4 4 12 12 24

Table 2.3. Overview of items in different conditions.
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Figure 2.1. Flow chart of the experiment.

Statistical Analysis

We used SPSS 29 (IBM, Armonk, NY) for data analysis.

For the analysis we calculated average scores for the seven conditions across odors. We examined
the effects of congruency of the modality of costimulation on likeness by computing 3 repeated
measures (rm) ANOVA. In the rmANOVA, we investigated the effect of congruency by including
congruent costimulations (4 levels: baseline GOV0 and GcVc, GeVO, and GOVc). In the second anal-
ysis, we investigated the effect of incongruency by including incongruent costimulations (4 levels:
baseline GOVO and GiVc, GcVi, and GiVi). In the third analysis, we compared the effects of congru-
ency and incongruency (3 levels: baseline GOVO and GcVc, GiVi). In all ANOVA, we used gender as

a between subject factor.

For post hoc tests we used Bonferroni corrections for multiple comparisons. We set the alpha

value at 0.05.

Results

Average likeness scores are presented in Table 4.
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The first rmANOVA with congruent stimuli revealed a significant effect of condition (F (1, 2.4) =
15.3, P <0.001) but no significant effect of gender (F (1, 48) =1, P=0.3), and no interaction condi-
tion and gender (F (1, 2.4) =0.8, P=0.5).

Next, the rmANOVA with incongruent stimuli revealed a significant effect of condition (F (1, 2.4)
=31, P <0.001), but no significant effect of gender (F (1, 48)=1.3, P=0.3) nor an interaction condi-
tion and gender (F (1, 2.4)=2.6, P= 0.07). Finally, the rmANOVA with the incongruent and congru-
ent costimulations, revealed a significant effect of condition (F (1, 1.8) =63.6, P < 0.001) but no
significant effect of gender (F (1, 48)=1.5, P=0.2) nor an interaction condition and gender (F (1,
1.8)=0.5, P=0.6).

Pairwise post hoc comparisons are presented in Fig. 2.

On average, baseline olfactory stimuli without costimulation had a likeness of 56.3 (3.6) points.
Congruent gustatory costimulation increased likeness by 11.1 (3.2) points, while congruent visual
costimulation increased likeness by 4.3 (3.4) points. As a result, combined congruent gustatory
and visual costimulation increased likeness by 14.1 (2.8) points, while combined incongruent gus-
tatory and visual costimulation decreased likeness by 8.1 (2.8) points. Mixed congruency, e.g.
congruent gustatory and incongruent visual costimulation resulted in an increase of likeness by
9.5 (2.8) points, while incongruent gustatory and congruent visual costimulation decreased like-

ness by 2.6 (2.8) points.

Likeness (points) Standard Deviation
GceVe 70.3 2.8
GeVo 67.3 3.1
GOVc 60.5 34
GOVOo 56.2 3.6
GiVc 53.6 2.8
GeVi 65.7 2.8
Givi 48.1 2.8
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Table 2.4. Average likeness scores of different conditions.
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Figure 2.2. Average likeness scores of different conditions. Error bars represent standard devia-
tion. Significant differences in the pairwise comparisons are indicated by different letters. If two
bars contain the same letter, they do not have a significant difference. Bars that do not share the

same letter are significantly different.

Discussion

Here, we report the results of our study on the effects of congruency of gustatory and visual
costimulation on retronasal olfactory stimuli. Our main results are (i) congruency increases the
perceived likeness of olfactory stimuli; (ii) congruency (incongruency) of gustatory costimulation
is more effective in increasing (decreasing) likeness of olfactory stimuli compared with visual cost-

imulation.
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We observed that gustatory costimulation affects the likeness of an olfactory stimulus to a label.
This is in line with the literature. For example, sweetness is a great enhancer of odor intensity
(Fujimaru and Lim 2013). When combined with a sweet taste, retronasally presented cherry flavor
were rated as more cherry flavored when compared with a sour taste (Green et al. 2012), and
peach flavors more peach flavored (Porto Cardoso and André Bolini 2008); a sweet taste renders
a tomato puree to be perceived as more ripe, tropical and fruity (Baldwin et al. 2008). Similar
effects have been reported for strawberries (Schwieterman et al. 2014) and citrus (King et al.
2007; Veldhuizen et al. 2017). These effects are not limited to intensity or likeness as participants
also respond faster to congruent gustatory-olfactory mixtures compared with monomodal stimuli
(Veldhuizen et al. 2010). Participants also report more pleasantness and odor referral to their
mouth with the more familiar and congruent stimuli they receive (Fondberg et al. 2018). These
results can also be observed when participants were not exposed to the stimuli in training ses-
sions before the experiment, suggesting the effect of congruency in learning associations during
experiments (Stevenson et al. 1998). Furthermore, when presented with a congruent gustatory
costimulation, olfactory stimuli can be detected at concentrations that are below their mono-

modal perception thresholds (Dalton et al. 2000; Delwiche and Heffelfinger 2005).

We observed a weaker yet significant effect for visual costimulation. This is again in line with the
literature. Red colored tangerine—guava—pineapple mixtures are rated as more fruity in both or-
thonasal and retronasal odor quality assessments (Koza et al. 2005). Similarly, odorant solutions
with matching colors, e.g. red-strawberry or green-mint odorant (Zellner and Whitten 1999), are
rated as more intense (Zellner and Kautz 1990). The effect of color congruency of visual congru-
ency extends to higher order olfactory tasks such as odor identification: congruently colored
odorants are more easily identified than incongruent ones (Zellner et al. 1991). Similar results are
observed when images are presented rather than colors alongside odors. Congruent images lead
toincreased likeness perception and easier odor detection (Gottfried and Dolan 2003). Congruent
visual costimulations with images (e.g. flowers and fruits) led to smaller N4A0O components in
event-related potentials in response to olfactory stimulation (e.g. rose and citrus). This compo-

nent is thought to reflect the relatedness of stimuli (Grigor et al. 1999; Sarfarazi et al. 1999). In a
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similar fashion, visualization of our current results in EEG would be interesting to investigate in

the future studies.

Gustatory costimulation had a significantly stronger effect than visual costimulation. This further
supports the notion of a strong connection between olfaction and gustation (Czarnecki and Fon-
tanini 2019). The neurobiological underpinning of this may be in the overlap in brain areas re-
sponsible for processing of olfaction and gustation such as orbitofrontal cortex (Small et al. 1997),
insula and operculum (Small et al. 1999; Cerf-Ducastel and Murphy 2001; Mastinu et al. 2025),
anterior cingulate cortex (Small et al. 2003). Similar results can be observed in animal studies, the
piriform cortex of rats responds to both olfactory and gustatory stimulation (Maier et al. 2012);
in turn, their gustatory cortex also processes particularly retronasal (Blankenship et al. 2019) ol-

factory stimuli (Maier et al. 2015).

The observations in this study are potentially interesting for olfactory training in a clinical context.
Here, olfactory training is a self-administered intervention that consists of sniffing selected odors
for 12 wk (Hummel et al. 2009). Previously, we investigated whether a multisensory version of
this training with olfactory, gustatory and visual stimuli allows for recovery of olfactory function
following COVID-induced olfactory dysfunction. We found multisensory olfactory training to be
equally effective as a classical olfactory training (Filiz et al. 2024). This is in line with previous
findings with multisensory olfactory trainings in which researchers found significant improvement
with olfactory-visual multisensory trainings (Khan et al. 2023; Li et al. 2023) and gustatory-olfac-
tory multisensory trainings (Fjaeldstad 2025). Our current study suggests that the stimuli used in
the present study may be better suited for multisensory training because of higher volumes and
amounts of olfactory/gustatory stimuli. We had noticed that patients in our previous study strug-

gled to detect odors.

This is an innovative study because most previous research investigated the effect of one addi-
tional modality on olfactory perception such as vision on olfaction, e.g. (Morrot et al. 2001; Sakai
et al. 2005; Stevenson and Oaten 2008; Dematte et al. 2009) or gustation on olfaction (Green et
al. 2012; Lim et al. 2014; Amsellem and Ohla 2016). Here, we investigated both gustation and

vision, and this independently and combined, which allows us to compare their individual effects,
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but also their synergistic abilities, on flavor perception. Further, while previous research was
mostly concerned with the effects of multisensory integration during consumption of food or
drinks, e.g. (Fujimaru and Lim 2013; Sukkhown et al. 2019; Wang et al. 2020; Stager et al. 2021)
our study was designed with olfactory training protocols in mind (Hummel et al. 2009; Filiz et al.
2024). Our study’s stimuli can directly be used in olfactory training protocols. This is particularly
interesting given the raised awareness in the public on olfactory dysfunction after viral infections
in the aftermath of the pandemic (Asseo et al. 2020; Cheng et al. 2021; Saegner and Austys 2022;
Ziakas and Mylonakis 2024). Finally, we feel that our approach that used the same costimulations
as congruent or incongruent, depending on the olfactory stimulation, allowing them to serve as

controls for themselves rather elegant.

This study has some limitations. First, to limit testing time we did not include certain conditions
(e.g. incongruent gustatory stimuli without visual stimulation) rendering the generalizability of
findings on incongruent costimulation are relatively limited. Second, we predefined congruent
and incongruent costimulations without verifying in participants if this was the case with every-
one. This is particularly true since there may be important effects of cultural background on con-
gruency. For example, bitter taste may not be perceived as congruent with coffee aroma if a par-
ticipant is used to drink their coffee strongly sweetened. This is why we included the same stimuli
in the different conditions. By doing so, we considered a stimulus (e.g. sweet) congruent when
presented with one odor (e.g. strawberry), but when presented with another condition (e.g.
lemon), the same stimulus was considered as incongruent. In other words, the same stimuli
served as congruent intervention and as incongruent control. The fact that we observe significant
differences between the conditions, actually shows that the stimuli we considered congruent
were perceived, on average, as congruent by the participants. This does however not rule out
that other stimuli might have had even stronger effects. Future studies should evaluate congru-
ency on a participant-by-participant basis. Third, we did not assess if the stimuli also stimulated
the trigeminal system as this was outside the scope of our experiment. The presence of a minor
trigeminal costimulation, however, would not change the main message of the paper. Fourth, it
is important to point out that we used food-related odors. In the classical olfactory training pro-

tocol rose, eucalyptus, clove, and lemon odors are used, which are not typical food odors. One
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would not expect non-food odors to be congruent with gustatory costimulations, thereby limiting
the applicability of our observations. Previous studies suggest that the choice of odors does not
have a predominant importance for the outcome of olfactory training (Altundag et al. 2015; Po-
letti et al. 2017). Therefore, opting for food odors may be appropriate when including gustatory
costimulation. Finally, we excluded umami as a gustatory stimulus since pilot testing suggested
that the studied population had difficulties in recognizing it correctly, in line with the literature

(Singh et al. 2010; Cecchini et al. 2019).

Conclusion

In conclusion, we show that congruent matching of vision and gustation increases perceived like-
ness and potentially recognition of multisensory solutions. Gustation especially plays a significant
role and matching when presented alongside olfactory stimuli. The results from this study might

potentially be useful in multisensory training paradigms such as multisensory olfactory trainings.
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Abstract

Background: Approximately 30-60% of people suffer from olfactory dysfunction (OD) such as
hyposmia or anosmia after being diagnosed with COVID-19; 15-20% of these cases last beyond
resolution. Previous studies have shown that olfactory training can be beneficial for patients af-

fected by OD caused by viral infections of the upper respiratory tract.

Objective: The aim of the study is to evaluate whether a multisensory olfactory training involv-
ing simultaneously tasting and seeing congruent stimuli is more effective than the classical olfac-

tory training.

Methods: We recruited 68 participants with persistent OD for 2 months or more after COVID-
19 infection; they were divided into three groups. One group received olfactory training which
involved smelling four odorants (strawberry, cheese, coffee, lemon; classical olfactory training).
The other group received the same olfactory stimuli but presented retronasally (i.e., as droplets
on their tongue); while simultaneous and congruent gustatory (i.e., sweet, salty, bitter, sour) and
visual (corresponding images) stimuli were presented (multisensory olfactory training). The third
group received odourless propylene glycol in four bottles (control group). Training was carried
out twice daily for 12 weeks. We assessed olfactory function and olfactory specific quality of life

before and after the intervention.

Results: The intervention groups showed a similar significant improvement of olfactory function,

although there was no difference in the assessment of quality of life.

Conclusion: Both multisensory and classical training can be beneficial for OD following a viral
infection, however only the classical olfactory training paradigm leads to an improvement that

was significantly stronger than the control group.
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Introduction

Acute infection with SARS-CoV-2 is associated with olfactory dysfunction (OD) such as quantita-
tive OD, e.g., hyposmia/anosmia or qualitative OD, e.g., parosmia (Karamali et al., 2022). Although
the sense of smell recovers rather quickly in most participants (Jafar et al., 2021), long-term ol-
factory loss after COVID-19 appears to be widespread. Depending on how olfactory function is
assessed and the specific variants of COVID-19, percentages of chronic olfactory dysfunction, i.e.,
olfactory dysfunction that persists for more than 6 months after the infection seem to differ. For
example, in the earlier studies this percentage ranged between 30% (Mazzoli et al., 2021) and
60% (Bussiere et al., 2022). However, with the more recent Omicron variant the number of indi-
viduals with olfactory dysfunction was much lower, ranging between 5% (Mella-Torres et al.,
2022) and 17% (DeWitt et al., 2023). Persistent olfactory dysfunction may have a heavy burden
on the affected individuals. They have a higher risk of being exposed to hazardous situations such
as fire, smoke, gas or spoiled food (Croy, Nordin, et al., 2014). Further, olfactory dysfunction af-
fects eating and drinking (Yeomans, 2006), as well as social, sexual or work life (Bramerson et al.,
2007). Thus, it comes as a no surprise that olfactory dysfunction is associated with higher rates of
depression and anxiety (Kohli et al., 2016), and, in the context of long-term COVID-19, with mood
disturbances and cognitive impairment (Llana et al., 2023). Individuals with olfactory disorders
might also experience weight gain or loss. (Aschenbrenner et al., 2008). Currently, olfactory train-
ing is the intervention of choice for olfactory dysfunction following a viral infection of the upper
respiratory tract (Hummel et al., 2009; Vance et al., 2023). During olfactory training, participants
typically self-administer four odorants for twice a day for at least twelve weeks (Hummel et al.,
2009). The exact underlying mechanism is unclear, but olfactory training may induce plasticity of
the olfactory receptor neurons in the olfactory mucosa (Doty, 2019; Pieniak et al., 2022). Hence,
olfactory training is also the therapy of choice for olfactory dysfunction following COVID-19 (Al-
tundag et al., 2022; Bérubé et al., 2022; Le Bon et al., 2021; Pires et al., 2022). In daily life, olfac-
tory perception typically occurs in a multisensory context (Auvray & Spence, 2008). For example,
when we eat an apple, we taste its sweetness and sourness, we smell its aroma via retronasal
olfaction, we feel its texture; in addition, we see its color and hear the crunch while chewing

(Croy, Hoffmann, et al., 2014). In fact, flavor perception is the integration of information from
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these individual sensory channels into one percept (Auvray & Spence, 2008), during which inter-
actions occur between the single sensory channels (Small et al., 1997). Accordingly, multisensory
stimulation and integration leads to changes in activation patterns in olfactory processing centers
(Karunanayaka et al., 2015) with consequences on perception and behavior: for example, a con-
gruent taste stimulus increases the intensity of retronasally presented odors (Green et al., 2012;
Seo et al., 2013) and decreases detection thresholds (Dalton et al., 2000); together, they are in-
tegrated into more pleasant flavors (Fondberg et al., 2018). These effects are not limited to the
chemical senses; for example, congruent visual stimuli enhance odor detection (Gottfried & Do-
lan, 2003) and identification (Zellner et al., 1991); while color and shape-related cues have effects
on both visual performance and olfactory discrimination (Dematte et al., 2009; Jadauji et al.,
2012). Therefore, multisensory olfactory training involving congruent gustatory and visual stimuli
may have a superior effect compared to classical olfactory training with exclusively olfactory stim-
uli. We therefore hypothesized that multisensory olfactory training could improve olfactory func-
tion more than classical olfactory training in patients suffering from Olfactory disorder (OD) post-

COVID-19.

Materials and methods

The protocol, its amendments and other documents were approved by the Medical Research Eth-
ics Committee of the CIUSSS MCQ (Centre intégré universitaire de santé et de services sociaux de
la Mauricie-et-du-Centre-du-Québec) (MP-2021-486) and UQTR (Université du Québec a Trois-
Rivieres) (CER-22-288-10.03).

Participants
A total of 68 participants agreed to participate in the study, either via self-referral or by referral
from other health professionals. Participants self-identified their genders. Our inclusion criteria
were (1) being 18 years or older, (2) being a resident of Quebec, (3) suffering from olfactory dys-
function for 2 months or more after COVID-19. We excluded participants with (1) chronic rhinosi-
nusitis, (2) pre-existing olfactory disorder before COVID-19, (3) nasal sinus surgery, (4) neurologic
disorders such as Alzheimer’s or Parkinson’s disease. For the follow up after the training, 12 par-

ticipants either dropped out or their data was invalid; therefore, we included 56 participants (41
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women, 15 men, mean age =42.9 (11.3) years) in the overall analysis. Standard deviations will be

presented in parentheses from this point in the text.

Assessed for eligibility
Enrollment =
nrollmen (n=75) Excluded (n=7)
-Not meeting
> criteria or

+ -Declined or

did not answer
Randomized (n=68) the first call

| | |

- Multi-sensory
Cl al Olfactory
Allocation .; S8 _c e Olfactory Training Placebo (n=23)
raining (n=23)
. (n=22)
i Lost to follow-up Lost to follow-up Lost to follow-up
[ Follow-up J (n=3) (n=6) (n=3)

Analysed (n=20) Analysed (n=16) Analysed (n=20)

=

No exclusion

No exclusion

No exclusion

Figure 3.1. Number of participants at each step of the study.

Participants were assigned to two groups ((1) classical olfactory training - COT; (2) multisensory
olfactory training — MOT) at a 1:1 ratio in a randomized manner, with no restrictions of groups.
Randomization was carried out by a member of the research group who did not take part in the
data collection process. Further, we included the data of a control group from an earlier study
(Berube et al., 2022). In total, 23, 22 and 23 participants in the COT, MOT, and control group
agreed to participate, respectively. Of them, we were able to follow up 20 participants (15 women,
5 men, mean age: 39.5 (9.6) years) in the COT group, 16 participants (11 women, 5 men, mean

age: 46.3 (13.8) years) in the MOT group and 20 participants (15 women, 5 men, mean age: 43.5
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(10.1) years) in the control group. The interval between the onset of COVID-19 and the start of
olfactory training was 269 (78) days, 346 (116) days and 246 (109) days in the COT, MOT, and
control groups, respectively. The self-reported average interval between the diagnosis of COVID-

19 and olfactory loss was 5.2 (9.7) days.

Olfactory training
Classical olfactory training: In the COT group, participants received an olfactory training kit con-
sisting of amber opaque glass vials (30 ml, Fisherbrand Inc, USA), each of which contained (5 mL,
soaked in cotton pads to prevent spilling) one of four different odors (strawberry, cheese, coffee,
lemon; all food grade odorants from Foodarom Glanbia Nutritionals, St. Hubert, QC, Canada).
Each training session consisted in sniffing each odorant deeply for 10s, with 10s rest intervals
between each odorant; we instructed participants to do this for a total of 5 minutes in line with

Hummel et al (2009).

Multisensory olfactory training: In the MOT group, participants received an olfactory training kit
consisting of the same four amber opaque glass vials (30 ml, Fisherbrand Inc, USA), but with a
dropper lid. The bottles contained the same four odorants (20 ml) as in the classical olfactory
training group. To this we also added corresponding tastants (sweet to the strawberry odorant;
salty to the cheese odorant; bitter to the coffee odorant, sour to the lemon odorant). We opted
not to include umami as a taste quality because many participants would have been unfamiliar
and therefore would have struggled with it. An overview of the stimuli used can be found in Table

1.
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Flavor Odorant Odorant | Tastant Tastant Tastant
Product# Volume Product# Manufacturer amount

Strawberry | Strawberry 0.02ml Sucrose Thermo Fisher, St |0.4mg
MET0003559 #424500010 Laurent, QC

Cheese Cheese 0.2ml Sodium Chloride BDH Inc. LOT, To- [0.08mg
MET0017403 #127038.119541 ronto, ON

Coffee Coffee 0.2ml Sucrose octaacetate | Sigma  Aldrich, [0.008mg
MET0017403 #W303801 Oakville, ON

Lemon Lemon 0.2ml Citric acid Milliard Brands, [0.3mg
MET0000055 #X000HT86Q5 Lakewood, NJ

Table 3.1. Odorants and tastes used in the multisensory stimulation. Odorants are all from

Foodarom, St Hubert, QC. Odorants and tastants were dissolved in 20 mL of demineralized water.

For the MOT group, each training session consisted in placing a drop of a solution from a given
bottle on the center of the tongue while simultaneously looking at a card with a corresponding
picture for 15s followed by a 30s break. This procedure was repeated 4 times. Control group: The
control group received identical bottles as the COT group; however, these bottles were filled with
odorless propylene glycol. They followed the same procedure as the COT group in that they were
instructed to sniff each (odorless) bottle deeply for 10s, resting 10s for intervals between each
bottle, for a total of 5 minutes (sham training). The data from the control group has been reported

previously (Berube et al., 2022).

Assessment of olfactory function

Olfactory function was assessed using the University of Pennsylvania Smell Identification Test
(UPSIT) (Doty et al., 1984). In short, the UPSIT is a scratch’n’sniff test that consists of identifying
40 microencapsulated odorants on paper booklets that are released upon scratching with 4 re-
sponse choice per item. We recorded the number of correct responses out of 40 points. We fur-
ther used the Shortened Questionnaire of Olfactory Disorders — Negative Statements (SQOD-NS)

(Mattos et al., 2019), an adapted version of the Questionnaire for Olfactory Disorders (QOD
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(Frasnelli & Hummel, 2005)), to assess the impact of olfactory dysfunction on daily life. The ques-
tionnaire comprises of 7 statements on the negative outcomes of olfactory dysfunctions that peo-
ple suffer from. Further, in a separate question we asked participants whether they had perceived
any qualitative changes if there was any alteration in their sense of smell to determine if they had

parosmia.

Procedure
After randomization, participants were mailed a package containing an olfactory training kit cor-
responding to their group along with two UPSIT kits. Upon reception of the package, the research
team set up a first video call with the participant. During this call we carried out the UPSIT and
the SQOD-NS. Olfactory training was performed over a period of 12 weeks (Hummel et al., 2009)
with participants self-administering the training twice a day. After six weeks, we called the par-
ticipants by phone (1) to allow the participant to give us feedback about their olfactory function
and (2) to verify and maintain compliance with the training procedure. On week 10, participants
were contacted to schedule a meeting by the end of week 12. During the final meeting, UPSIT and

SQOD-NS tests were performed again, and participants were debriefed.

Statistical Analysis

We used SPSS 29 (IBM Corp, Armonk, NY) for data analysis. We examined the effects of group
(intervention, placebo) and time (before training, after training) on the dependent variables (1)
olfactory function (UPSIT score) and (2) impact on daily life (SQOD-NS score) using a repeated
measures ANOVA. We corrected post-hoc t-tests with the Bonferroni-Holm procedure to control
for multiple comparisons. We carried out chi-square tests to compare the number of participants

who exhibited parosmia before and after the training. We set the alpha value at 0.05.

Results

Olfactory function:
Olfactory function (UPSIT scores) increased from 23.9 (5.6) points for the COT group, 23.1 (6.9)
points for the MOT group and 23.9 (5.4) for controls before training to 29.2 (4.4) points, 26.2 (7.0)
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points and 24.9 (6.0) for COT, MOT, and controls, respectively, after training. The repeated
measures ANOVA vyielded a significant effect of time (F (1, 53) = 19.4, p < .001, partial n2 = .27)
and a significant interaction time * group, (F (2, 53) = 3.4, p = .04, partial n2 =.11), but no effect
of group (F (2,53)=.9, p=.4).

To disentangle the interaction, we carried out 3 separate paired t-tests, one per group. While
both the COT group (t (19) = -3.834, p = .001, d = -.857 and the MOT group (t (15) =-2.357, p =
.032, d = -.589) showed significant improvement, there was no significant change in the control

group(t (19) =-1.021, p =.320, d =-.228).
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Figure 3.2. UPSIT scores before and after the training. Scores are for (1) a group following a clas-
sical olfactory training protocol, (2) a group following a multisensory olfactory training protocol,

and (3) a control group. The asterisks denote a significant difference in smell test scores before

and after the training.
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Impact on daily life

(SQOD-NS) scores before training were 10.5 (4.9) points, 10.5 (3.3) points and 12.4 (4.6) points in
the COT, MOT, and control groups, respectively. After training, these values were 9.4 (5.7) points,
9.7 (5.04) points and 11.0 (4.3) points for COT, MOT, and controls respectively. The repeated
measures ANOVA yielded a significant main effect of time (F (1, 53) = 6.9, p = .011, partial n2 =
.11), but no significant effect of group (F (2,53) = .94, p = .4) nor a significant interaction time *
group (F (2, 53) =.15, p = .9, partial n2 = .006). For SQOD-NS scores, we identified 3 participants
from each group (COT, MOT, and controls) as outliers (with a SD>2). After removal of these par-
ticipants, we repeated the analysis. This yielded a significant effect of time (F (1, 44) = 10.846, p
= .002, partial n2 = .198) and of group (F (2, 44) = 9.044, p < .001, partial n2 = .291), but no
significant interaction group * time. Post-hoc t-tests revealed that there was a significant differ-
ence between the COT and controls (p = .004); MOT and controls (p = .001) but no significant
difference between COT and MOT. When we the carried out post-hoc tests, no group exhibited a
significant improvement after correction (COT (t (16) = 1.725, p = .052, d = .418), MOT (t (12) =
1.891, p =.041, d =.525) and controls (t (16) = 2.182, p =.022, d = .529).
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Figure 3.3. SQOD-NS scores before and after the training. Impact on daily life scores for (1) a
group following a classical olfactory training protocol, (2) a group following a multisensory olfac-

tory training protocol, and (3) a control group.

Parosmia
Before training, 18/20, 14/16 and 16/20 participants reported parosmia in the COT, MOT, and
control groups, respectively. These numbers were 17/20, 15/16, and 19/20 after the training, and

there was no difference between groups (Chi2 (1, 56) =0.23, p =0.9).

Discussion

Here we report the results of our study on different protocols of olfactory training. Our main
results are: (1) a 12-week training using either unimodal olfactory or multisensory (i.e., with con-
gruent visual and gustatory stimuli) paradigm improved olfactory function in participants with
persistent olfactory dysfunction after COVID-19 but not in the control group that went through a

sham training; (2) there was a significant improvement of daily life scores in all groups.

This study shows that olfactory training helps to restore olfactory function in patients with OD
following COVID-19, in line with earlier reports. In fact, olfactory training is effective for olfactory
dysfunction due to upper respiratory tract infection (URTI) (Hummel et al., 2009; Hummel et al.,
2017; Hura et al., 2020; Kattar et al., 2021; Konstantinidis et al., 2013; Ojha & Dixit, 2022; Patel,
2017). The exact mechanisms underlying recovery due to olfactory training are unknown. The
regeneration of olfactory receptors in the epithelium has been put forward as a potential mech-
anism. Accordingly, both repeated exposure in rats (Wang et al., 1993; Youngentob & Kent, 1995)
and olfactory training in humans (Hummel et al., 2018) increase electrophysiological signals from
the olfactory epithelium. As a consequence, olfactory training increases olfactory bulb volume in
both patients with olfactory dysfunction (Gellrich et al., 2018) and healthy individuals (Filiz et al.,
2022; Negoias et al., 2017). It further improves different functional and morphometric measures
including functional connectivity in the central chemosensory networks (Kollndorfer et al., 2015),
as well as grey matter volume (Al Ain et al., 2019; Banks et al., 2016; Delon-Martin et al., 2013;

Filiz et al., 2022) and activation levels (Chen et al., 2022) of olfactory processing areas. In an earlier
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study on a similar but different cohort (with the same control group), we used an olfactory train-
ing protocol (Bérubé et al., 2022). We observed an improvement of quality of life and subjective
olfactory function, but no improvement on scores with a validated olfactory test. Again, together
with the results of the present study, this suggests that the benefits of olfactory training in OD

post-COVID-19 may be relatively limited.

While the effectiveness of olfactory training in olfactory dysfunction due to URTI is now well es-
tablished (Hwang et al., 2023; Vance et al., 2023), researchers investigated several parameters to
further improve its impact. These modifications included duration of the training, odor variety,
odor intensity, pharmaceutical support, and other. For example, the use of steroids to support
olfactory training yielded mixed results, as one study showed additional benefit (Fleiner et al.,
2012), while another did not (Schepens et al., 2022). Other interventions such as the use of odor-
ants of higher molecular weight (Poletti et al., 2017) and the use of odorants in higher concentra-
tions (Damm et al., 2014) appeared to be more promising. Increasing the number of odorants
from four to eight (Pires et al., 2022) did not change the effectiveness of olfactory training, but

changing odor sets during the training did (Altundag et al., 2015).

However, the parameter with the highest impact on a positive outcome of olfactory training ap-
pears to be the duration of the olfactory training protocol. For example, patients with olfactory
dysfunction following COVID-19 who followed olfactory training for more than 28 days showed
greater long-term improvements compared to those who took the training for less than 28 days
(Denis et al., 2021). Along the same lines, 24 weeks of olfactory training in patients with olfactory
loss due to URTI yielded significant improvements in olfactory identification and discrimination
abilities after 3 and 6 months, but not after 1 month (Qiao et al., 2019). Similarly, olfactory train-
ing in patients with olfactory loss due to URTI yielded significantly better outcomes after 32 weeks
(Geissler et al., 2014) and 56 weeks (Konstantinidis et al., 2016) when compared to 12 weeks.
Even longer follow up periods (6, 12, and 18 months) lead to further improvement in patients
with COVID-19 related olfactory dysfunction (Lechien et al., 2023). Protocols of such long duration
may be more easily be carried out when stimuli are presented as drops onto the tongue rather
than sniffing from bottles, and this is for two reasons. First, for individuals with olfactory dysfunc-

tion, it may be difficult to judge when an odor has evaporated from a bottle, while it is rather
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obvious when there is no more liquid in the bottle. Second, administrating odorants as drops onto
to the tongue may help to generate olfactory stimuli of higher concentration, which is crucial for
the positive outcome of olfactory training (Damm et al., 2014). In fact, when intranasally measur-
ing odorant concentrations released from intraoral sources, peak amplitudes were only reached
after several seconds after intake, supporting the notion that intraoral administration may lead

to prolonged stimulation of the olfactory system (Frasnelli et al., 2005).

With long intervention periods, compliance with the training protocol becomes an issue (Vance
et al., 2023). It is not surprising that extremely long training protocols to up to a year and a half
are particularly useful in patients with strong adherence to the protocol (Lechien et al., 2023).
Rendering olfactory training easier, e.g., using an olfactory ball, i.e., a ball containing 4 different
holes to hold 4 different olfactory stimuli significantly increased adherence to the protocol and
improved outcome (Saatci et al., 2020). Although we did not assess patient compliance, offering
multisensory stimuli for olfactory training may increase adherence; future studies should evaluate

this potential.

In the present study, we integrated both visual and gustatory stimuli into the already existing
olfactory training. Visual and olfactory stimuli have been combined for olfactory training before.
For example, combining odors with digital images showed the largest clinically meaningful im-
provements in olfactory dysfunction due to COVID-19 (Denis et al., 2021; Khan et al., 2022). Con-
sidering the multisensory interactions between olfaction and vision, it is no surprise that MOT has
a potential to increase the efficiency in both olfaction and cognitive processes (Vance et al., 2023).
This argument could further be supported by the fact that olfactory and the ventral visual pro-
cessing streams converge in olfactory regions e.g., orbitofrontal cortex (Kuang & Zhang, 2014;
Rolls, 2019; Rolls et al., 1996) or piriform cortex (Qureshy et al., 2000) and (visual) occipital cortex
(Qureshy et al., 2000). Similarly to the olfactory-visual interactions, the olfactory and gustatory
senses influence each other mutually (Czarnecki & Fontanini, 2019) by having shared stimuli (e.g.,
food) and converging central pathways in the orbitofrontal cortex (Czarnecki & Fontanini, 2019;

Rolls, 2016) and insula (Mazzola et al., 2017).

90



In this study, we did not find any superiority of a multisensory training paradigm over a classical
olfactory protocol. While potentially this may be due to the small sample size, it also suggests that
there is no major advantage of a multisensory over an olfactory paradigm. However, several stud-
ies show the benefits of multisensory training over using unimodal sensory training in various
settings such as audio-visual integration (Seitz et al., 2006; von Kriegstein & Giraud, 2006), pos-
tural stability (Hu & Woollacott, 1994), dyslexia (Kast et al., 2007) and auditory impairments re-
stored with cochlear implants (Isaiah et al., 2014). While such a superiority of multisensory train-
ing is not evident in our study, one could imagine a scenario in which multisensory stimuli (e.g.,
candies) could be associated with higher compliance than pure olfactory training. This should be

investigated in future studies.

Even though the olfactory percept is multi-dimensional, we were not able to capture a particular
effect of multisensory training beyond the effect from classical olfactory training. This may be due
to some of our study’s limitations. First, we included a relatively small sample yielding limited
statistical power. Additionally, in all groups we recruited more women than men. While this may
reflect gender-related differences in the impact of COVID-19 on olfactory abilities (Bussiere et al.,
2021) in line with other URTI studies (Liu et al., 2016) or studies with healthy participants (Soro-
kowski et al., 2019), it could potentially skew our results as women typically score higher in olfac-

tory identification and memory tasks (Doty & Cameron, 2009).

Further, participants self-administered the training, hence it is not possible to know with certainty
if participants actually followed the suggested routine as recall bias or social desirability might
have affected the results (Vance et al., 2023). It is therefore important to put adherence rules or
tasks in place to track such data, e.g., keeping journals or reports (Vance et al., 2023). Next, as
this study was carried out during the pandemic, public health restrictions forced us to test partic-
ipants remotely. This came with the major disadvantage that we were only able to evaluate ol-
factory identification scores as endpoints and could not measure olfactory threshold or discrimi-
nation. In this context, it is important to point out that multisensory olfactory training appears to

mainly lead to improvement in olfactory threshold and discrimination scores (Li et al., 2023).
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Furthermore, the interval between COVID-19 onset and initiation of OT was not equal between
groups; on average, participants in the MOT group started the training 80 days later than the COT
group. This may have influenced the outcome. In fact, a previous study on individuals with smell
loss due to an URTI found that the probability of spontaneous recovery decreased with time (Re-
den et al., 2006). However, the observation period in that study ranged from 1 to more than 200
months and was therefore much more heterogenous than in ours. Nevertheless, future studies
will have to carefully match participants to evaluate the effect of this potential confounder. Fi-
nally, we instructed participants to sniff the odorants for 10s in the COT condition, the only in-
structions regarding timing in the MOT condition was to look at the image for 15 s. It is therefore
possible that the duration of the exposure to the odorant in the MOT condition was shorter or
longer (Frasnelli et al., 2005) than in the COT condition. It is easier to control the timing parame-

ters in a lab setting (Al Ain et al., 2019), and future studies should control for this parameter.

In conclusion, we show that both a multisensory olfactory training and a classical olfactory train-
ing can lead to improved olfactory function in participants with chronic olfactory dysfunction fol-

lowing COVID-19.
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Chapter 4 — General discussion

In this thesis, we present the results of two studies: “Congruency of Multisensory Olfactory Stim-
uli” (Article 1) and “Can Multisensory Olfactory Training Improve Olfactory Dysfunction caused by

COVID-19?” (Article 2).

Our main findings are as follows: (1) congruency significantly influenced likeness perception, (2)
olfactory stimuli presented with congruent gustatory and/or visual co-stimulation resulted in bet-
ter label matching, whereas incongruent co-stimulation produced the opposite effect, (3) gusta-
tory co-stimulation exerted a stronger influence on olfactory perception than visual co-stimula-
tion, (4) although COVID-19-related OD showed a natural tendency to improve over time, both

MOT and COT enhanced olfactory abilities more effectively than placebo.

4.1. Impact on Research and Literature

4.1.1. Olfactory training
A 12-week OT program (whether classical or multisensory) improves olfactory abilities of COVID-
19 patients with long-term olfactory loss compared with a placebo group that receives no real
training. Additionally, all groups demonstrated significant improvements in daily-life (quality-of-

life) scores.

The findings from our study align with the current literature on OT, including research conducted
with post-viral olfactory disorder (PVOD) patients (Hummel et al., 2009). Patients with post-viral
OD show progressive improvements in TDI scores after 16 and 32 weeks of training (Geissler et
al., 2014). Alongside improved TDI scores, increased sensitivity to odors has also been observed

in COVID-19 patients following OT paradigms (Yaylaci et al., 2023).

OT can also improve olfactory abilities in healthy participants. Structural neural changes have
been reported following only a six-week training period, including increased cortical thickness in
the right inferior frontal gyrus, bilateral fusiform gyrus, and right entorhinal cortex (Al Ain et al.,

2019). The importance of multisensory interaction has also been demonstrated in healthy
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participants: a 12-week MOT with congruent visual-olfactory stimuli resulted in greater TDI im-

provements compared with olfactory stimulation alone (Li et al., 2023).

Age-related effects have also been documented. In healthy children, COT enhances odor identifi-
cation and threshold scores, with children who undergo COT outperforming those who do not
(Mori et al., 2015, Mahmut et al., 2021, Pieniak et al., 2022). In older adults, COT similarly in-

creases Sniffin’ Sticks scores (Birte-Antina et al., 2018).

OT can enhance olfactory abilities in domain specialists as well. Although these training do not
follow classical OT paradigms, they involve long-term odor exposure, which may explain their im-
proved olfactory performance. For example, sommelier students display superior odor identifica-
tion (Poupon et al., 2019) and recognition (Parr et al., 2002) skills. Wine experts perceive odorants
as more intense compared with controls (Marino-Sanchez et al., 2010), and experienced beer
drinkers outperform novices in discrimination tasks (Peron & Allen, 1988). However, some argue
that these advantages may be domain-specific, as coffee and wine experts show only modest
advantage over non-specialists in identifying or describing stimuli within their respective areas

(Croijmans & Majid, 2016).

Our newly developed MOT improved both olfactory abilities and quality-of-life scores. Although
modifications to OT in PVOD patients have been introduced in various forms such as changing the
duration of training (Altundag et al., 2015), altering the number of daily sessions (Oleszkiewicz et
al., 2022), adjusting stimulus concentrations (Damm et al., 2014), using local odorants (Choi et al.,
2021), modifying the number of odorants (Genetzaki et al., 2024), adding adjunct therapies such
as corticosteroids (Fleiner et al., 2012), vitamin A (Hummel, Whitcroft, Rueter, et al., 2017), or
budesonide (Nguyen & Patel, 2018), and incorporating methods to increase adherence (Saatci et
al., 2020) or visual or audiovisual supports (Khan et al., 2023, Li et al., 2023), no prior training

paradigm has focused specifically on congruent triplets of olfaction-gustation-vision.

Our MOT did not demonstrate greater benefits than COT. Several factors may explain this out-
come: (1) small sample size, especially after participant dropout, reduced the statistical power of
our study, (2) remote delivery of training instructions (phone or Zoom calls), increased the likeli-

hood of user errors or inconsistent applications, (3) adherence was not monitored, which is a
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critical factor influencing outcomes in OT paradigms, (4) participants in the MOT group began
training, on average, nearly three months later than those in the COT group, providing them with

more time for spontaneous recovery.

In the future, researchers should consider testing healthy participants with MOT paradigm to ac-
quire baseline evaluation of the stimuli. Further implementation of sensitivity measurements
with thresholds of stimuli (both with healthy participants and OD patients) could give more in-
sights into how effective stimuli would be in the real paradigm. After such measurements, stimuli
intensity could be adjusted for better detection. Additionally, increasing the training time from
12 weeks to further training times is an option to evaluate whether MOT would be more effective
in longer terms. Finally, adjusting the age range of participants to include younger individuals, as

in the case of Article 1 could give us more insights about the effectiveness of MOT.

4.1.2. Multisensory integration between olfaction, gustation and vision
We report that congruent multisensory stimuli significantly increase the likeness perception of
olfactory stimuli, whereas incongruent stimuli reduce likeness perception. Furthermore, congru-
ent or incongruent gustatory stimuli exert a stronger influence on likeness ratings than visual
stimuli. This means that even in the presence of incongruent visual stimuli, congruent gustatory
stimuli can partially counteract the incongruence effect of vision and still lead to significantly
higher likeness scores. These findings reinforce the well-established strong connections between
olfaction and gustation (Oleszkiewicz et al., 2019) demonstrating that congruent gustatory co-
stimulation provides a measurable perceptual advantage when paired with odorants. Our results
also confirm robust, albeit comparatively weaker, interactions between visual and olfactory per-

ception.

The stronger olfaction-gustation link, relative to the olfaction-vision relationship, may arise from
the fact that both senses construct flavor perception together, a vital component of food con-
sumption and survival (Auvray & Spence, 2008). Olfactory and gustatory processing share over-
lapping neural substrates, including the orbitofrontal cortex (Small et al., 2007), insula (Mazzola
et al., 2017), and frontal operculum (Seubert et al., 2015). Multivariate pattern analyses further

show overlapping representations of retronasal odors and congruent tastes (Khorisantono et al.,
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2025). Additionally, patients with congenital olfactory impairments exhibit significantly reduced
activation in the medial orbitofrontal cortex and anterior insula in response to sweet, salty, and
bitter during taste identification tasks (Gagnon et al., 2014), suggesting interdependence be-
tween these sensory systems. Perhaps the most direct behavioral evidence of this interdepend-
ence is the observation that olfactory loss compromises taste perception (Migneault-Bouchard et

al., 2020).

Animal studies provide support for these interactions. In mice, the gustatory cortex is required
for processing retronasal odorants, but not orthonasal odorants (Blankenship et al., 2019). In rats,
single-unit recordings from both the primary olfactory cortex and primary gustatory cortex reveal
responses to intraoral stimuli, indicating that both cortices can process retronasal information
(Maier, 2017). Furthermore, experimentally blocking the gustatory epithelium in awake rats re-
duces neuronal activity in the piriform cortex, a central hub of olfactory processing (Maier et al.,
2012). These findings collectively suggest early sensory convergence and bidirectional modulation

between the gustatory and olfactory systems.

Because much of the detailed knowledge comes from animal models, additional human studies
could greatly enhance our understanding of olfactory function, dysfunction, and plasticity, espe-
cially the investigations of OSN in the olfactory epithelium and OB. Future work could focus on
both healthy individuals and patients with olfactory dysfunction (across etiologies) to assess po-
tential recovery mechanisms. Promising approaches include non-invasive physiological measure-
ments such as electro-olfactogram recordings before and after classical or multisensory OT to
compare modulatory effects. Additionally, single-cell recordings from OE (Durante et al., 2020)
could help identify which olfactory receptors contribute to multisensory integration. Such studies
could help refine future iterations of MOT. Our experiments were limited to behavioral ap-
proaches; hence electrophysiological evidence could elucidate the processes that happen in the

brain and highlight how MOT effects the brain during and after the training.

In the future, researchers should consider employing non-invasive brain imaging methods such
as fMRI or EEG. By using fMRI, experimenters could show the areas in the brain that are activated

by MOT compared to COT. This would also help in understanding whether MOT recruit more brain
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regions as in original multisensory perception mechanisms. By using EEG, experimenters can in-
vestigate similar mechanisms whether MOT would lead to an increase in signals compared to
COT. Invasive methods such as single cell-recordings could be an option in patients that are al-

ready going through surgery.

4.1.3. Congruency
In our studies, the strong multisensory interactions among olfaction, gustation, and vision are
tested within the framework of congruency. We demonstrated that congruence plays a significant
role in multisensory perception, particularly in likeness perception. In dual stimulations, congru-
ent gustatory or visual stimuli accompanying olfactory stimuli produced higher likeness ratings
compared to incongruent pairings. In triplet stimulations, presenting both congruent gustatory
and visual stimuli alongside olfactory stimuli produced even higher likeness scores than dual con-
gruent conditions. Conversely, incongruent triplet stimulations resulted in even lower likeness

ratings compared with dual incongruent conditions.

These findings are consistent with previous literature showing that multisensory perception can
either enhance or inhibit performance across a range of experimental tasks, including detection
(Campanella et al., 2012), associative learning (Eordegh et al., 2019), classification (Wu et al.,
2020), and categorization (Li et al., 2020). A plausible explanation is that congruent stimuli match
individuals’ memory representations, making retrieval and decision-making more efficient. In
contrast, incongruent stimuli generate a conflict between sensory input and prior knowledge, re-

quiring additional cognitive processing and potentially delaying responses.

To further understand the cognitive mechanisms of congruency, a future experiment could incor-
porate EEG to measure decision-making speed and accuracy in response to congruent versus in-
congruent olfactory-gustatory-visual pairings. Such an approach would clarify the extent to which
incongruence slows neural processing and alters the accuracy of perceptual decisions. On the
behavioral side, using an olfactometer in combination with a gustometer could provide precise
reaction-time measurements and insights into participants’ attentional focus when evaluating

congruency.
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One way to examine innate versus learned congruency is to expose people to unfamiliar stimuli.
For example, using an exotic fruit that participants have never encountered, either in smell or
taste, may reduce the influence of expectations. While people may still make similarity-based
judgements, it becomes more difficult to determine congruency because no strong memory-

based assumptions exist about whether the fruit should be sweet, salty, sour, or bitter.

4.1.4. Olfactory plasticity

In mammals, repeated exposure to odorants produces strong olfactory plasticity effects (Sorg &
Hochstatter, 1999). It is well established that OSNs undergo continuous renewal within the olfac-
tory epithelium, where both mature and immature stem cells are present (Huart et al., 2013,
Durante et al., 2020). This OSN renewal could be examined before and after OT to confirm the
effectiveness of OT in humans (or alternatively in animal models). Such examinations, however,
would prove to be difficult and unethical unless they are completed during already scheduled
surgeries. A multisensory approach may further allow comparisons between patients undergoing
COT and those undergoing MOT, providing further insight into whether multimodal stimulation
influences OSN expression. Whether this influence would be positively effective or not is still de-
batable; however one could expect more sensory stimulations from olfactory, gustatory and vis-

ual channels to aid in plasticity.

Additionally, the coding of odorants by OSN could be examined by dissecting the OE in animal
models genetically closer to humans, such as primates. This approach would enable researchers
to investigate how MOT influences cellular-level changes within the OE and OSNs, including neu-

ronal number, renewal, activation patterns, and gene expression.

Olfactory plasticity is also observable at the electrophysiological level. Increased electro-olfacto-
grams amplitudes have been recorded at the OE following OT (Hummel et al., 2018). Multisensory
paradigms could be used to test whether MOT induces stronger or more rapid changes than COT
by comparing pre- and post-training EOG signals between groups. OB volume measurements may
also reveal whether MOT promotes greater structural growth than COT. If there is a greater
growth following MOT this could be due to simply stronger and more widespread stimulation of

the brain regions due to stimulation from olfaction, gustation and vision.
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Plasticity-related changes occur at the cellular level, particularly in mitral cell output and synaptic
excitation or inhibition within the OB both spatially and temporally (Spors & Grinvald, 2002). Mi-
tral-tufted cells and olfactory receptor fields become more finely tuned after repeated exposure
to odorants (Wilson et al., 2004, Fletcher & Wilson, 2003). Understanding how multisensory train-
ing influences these mechanisms that occur at the cellular level would require studies involving
human participants. Current knowledge about cellular-level OT effects comes primarily from ani-
mal research. While these findings inform our understanding of human olfaction, direct compar-
isons are limited due to structural differences between humans and various models. Additionally,
since different animal models are used across studies, one must keep in mind that cross species

comparisons have to be interpreted cautiously.

Investigating OSNs in humans before and after OT could clarify how training affects OSN expres-
sion, activation, and renewal. Post-mortem studies are limited due to cell death after extraction.
Therefore, primate (chimpanzees, macaque, or bonobo monkeys) remains an accessible alterna-
tive. Rolls & Baylis (1994) found multimodal neurons in the monkey orbitofrontal cortex that re-
spond to olfactory, gustatory, and visual stimuli. Additional primate studies show that neurons in
the hypothalamus respond visually to food (Rolls et al., 1976), due to projections from orbitofron-
tal neurons that encode both sight and taste in rhesus monkeys (Thorpe et al., 1983). Gustatory
neuronal responses can also be recorded in the medial orbitofrontal cortex of cynomolgus mon-
keys (Pritchard et al., 2005), and neurons in this region encode taste, texture, and temperature
information during oral stimulation (Kadohisa et al., 2005). These findings support the orbitofron-
tal cortex as a major site of multisensory integration and even a candidate for secondary taste

cortex (Rolls et al., 1990).

Rodent studies provide additional mechanistic insights. Repeated exposure to formaldehyde in-
creases odor sensitivity in rats (Sorg & Hochstatter, 1999). Reliable OB transmission in mice re-
quires 30-second inter-odor intervals to avoid habituation (Subramanian et al., 2024). Longer ex-
posure to odorants increases long-term odor preference memory (24h vs 48h), decreases odor
thresholds, and enhances neural responsiveness in the anterior piriform cortex (Fontaine et al.,
2013). Neurons responsive to both gustatory and olfactory stimuli can be found in the posterior

piriform cortex of awake rats (Idris et al., 2023). Single-unit recordings also show that intraoral
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delivery of odor-taste mixtures produces unique neural representations in the thalamus, distinct
from unimodal odor or taste stimuli (Fredericksen & Samuelsen, 2022). Such multimodal neural
representations may strengthen perceptual outcomes by enabling faster, more robust infor-
mation processing. The strengthening effect may arise from the bidirectional flow of information
between the OB and cortex (Gire et al., 2013), which could be amplified through combined olfac-
tory, gustatory, and visual stimulation, given that these sensory modalities interact across multi-

ple integrative brain regions.

To explore multisensory effects, gustatory and olfactory combined stimulations could also be ex-
amined; however, direct stimulations of the cortex in humans are invasive and feasible only in
rare circumstances (e.g., during neurosurgical procedures). For example, the orbitofrontal cortex
responds to olfactory, gustatory, and somatosensory (emotional) stimuli during direct cortical

stimulation in neurosurgical epilepsy patients Fox et al. (2018).

After OT or repeated odor exposure, increased activation and connectivity in olfactory, integra-
tive, and somatosensory networks have been documented (Kollndorfer et al., 2015, Rezaeyan et
al., 2025). If olfactory stimuli alone enhance connectivity, it is reasonable to hypothesize that
adding gustatory and visual stimuli would elicit stronger or more widespread activation patterns.
MRI represents a non-invasive tool to test this hypothesis. Future studies could apply MOT along-
side portable olfactometers and gustometers to examine training-related structural and func-
tional brain changes. Regions of interests should include not only olfactory areas, but also gusta-
tory and visual cortices. Functional MRI could reveal connectivity differences before and after
MOT and identify overlapping activation patterns unique to multisensory processing. Stronger
brain activity with multimodal presentations could be observed because of multiple brain regions
recruitment. Behavioral tasks such as threshold, discrimination, or identification could be inte-
grated to evaluate how multisensory inputs influence both performance and decision-making

speed.

Increases in gray matter volume and cortical thickness have been reported following OT in multi-
sensory brain regions (Gellrich et al., 2018, Han et al., 2021, Al Ain et al., 2019). MOT may stimu-

late these regions even more robustly by recruiting overlapping olfactory, gustatory, and visual
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processing areas simultaneously. This can strengthen the effects of OT. Researchers can further

investigate the structural consequences of MOT with MRI.

In summary, multisensory stimulation can effectively promote plasticity in humans. Although we
did not employ neurophysiological or neuroimaging methods in this study, our introduction of
multisensory components into OT demonstrated behavioral evidence of plasticity. Patients who
completed MOT showed significant improvements in olfactory abilities, as reflected in their post-

training UPSIT scores.

4.2. Limits, advantages and future considerations

The methodology used in this thesis is new, and the studies presented here address areas of lit-
erature that have been comparatively underexplored. However, despite these strengths, the ex-

periments also contain some limitations.

4.2.1. Stimuli
We selected our stimuli based on previously published research. For the odorants, strawberry
(Prescott et al., 2004), cheese (Andriot et al., 2024), lemon (Tsushima et al., 2021), and coffee
(Stafford et al., 2020) have all been commonly used in earlier studies. The same applies to gusta-
tory components: sucrose (Marks et al., 2012), sodium chloride (Liu et al., 2024), citric acid (Ste-
venson et al., 1999), and sucrose octaacetate (Isogai & Wise, 2016), all of which have been safely
administered in human experiments. Our stimuli had the advantage of being food-grade, thereby
simulating naturalistic exposure to odorants. Such edible stimuli tend to be more salient (Morque-

cho-Campos et al., 2019).

However, a limitation is that although participants were recruited from the local population and
evaluated the stimuli in various combinations, individuals from different cultural backgrounds,
with varying personal preferences or prior experiences, may interpret congruent or incongruent
pairings differently (Gau & Noppeney, 2016). A stimulus combination considered congruent in
our design might be perceived as incongruent by others due to cultural differences (Chen et al.,
2024), or personal predispositions (Gao et al., 2025). Future studies should therefore account for

cultural and individual variability when selecting stimuli. One approach would be to conduct
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preliminary evaluations in different demographic groups to identify stimuli that are reliably per-

ceived as congruent or incongruent within the target population.

Another limitation that concerns stimulus, intensity differences between the MOT (Article 2) and
the experimental study with healthy participants (Article 1). Although both sets of stimuli were
based on prior studies, they might not have been well-optimized (especially in intensity) for OT
purposes. The gustatory-olfactory stimuli used in the clinical study (Article 2) were of lower inten-
sity than those used in the healthy participant study (Article 1). This mismatch occurred because
initial pilot testing for the clinical study relied on participants’ ratings of how “natural” the stimuli
smelled or tasted. While conceptually reasonable, this method may not be reliable in populations
with OD, who already struggle to perceive “natural” smells and tastes. Consequently, intensities
were increased in the healthy participant study but not in the clinical training study. This might
have potentially caused the weaker improvements in people’s olfactory abilities with the MOT

paradigm.

Using higher-intensity stimuli during MOT may have yielded stronger effects. The discrepancy in
stimulus strength may explain why MOT did not outperform COT. Future studies should consider

using more concentrated and clinically optimized stimuli to enhance training effectiveness.

A revised MOT protocol could incorporate the tested triplets of olfactory-gustatory-visual stimuli
from the multisensory perception experiment (Article 1). Additionally, testing the stimuli in indi-
viduals with olfactory dysfunction prior to training may help identify optimal concentrations and
ensure that the stimuli are both perceptible and meaningful for clinical populations. Future re-
search could also include non-edible stimuli to test if edible stimuli make the training more salient

or effective for patients.

4.2.2. Adherence
Previous research has shown that adherence is a critical factor in the success of OT, as it can
determine whether individuals’ olfactory abilities improve over time (Boscolo-Rizzo et al., 2024).
In our study, we did not systematically track adherence to the OT procedure, and this represents

an important limitation that future researchers should address. We attempted to mitigate this
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issue by contacting participants at the halfway point of the training (six weeks) to confirm whether

they wished to continue and to address any questions or concerns they had about the procedure.

Another methodological challenge was that the OT was conducted during the COVID-19 pan-
demic. As a result, strict regulations prevented face-to-face interactions with participants. This
restriction meant that all instructions, guidance, and communication were delivered remotely via
Zoom or phone calls. It is possible that the lack of in-person contact introduced confounding fac-
tors such as reduced adherence, improper application of the training protocol, or misinterpreta-
tion of instructions. Conducting the experiment in a controlled laboratory environment would
likely minimize these issues, as researchers could have provided direct demonstrations, moni-

tored performance, and verified correct implementation of the procedures.

4.2.3. Experimental task
In Article 1, our experimental task involved administering droplets to the back of participants’
throats while simultaneously presenting images on a computer screen. Participants evaluated
likeness scores by responding to the question, “How much strawberry/cheese/lemon/coffee do
you think this is?” We deliberately avoided using the words “smell” or “taste” to prevent confu-
sion between olfaction and gustation, as these senses are frequently mixed up by participants

(Rozin, 1982).

Participants provided their ratings using Visual Analogue Scales (VAS) displayed on the screen. A
VAS consists of a horizontal continuous line, typically ranging from 0 to 10, but in our experiment
the scale ranged from 0 to 100. VAS offers the advantage of avoiding the restrictive, ordinal na-
ture of Likert scales (Sung & Wu, 2018). Importantly, participants did not see the numerical values
on the scale; numbers were only available in the recorded output, ensuring responses were driven

by perceptual judgement rather than numerical anchoring.

A limitation of the experimental paradigm in Article 1 is that we measured only likeness percep-
tion. Future research could benefit from incorporating a broader range of tasks to achieve a more
comprehensive understanding of multisensory interactions. These could include identification
tasks, sensitivity measures, detection threshold assessment, response time, and accuracy
measures. Such additions could contribute significantly to the multisensory perception literature
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by providing deeper insights about the process and effects of multisensory perception. Further-
more, combining behavioral data with neuroimaging techniques, such as EEG or fMRI, would al-
low researchers to visualize neural correlates underlying multisensory processing. These methods

could help validate behavioral findings and contribute to more robust arguments.

4.2.4. Scope of training
MOT improves olfactory abilities; however, because we recruited only COVID-19 patients in this
study, the findings cannot be generalized to OD caused by other conditions. Nevertheless, given
that COT has been shown to be effective across a wide range of etiologies, including sinonasal
disorders, post-traumatic OD, idiopathic impairments, neurodegenerative diseases, and age-re-
lated olfactory decline (Vance et al., 2024), it is reasonable to assume that MOT might also im-
prove olfactory function in these populations. This represents a promising direction for future

research.

While it may be tempting to extend the potential effectiveness of MOT to OD caused by other
viral infections, researchers should proceed with caution. COVID-19 may differ from other viruses
in important ways, including infection rate, degree of inflammatory damage, and the scale and
prognosis of olfactory impairment (Landis et al., 2023, Chang et al., 2024). These differences could
influence how patients respond to multisensory interventions. Therefore, future studies should
investigate whether MOT yields comparable benefits in OD induced by non-COVID viral infections

or other etiologies.

4.2.5. Measurement
All measurements in the OT study (Article 2) were conducted via Zoom or phone calls. This limited
our testing capabilities, as patients could not visit our laboratory. Consequently, we relied solely
on the UPSIT test, which is a self-administered and relatively simple tool for assessing olfactory
function. Although the UPSIT is a robust and widely validated measure of olfactory performance,
it assesses only odor identification (Doty et al., 1984). It would have been desirable to include
additional measures, such as Sniffin’ Sticks test, which evaluates odor threshold, discrimination,

and identification (Hummel et al., 1997). However, using Sniffin’ Sticks remotely was impractical
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because the test includes numerous odor pens and is not cost-effective or feasible to ship to par-

ticipants’ homes.

Despite this limitation, the relevance of our findings remains supported by the fact that both UP-
SIT and Sniffin’ Sticks demonstrate strong to very strong test-retest reliability (Bech et al., 2025).
As pandemic-related restrictions are no longer in place, future studies could more easily incorpo-
rate additional olfactory assessments, including laboratory-based tests requiring in-person ad-

ministration.

Gustometers offer a controlled method for administering taste solutions through computer-reg-
ulated pumps and plastic tubing (Andersen et al., 2019). They allow precise control over timing
and concentration of gustatory stimuli (Andersen et al., 2019) and support measurement of gus-
tatory event-related potentials (Hummel et al., 2010). The use of gustometer would also enable
measurement of response times, an important indicator in multisensory perception processing
(Hecht et al., 2008) and would make it possible to examine how gustatory and visual cues influ-
ence olfactory performance in terms of task speed. In addition, gustometer provides advantages

in stimulus randomization and delivery (Gudziol & Guntinas-Lichius, 2019).

In Article 1, we did not use a gustometer and therefore measured only participants’ likeness per-
ception, limiting the range of data we could collect. Future studies should consider employing a
gustometer to investigate additional measures such as reaction times, response accuracy, and

task-related speed during multisensory olfaction-gustation-vision processing.

4.2.6. Sex ratio in the experiments
The ratio of women to men is an important consideration in experimental research, particularly
in tasks where sex-based differences may influence performance (Legato et al., 2016), and for

ensuring that the sample adequately represents the general populations (Galea et al., 2020).

In Article 1, we were able to recruit nearly equal numbers of men and women (23 women, 25
men). This balanced distribution strengthens the generalizability of our findings regarding multi-

sensory perception and provides a more accurate representation of both sexes.
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In contrast, the MOT study (Article 2) included a higher proportion of women than men, with an
approximately 3:1 ratio (41 women, 15 men). This imbalance should be considered when inter-
preting the results, as women often perform better than men in olfactory tasks such as odor
threshold, discrimination, and identification (Sorokowski et al., 2019). Therefore, the overrepre-
sentation of women in this study may have contributed to elevated olfactory performance out-
comes. Future research should consider recruiting balanced number of both men and women in

olfactory training studies.

4.2.7. Age of participants

In Article 2, patients affected by long-term OD tended to be older. Because olfactory problems
and sensory degradation increase with age (Kondo et al., 2020), this may have contributed to the
recruitment of participants who already exhibited lower baseline of olfactory scores. Although
we attempted to balance the sample by including both younger and older participants, the mean
averages across all training groups remained within the middle-aged range (average ages were:

39.5 (9.6) for COT, 46.3 (13.8) for MOT, and 43.5 (10.1) for placebo groups).

In contrast, all participants in Article 1 were between 18 and 35 years old and reported having
normal olfactory abilities. This discrepancy between the two studies should be considered when
interpreting and comparing our results. The older age of participants in Article 2 may have con-
tributed to the lower scores as olfactory abilities reduce with age, whereas the younger age of
participants in Article 1 could have contributed to higher scores in likeness perception, as younger
adults typically perform better in olfactory tasks. However, it should be noted that COT, MOT and
controls had average UPSIT scores of 23.9, 23.1, and 23.9 points respectively before the training.
These numbers were 29.2, 26.2, and 24.9 for COT, MOT, and controls respectively after the train-
ing. Within the normative data, people with anosmia are expected to have below 18 scores in
UPSIT test and above 32.7 for normosmia (Doty et al., 1984). In other words, on average partici-

pants exhibited hyposmia both before and after the training.
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4.3. Conclusion

In summary, this thesis contributes significantly to the literature in two major areas: (1) multisen-
sory perception, by delivering olfactory-gustatory-visual co-stimulations in both dual or triplet
formats within the same experimental framework, thereby offering new insights into the rela-
tively unexplored domain of multisensory combinations involving olfaction, (2) olfactory plastic-
ity, by incorporating these multisensory components into COT and demonstrating significant im-

provements in olfactory abilities among patients with long-term, COVID-19-related OD.

The findings presented here reveal a strong influence of gustatory and visual cues on olfactory
perception within the context of congruency and likeness judgements. We show that congruent
gustatory or visual stimuli presented alongside olfactory stimuli increase likeness perception, al-
lowing participants to make more accurate perceptual evaluations. Conversely, incongruent gus-
tatory or visual stimuli reduce likeness ratings. Furthermore, when both congruent gustatory and
visual cues accompany olfactory stimuli, participants provide even higher likeness ratings than in
dual-modality congruent conditions. The opposite pattern also holds: simultaneously presenting
both incongruent gustatory and visual cues leads to even lower likeness ratings than dual incon-

gruent presentations.

Together, the results from both studies may prove valuable for future multisensory research in-
volving gustatory, visual, and olfactory stimuli. The tested stimulus combinations from the multi-
sensory perception experiment (Article 1) could be further optimized and incorporated into fu-

ture MOT protocols across diverse cultural contexts and patient populations.

Moving forward, future research should aim to: (1) improve stimulus selection and intensity
through more extensive pilot testing, especially in clinical populations, (2) implement stricter ad-
herence-tracking tools to ensure participants follow OT protocol accurately, (3) employ neuroim-
aging techniques, such as EEG or fMRI, to visualize neural responses to MOT and to understand
underlying mechanisms, and (4) use gustometers, to deliver precisely timed and controlled gus-
tatory stimuli, enabling the measurement of additional dependent variables such as response

times and decision-making speed. Incorporating such methodological advancements could
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deepen our understanding of the interactions between olfaction, gustation, and vision, and con-

tribute to the development of more effective MOT programs.
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Annexes

Below are two other scientific papers published that are not part of this thesis. The first manu-
script is about the plasticity and olfactory abilities of Sommelier students before and after their
training. The second manuscript is a book chapter that includes various methods used in trigem-

inal testing.

162



Article - Olfactory bulb volume and cortical thickness evolve during

sommelier training

Gozde Filizt, Daphnée Poupon?, Sarah Banks?, Pauline Fernandez?, Johannes Frasnelli**

Filiz, G., Poupon, D., Banks, S., Fernandez, P., & Frasnelli, J. (2022). Olfactory bulb volume and
cortical thickness evolve during sommelier training. Hum Brain Mapp, 43(8), 2621-2633.

https://doi.org/10.1002/hbm.25809

Affiliations: 1 Department of Anatomy, Université du Québec a Trois-Riviéres, Canada

2 University of California, San Diego, United States
3 Institut du Tourisme et d’Hotellerie du Québec, Montréal, Canada

4 Research Centre, Sacré Coeur Hospital, Montréal, Canada

Contribution of authors:

Filiz, Gozde: Writing, revision, literature review

Poupon, Daphnée: Experimental design, data collection, recruitment, writ-

ing, revision, literature review
Banks, Sarah: Revision
Fernandez, Pauline: Recruitment, writing, revision

Frasnelli, Johannes: Writing, revision

163


https://doi.org/10.1002/hbm.25809

Ethical statement: This study was approved by the Ethics Committee of the Institut Univer-

sitaire de Gériatrie de Montréal (IUGM) research center, the Ethics Committee of the Institut de
Tourisme et d’Hétellerie du Québec in Montreal, and the Ethics Committee of the University of

Quebec in Trois-Rivieres, Canada. All participants gave informed written consent to participate.

Conflict of interest: There was no conflict of interest.

Data availability statement: Because of a confidentiality clause in agreement with the
Ethics Committees, research data are not available.
Acknowledgement: We would like to thank Carollyn Hurst and Alain Cyr for their help at

the Unité de Neuroimagerie Fonctionnelle, as well as Geneviéve Nuckle, Simona Manescu, Benoit
Jobin, Salomé Archambault Boisvert, Cécilia Tremblay and Emilie Aubry-Lafontaine for their help
with recruitment and testing. This study was funded by the UQTR Research Chair in Chemosen-
sory Neuroanatomy, the Fonds de Recherche du Québec-Santé (FRQS) and the Natural Sciences

and Engineering Research Council of Canada (NSERC).

Abstract

Brain plasticity is essential for experts to acquire the abilities they need. Sommeliers are olfaction
experts who display differences in olfactory regions in the brain that correlate with greater olfac-
tory abilities. While most studies on this topic are cross-sectional, we used a longitudinal design
and invited 17 sommelier students at the start and end of their training then to compare them to
17 control students to study the effects of training-related brain plasticity. After a year and a half,
5 Sommelier students and 4 control students dropped out, leading to 12 Sommelier students vs
13 controls. More specifically, we used magnetic resonance imaging (MRI) to measure cortical
thickness. We also measured olfactory bulb volume, as this structure plays a crucial role in olfac-
tory processing and its volume positively correlates to olfactory performance which has never
been examined in sommeliers. We used Sniffin’ Sticks test to evaluate olfactory performance.
During training, olfactory bulb volume increased in sommelier students while there was no signif-
icant change in the control group. We also observed that thickness of right entorhinal cortex in-

creased, and cortical thickness decreased in other regions of interests. Our olfactory tests did not
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reveal any significant changes in sommelier students. In conclusion, this is the first longitudinal
study to report an increase in olfactory bulb volume in olfaction experts and our aim was to show
the effects of ecological training-related brain plasticity. The mixed results about cortical thick-
ness might be explained by “overproduction-pruning” model of brain plasticity, according to
which the effects of training-related plasticity are non-linear and simultaneously involve different

processes.
Keywords: plasticity, brain, olfaction, sommelier, olfactory bulb, cortical thickness, magnetic

resonance imaging

Introduction

Brain plasticity allows experts to acquire the skills they need: through training, they acquire and
refine abilities that come with changes in brain structure and function. Effects of training-related
brain plasticity can be observed in top athletes, musicians, or in professionals whose jobs require
specific skills. For example, structural differences can be observed in hippocampus of London taxi
drivers because the hippocampus is involved in spatial memory. With years of experience, taxi
drivers memorize the London map better thus need less encoding of new spatial information so
they start using their mental map of the city (Maguire et al., 2000). Likewise, brain changes facil-
itate visuo-spatial processing and coordination in professional badminton players (Di et al., 2012),
grant musicians refined hand motor skills (Amunts et al., 1997), allow radiologists to process and
interpret radiographs more effectively (Harley et al., 2009). These training-related changes in the
brain can be structural or functional; they can occur in both cortex and white matter. We can
detect this type of changes with neuroimaging techniques such as magnetic resonance imaging
(MRI). Itis important to know whether these changes can also be detected as a result of ecological
training which will give us insight about olfactory plasticity. This has the potential to improve the

olfactory training protocols for individuals with the loss of olfactory function.

The olfactory bulb (OB) is an ovoid structure located under the frontal lobe of brain. It constitutes
the first relay of olfactory processing as it receives input directly from the olfactory epithelium:

olfactory receptor neurons project to the ipsilateral OB and synapse with second-order neurons
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known as mitral and tufted cells that will convey the information deeper into brain (Gottfried,

2010; Huart et al., 2013; K. Mori et al., 1999).

By using MRI, the volume of this structure can be measured. In healthy people with a normal
sense of smell, significant positive correlations between OB volumes and olfactory performance
were reported: a bigger OB is associated with better olfactory abilities (Buschhuter et al., 2008;
Seubert et al., 2013). Similar correlations were observed in patients with olfactory dysfunction:
impairment of olfactory dysfunction is positively correlated with smaller OB volume (Liu et al.,
2017; Rombaux et al., 2006). Cause of olfactory dysfunction can be congenital in some rare cases,
but most of the time the impairment is acquired. Patients with a unilateral complete nasal ob-
struction are subject to a decrease of ipsilateral OB volume. For example, absence of olfactory
input on one side during a few months resulted in a smaller ipsilateral OB, while contralateral OB
was not affected (Askar et al., 2015). OB volume changes are not only caused by olfactory dys-
function: age, for example, is another factor that can impact OB volume. Similar to olfactory per-

formance, OB volume decreases with age (Hang et al., 2015).

Olfactory training typically consists of smelling odours every day for a few months, and it is a
potential way for patients to recover from olfactory dysfunction/loss. It can improve olfactory
performance, and these changes correlate with OB volume increases (Haehner et al., 2008; Rom-
baux et al., 2009). Olfactory training can have the same effect in people with a normal sense of
smell. In one experiment, participants were tested at the beginning and end of a four-month ol-
factory training but only one of their nostrils was trained. OB on both the trained and contralateral
side nostrils became bigger. This confirms the correlation between olfactory function and OB vol-
ume. It also indicates that the underlying mechanism is complex and involves top-down processes
which allows OB that is not on the stimulated side to grow along with a stimulated OB (Negoias
etal., 2017). Besides receiving input from olfactory epithelium, OB neuronal activity is modulated
by centrifugal input from cerebral structures such as primary olfactory cortex, amygdala, hippo-
campus, locus coeruleus and raphe nuclei (Lazarini & Lledo, 2011). Changes in OB volume could
be due to neurogenesis that happens in adult olfactory system or synaptogenesis between olfac-
tory receptor neurons and mitral cells in OB (Curtis et al., 2007; Eavri & Nedivi, 2013; Lotsch et

al., 2014) (for a review, see (Huart et al., 2013, 2019; Zatorre et al., 2012)).
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Measuring cortical thickness is an efficient way to evaluate changes in grey matter. Numerous
studies reported that training and expertise in different domains can impact cortical thickness.
Auditory cortex as well as frontal regions involved in high cognitive function were reported to be
thicker in musicians (Bermudez et al., 2009). In another study, a nine-month training of social
skills resulted in cortical thickness changes in well-known socio-affective and socio-cognitive brain
networks (Valk et al., 2017). Similarly, the ability to perceive and identify odors is also related to
brain anatomy as: olfactory performance and cortical thickness in both olfactory and non-olfac-
tory regions are correlated (Frasnelli et al., 2010). Another study targeting sommeliers reported
that they display a thicker entorhinal cortex which plays a key role in olfactory processing (Banks
et al., 2016). Being an expert is not needed to observe the effects of training-related brain plas-
ticity: training novices for six weeks in different olfactory tasks and testing them before and after
the training showed that cortical thickness increased in regions such as right entorhinal cortex,

right inferior frontal gyrus and bilateral fusiform gyrus (Al Ain et al., 2019).

Objectives and hypotheses
Many studies about brain plasticity in sommeliers and perfumers are cross-sectional, which is an
efficient way to compare them with a control group, but it does not allow to see the evolution of
brain over time. In olfactory field, only in a few studies, researchers used a longitudinal design to
examine the effects of training-related brain plasticity with MR imaging. The most popular study
doing this consisted of testing adults with a normal sense of smell before and after a six-week-
long olfactory training (Al Ain et al., 2019). Though the OB has been the subject of many studies,

there has been no report of OB volume in olfactory specialists.

We therefore aimed at examining the effects of sommelier training on the brain and olfactory
function in an explorative study. We tested sommelier students at the start and end of their 18
months training and compared them with a group of students whose training did not involve any
sense of smell. We used Magnetic Resonance Imaging (MRI) to measure OB volume and cortical
thickness. We hypothesized that (1) Sommelier training leads to OB volume increases; (2) Som-

melier training leads to changes of cortical thickness.
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Materials and methods

Participants
Initially 17 Sommelier students and 17 control students were recruited in the study. Sommelier
students were recruited from the Institut de Tourisme et d’Hotellerie du Québec. Participants did
not have any known smell or taste loss/dysfunction. At time point-1 Sommelier group composed
of 7women aged 26.1 + 4.7 years, and 10 men (aged Mean = 25.7, S.D. = 5.0 years, range: 21-34).
The control group consisted of 17 students from the University of Montreal or the University of
Quebec in Montreal. These participants were chosen to match sommelier students in age and
gender. Therefore they were composed of 7 women aged 26.6 + 4.3 years, and 10 men (aged
Mean = 25.6, S.D. = 5.7 years, range: 20-35). One sommelier student was excluded from the study
because of pregnancy, defined by the Ethics Committee as an exclusion criterion for the MRl scan.
At follow up, 5 Sommelier students and 4 control participants dropped out of the study resulting
in 12 Sommelier students and 13 control participants. Therefore at follow up, sommelier group
consisted of 5 women and 7 men (aged Mean = 26,6, S.D. = 4,3 years, range: 21-34) and control

group consisted of 4 women and 8 men (aged, Mean = 27,2, S.D. = 4,8 years, range: 20-35).

Sommeliers Controls Statistic p-value
Baseline
Sex (f/m) 7/10 7/10 X 1
Age 26.0 26.2 t test 0.9
Follow up
Sex (f/m) 5/7 4/8 x> 0.67
Age 26.6 27.3 t test 0.7
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Table 5.1. Average ages across Sommelier and control groups at baseline and follow-up. Mean

ages were compared with independent samples t-test. P-values of the tests were added.

Sommelier training
The participants in the sommelier group underwent the International Service and Sommelier
Training at The Institut de Tourisme et d’Hotellerie du Québec in Montreal

(https://www.ithg.qc.ca/en/school/future-students/programs/program/international-service-

and-sommelier-training/), which is the prerequisite for becoming a professional sommelier. The

training consists of 1200 hours of classes; olfactory training takes place in most of these classes
as only 45 hours do not involve any sensory analysis. There is also a minimum of 905 hours work
experience obtained during different compulsory internships that include 4 months in an English-
speaking establishment outside of Quebec, 3 months at a Michelin-starred or Relais & Chateaux

restaurant in France, and a month at a vineyard in France.

Students in the control group came from different fields of study, e.g. administration, psychology,
life sciences, economics, humanities, which did not involve any practical olfactory training. We
did not monitor whether students were involved in any olfactory-training like activities during the

period of training.

Brain Imaging
MRI images were acquired at the Unité de Neuroimagerie Fonctionnelle (UNF) at IUGM. UNF pro-

vides access to a Prisma Fit 3 Tesla MRI scanner from Siemens.

Olfactory bulb volume
To measure OB volume, we used a standard protocol resulting in 2-mm-thick T2-weighted images
in Turbo Spin Echo (TSE) mode. Images were obtained in the coronal plane and there was no gap
between the 2-mm-thick slices, with voxel size: 0.16 x 0.16 x 2 mm?3. This method was described
as the most suitable method for OB volumetry (Huart et al., 2013; Seubert et al., 2013). OB vol-
umes were measured for right and left OB by DP without blinding the process. To maintain objec-
tivity, measurements were done twice and made sure that the difference between the two vol-

umes were less than 10%.
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Figure 5.1. Coronal slice of the brain. It is as seen on MIPAV software, A. zoomed out, B. zoomed

in on the olfactory bulbs. The red line delineates the left olfactory bulb.

T1l-weighted MRI

To obtain whole brain volume and measure cortical thickness, we acquired a T1-weighted struc-
tural volume using an MPRAGE sequence. This sequence provides 176 contiguous sagittal slices
with an isotropic spatial resolution of 1 mm?3 (repetition time 2300 ms, echo time 2.26 ms, flip
angle 8°, in-plane field of view 256 mm). An automated reconstitution of a tridimensional brain

image was performed using Freesurfer 6.0 for Linux (http://surfer.nmr.mgh.harvard.edu), which

provided us with the whole brain volume.

Olfactory performance
Olfactory performance was assessed using an extended version of the Sniffin’ Sticks test (Hummel
et al., 1997; Hummel et al., 2007). Sniffin’ Sticks are felt-tip pens which are filled with odorants
instead of ink. The experimenter presents the odorants to the participant by removing the cap

and placing the pen’s tip approximately 2 cm in front of both nostrils.

We assessed olfactory performance by using the Sniffin’Sticks test measure (1) odor threshold,

(2) odor discrimination, and (3) odor identification. We further used the same test to carry out an
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odor memory test, as described earlier (Al Ain et.al., 2019). In short, participants were presented
with a total of 16 odors; 8 of this were novel, while 8 others had been presented during the iden-
tification test. Participants had to indicated whether they had already smelled these odors; we
counted the number of correct responses. Using the Sniffin’ Sticks sets provided for each of these
tests and following the established procedures (for details, see Frasnelli et al., 2010; Hummel et
al., 1997; Hummel et al., 2007). In most studies, the Sniffin’ Sticks test is performed birhinally, i.e.,
both nostrils are tested simultaneously, but it has been shown that olfactory performance assess-
ment is more complete when it is performed unirhinally, i.e., when nostrils are tested separately,
especially for the threshold task (Poupon et al., 2017). Therefore, we tested nostrils separately
for the odor threshold task, which is the most perceptual task, i.e., this task does not involve as
many cognitive factors as the other tasks (Hedner et al., 2010). To do this, participant closed a
given nostril with a finger during each odor presentation, and one nostril was tested after the
other. The order of nostrils was randomized. We then obtained a threshold estimate for each

nostril.

Olfactory detection threshold
We assessed odor thresholds for phenylethyl alcohol (PEA) using a single staircase, three-alterna-
tive forced choice procedure: we presented participants with triplets of pens, one of them con-
taining the odorant in a given concentration, the two other containing solvent. Participants had
to identify the pen containing the odorant. In this task, we tested two nostrils separately: the
participant closed a given nostril with a finger during each odor presentation, and one nostril was
tested after the other. The order of the nostrils was randomized (Hummel et al., 1997). Obtained

scores ranged between 1 and 16 for each nostril.

Odor discrimination
To assess odor discrimination, 32 triplets of pens (two pens containing the same odorant, and a
third pen containing a different one) were presented. Participants had to identify the target pen,
i.e. the pen containing the different odorant. The 32-triplets discrimination test is an extended
version of the commercially available 16-triplets test (Frasnelli et al., 2010; Haehner et al., 2009).

Odors are listed in Hummel et al., 1997. Obtained scores ranged from 0 to 32.
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Odor identification

Odor identification was assessed for 16 common odors. Two sets of Sniffin’ Sticks are available
for this task. The first one that we used at the beginning of training is composed of following
odors: orange, leather, cinnamon, peppermint, banana, lemon, licorice, turpentine, garlic, coffee,
apple, cloves, pineapple, rose, anise, fish. The second one that we used at the end of training is
composed of 16 other common odors: pear, coke, lilac, grapefruit, grass, raspberry, honey, ginger,
coconut, lavender, melon, peach, mushrooms, smoked meat, chocolate, onion (Haehner et al.,

2009). Notes corresponding to all of these odors can be perceived in wine.

Each odorant was presented a first time and participants had to identify it without any cue (free
identification). The second time, for each individual odor, a list of four descriptors were pre-
sented; participants had to identify the odorant by picking one of them (cued identification). Lists
of descriptors for each odorant have been established by the creators of Sniffin’ Sticks test. There-
fore, they were same for all participants. In total, we obtained two scores: free and cued identifi-
cation, each ranging from 0 to 16 and corresponding to number of odors that were correctly iden-
tified. In the free identification task, participants scored only if the identification was fully correct,

e.g. naming lemon or leather for orange would both count as zero.

Olfactory memory
We assessed olfactory memory by using two sets of 16 pens designed for the identification task.
Only 8 pens from each set were used for this task; half of the participants were tested with pens
labelled with even numbers, the other half with odd numbers. The order of pens was randomized.
Participants had to tell whether they had smelled the odorant during the identification task. This

task took about 40 minutes.

The score for this task consisted in the sensitivity index d’ that we calculated using the signal
detection theory (MacMillan & Creelman, 2005): we determined the numbers of hits (i.e. the
participant said an odor was present in the identification task and that odor was present) and
false alarms (i.e. the participant said an odor was present in the identification task but it was not).

From that, we calculated sensitivity index d’: d’= z (hit rate)-z (false alarm rate)
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The sensitivity index d’ indicates the ability to detect whether odors were present in the identifi-
cation task: d’=1 roughly corresponds to 69% of correct answers (hits and correct rejections), d’=2

roughly corresponds to 95% of correct answers.

We obtained a total of six scores per participant in the olfactory tasks: two scores in the threshold
task (right and left nostrils), one score in the discrimination task, two scores in the identification

tasks (free and cued), one score in the olfactory memory task.

Analysis

The analysis of cortical thickness was performed with FreeSurfer 6.0 for Linux

(http://surfer.nmr.mgh.harvard.edu).

OB volume and olfactory data were analyzed using SPSS 23.0 for Windows. Alpha was set at 0.05

and we used Bonferroni-Holm corrections for multiple comparisons.

OB volume

We used the MIPAV (Medical Image Processing, Analysis, and Visualization) to measure OB vol-
ume by manually contouring the OB surface on each coronal slice, from anterior to posterior, with
pixel size 0.16 x 0.16 mm?Z. The first slice (most anterior one) we consider is the one on which OB
becomes visible. A sudden decrease in the diameter of OB marks the posterior end of the struc-
ture and it allows to identify the last slice to be used in the measurement. Once OB surfaces are
delineated on each slice, all surfaces are added up, and multiplied by the slice thickness (2 mm)
to obtain the OB volume in mm?3. This approach is commonly used in studies examining OB vol-
umes, and it was proven to be a reliable and an accurate method (Huart et al., 2013; Seubert et

al., 2013; Yousem et al., 1998).

For the analysis, OB volume was our dependent variable. We performed repeated measures of
ANOVA with two within-subject factors: time (2 levels: beginning of training “T1”, and end of
training after 18 months “T2”), and side (2 levels: left and right). Group (2 levels: sommelier stu-
dents and control participants) was defined as between-subject factor. We also used whole brain

volume as covariate.
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We performed post-hoc repeated measures of ANOVAs in sommeliers and controls separately,
with time and side as within-subject factors so that we could investigate if there was a group-

specific evolution of OB volume between T1 and T2.

Cortical thickness
Measuring cortical thickness consists of reconstituting a tridimensional image of the brain; meas-
uring the distance between these two surfaces, modelling white surface (at the limit between

white and grey matter) and pial surface (between grey matter and cerebrospinal fluid).

The automated reconstitution of a tridimensional image of brain performed by FreeSurfer in-
volves skull stripping, volumetric labeling, intensity normalization, white matter segmentation,
surface extraction and gyral labeling. For each hemisphere, each surface is made of about 140,000
vertices that are defined by X, Y and Z coordinates. Vertices of white and pial surfaces have the
same identity: each vertex of white surface has a corresponding vertex in the pial surface, which

allows us to calculate the distance between two surfaces (cortical thickness).

Because we have longitudinal data, we used FreeSurfer’s longitudinal stream which consists of
three pre-processing steps. The first step is a cross-sectional processing corresponding to the re-
constitution of a tridimensional image of brain as described in the previous paragraph and this is
performed independently for each time point. The output is used in the second step to create a
within-subject template corresponding to the average anatomy of the participant across time.
The third step uses the within-subject template to create, final results for each time point that
are more accurate and reliable than the independent cross-sectional runs. Once this prepro-
cessing was done for each participant, we computed the longitudinal data from cortical thickness
measures at T1 (first time point, at the beginning of training) and T2 (second time point, at the

end of training). These longitudinal data included:

- the average thickness across time: (thickness T1 + thickness T2) / 2
- the rate of change in mm/year (rate): (thickness T2 — thickness T1) / (T2 — T1)

- the symmetrized percent change (SPC): 100 * rate / avg
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Additional postprocessing steps included smoothing, using a5 FWHM kernel and resampling onto

FreeSurfer average subject FSaverage.

Finally, a group analysis was performed using a general linear model (GLM) with SPC as our de-
pendent variable and group as our between-subject factor. A correction for multiple comparisons
can be done by Monte Carlo cluster-wise simulation. Results were thresholded at p < 0.05 when
corrected for multiple comparisons, or at p < 0.0001 for predicted regions. FreeSurfer stores sig-

nificance as -log10(p-value); a significance of 4 and more corresponds to p < 0.0001 uncorrected.

See https://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/LongitudinalTutorial for more details.

Olfactory performance
We performed two analyses. Since we measured left and right OB volumes and tested nostrils
separately in the threshold task, first we analyzed olfactory threshold on each side. We included

the other olfactory tasks in a second analysis.

Olfactory threshold
Olfactory threshold was our dependent variable. We performed repeated measures ANOVA with
two within-subject factors: time (2 levels: beginning of training “T1”, and end of training 18
months later “T2”), and side (2 levels: left and right). Group (2 levels: sommelier students and

control participants) was defined as between-subject factor.

Then, we performed post-hoc repeated measures ANOVAs in sommeliers and controls separately.
We used time and side as within-subject factors to investigate if there was a group-specific evo-

lution of olfactory threshold between T1 and T2.

Overall olfactory performance
This analysis included more olfactory scores. Because there were strong correlations between left
and right thresholds; free and cued identification scores, we only kept the better threshold for
this analysis which reflects the score obtained when both nostrils are tested simultaneously
(Frasnelli et al., 2002). The score obtained in the cued identification task is most commonly used

in studies with the Sniffin’ Sticks. We performed a repeated measures ANOVA with two within-
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subject factors: time (2 levels: beginning of training “T1”, and end of training 18 months later
“T2”), and test (4 levels: better threshold, discrimination, cued identification, olfactory memory).
Group (2 levels: sommelier students and control participants) was defined as between-subject

factor.

Correlations between brain and olfaction
We calculated evolutions AT2-T1 for each dependent variable and performed Pearson correla-
tions to examine if there was any correlation between left and right olfactory thresholds and left
and right OB volumes, between other olfactory tasks and total OB volume (left + right OB vol-

umes), and between olfactory scores and cortical thickness.

Results

Olfactory bulb volume

Figure 1 depicts a coronal slice of a brain that is zoomed on the OB as seen on the MIPAV software.

OB volumes are represented on Figure 2.

We found a significant interaction time*group (F1,22 = 16.246, p = 0.001) and a significant effect
of whole brain volume (F1,22 = 16.842, p <0.001) on OB volumes. There was no significant main
effect of time (F1,22 = 2.339, p = 0.140), group (F1,22 = 1.015, p = 0.325), side (F1,22 = 0.007, p =

0.934) or any interaction.

To disentangle the interaction, we compared OB volumes at T1 and T2 in each group separately.
In the sommeliers group, we observed a significant main effect of time with OB volume being
bigger at T2 than T1 (F1,11 = 12.028, p = 0.005). In contrast, there was no significant effect of time
in controls (F1,12 = 0.474, p = 0.504); the evolution of OB volume over time was not significant in

control group (Figure 2).

We then investigated the effect of whole brain volume which is correlated with OB volume (left
OB at T1:r = 0.456, p = 0.016; right OB at T1: r = 0.371, p = 0.033; left OB at T2: r = 0.578, p =
0.006; right OB at T2: r = 0.622, p = 0.004). There was no effect of group on the whole brain
volume (F1,33=0.939, p = 0.340).
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Figure 5.2. OB volumes T1 and T2. A. and B. Left and right olfactory bulb volume (in mm3) at the

start of training (T1) and at the end of training (T2) in sommelier students (dark) and controls

(light). C. Evolution of OB volumes during training (in %) in sommelier students (dark) and controls

(light). Standard error of the means can be observed in the graph.

Cortical thickness

When we applied a correction for multiple comparisons, we found no significant cluster. When

we lowered the threshold to p < 0.0001 uncorrected, we observed that sommelier training had

an effect on cortical thickness in several small clusters: in sommelier students, there was an in-

crease of cortical thickness in right entorhinal cortex, and a decrease of cortical thickness in left

inferior temporal gyrus, triangular portion of right inferior frontal gyrus (pars triangularis), left

superior parietal and superior frontal gyri (for more details, see Table 1 and Figure 3).

Region Coordinates Size Sig.
X y z

L inferior temporal gyrus -5277 1 -61.9 | -39 28 -5.71

R entorhinal cortex 28.8 -79 | -32.8 16 5.38

R pars triangularis 52.8 28 33 3 -4.23

L superior parietal gyrus -29.7 | -52.6 | 51.7 8 -4.23

L superior frontal gyrus -21.2 239 | 475 2 -4.12

Table 5.2. Effects of sommelier training on cortical thickness. Effect of group on the following

structures was significant at a p < 0.0001 uncorrected level. Coordinates (x, y, z) are in the MNI
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space. The size corresponds to the number of vertices where differences were observed. Sig = -
log10(p-value); a significance of 4 and more corresponds to p < 0.0001, a positive significance
indicates an increase of cortical thickness in sommeliers compared to controls while a negative

significance indicates a decrease.

Figure 5.3. Effect of sommelier training on cortical thickness. Comparison of symmetrized per-
cent change (SPC) over training between sommelier and control students: blue clusters indicate
that cortical thickness in sommelier students decreased during training while the red and yellow
cluster indicates an increase of cortical thickness. A. Lateral view of the left hemisphere. B. Infero-
medial view of the right hemisphere. C. Superolateral view of the left hemisphere. D. Lateral view
of the right hemisphere. p < 0.0001 uncorrected: 1. Inferior temporal gyrus, 2. Entorhinal cortex,

3. Superior parietal gyrus, 4. Pars triangularis, 5. Superior frontal gyrus.
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Olfactory performance

Olfactory scores are depicted in Figure 4.

In our first analysis, we found a significant interaction of time*group (F1,23 = 8.951, p = 0.007) and
a significant effect of time with thresholds at T2 better than T1 (F1,23 = 7.510, p = 0.012). There

was no effect of group (F1,23 = 1.435, p = 0.243), side (F1,23 = 0.241, p = 0.628) or any interaction.

To disentangle the interaction, we compared olfactory thresholds at T1 and T2 in each group sep-
arately. In sommeliers, there was no main effect of time (F1,11 = 0.033, p = 0.860) or any other
variable and interaction. In control group, there was a significant main effect of time with olfac-

tory thresholds being better at T2 than T1 (F1,12 = 29.775, p < 0.001; Figure 4).

In our second analysis, for other olfactory tasks, we found no significant effect of group (F1,23 =
0.176, p = 0.678) or time (F1,23 = 0.906, p = 0.351), interaction of time*group (F1,23 = 3.591, p =
0.071). This means that the olfactory scores did not significantly evolve between T1 and T2. There

was no overall significant difference between groups.
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Figure 5.4. Olfactory performance at T1 and T2. Dark color represents sommelier students and
light color represents controls. Scores obtained in the detection threshold task with the left nostril
(A.) and the right nostril (B.), in the discrimination task (C.), the free identification task (D.), the

cued identification task (E.) and the olfactory memory task (F.).

Correlations between OB volume and olfactory performance
There was no correlation between the OB volume and olfactory threshold at T1 and T2 (left: T1:
r=-0.241, p=0.176; T2: r =-0.111, p = 0.598; right: T1: r =-0.012, p = 0.947; T2: r = 0.084, p =
0.690).

We also found no correlation between evolutions of OB volume and olfactory threshold (left:
sommeliers: r = 0.259, p = 0.416; controls: r =-0.234, p = 0.442; right: sommeliers: r =-0.315, p =
0.319; controls: r =-0.443, p = 0.129).

There was no significant correlation between OB volumes or cortical thickness and other olfactory

tests.

Discussion

We found that sommelier training led to an increase of OB volume and to changes in cortical
thickness in five different regions associated with olfactory processing. Also, our olfactory tests
did not reveal any improvement of the olfactory function; thus, changes in the brain were not

correlated with enhanced scores on the Sniffin” Sticks test.

Olfactory bulb volume
We report data about OB volume in experts measured twice during a longitudinal study that is
conducted with sommelier students. This study allowed us to examine the effect of training on

OB volume.

The increase of OB volume as sommelier students become olfaction experts is a great example of
ecological training-related brain plasticity. This result is in line with the literature about OB vol-
ume in patients and healthy people with a normal sense of smell. Since greater OB volume is

associated with a better sense of smell (Buschhuter et al., 2008; Liu et al., 2017; Rombaux et al.,
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2006; Seubert et al., 2013), and olfactory training results with the increase of OB volume (Haehner
et al., 2008; Negoias et al., 2017; Rombaux et al., 2009), it is plausible that becoming an expert in

olfaction leads to an increase of OB volume.

We showed that training led to an increase of OB volume. Four mechanisms have been proposed

to explain OB plasticity, i.e. how the OB can grow with training.

Synaptogenesis is a first possible mechanism: activity modulates the connections between neu-
rons, i.e. the synapses between olfactory receptor neurons and mitral cells lead to an increase or
decrease in the number of synapses, thus modulating the size of the structure (Eavri & Nedivi,

2013; Zatorre et al., 2012).

Other mechanisms consist of an increase in the number of neurons. Neurogenesis is a remarkable
ability of the olfactory system. Continuous neurogenesis occurring at the level of the olfactory
epithelium is a second proposed mechanism. The olfactory epithelium contains stem cells that
can differentiate into new olfactory receptor neurons (Schwob & Costanzo, 2010). This regener-
ation is essential to maintain a functional sense of smell since olfactory receptor neurons are
directly exposed to the environment and thus can be damaged. By repeatedly activating the ol-
factory system, one can hypothesize that olfactory training stimulates neurogenesis in the olfac-
tory epithelium. Olfactory receptor neurons then grow axons which synapse with mitral cells in

the OB. This could explain the increase in OB volume.

A third possible mechanism relies on neurogenesis in the supraventricular zone of the lateral ven-
tricle: neural stem cells produce neuroblasts which migrate toward the OB and differentiate into
olfactory interneurons in the OB. These additional cells could explain the OB growth. However,
this mechanism which was first demonstrated in adult rodents and monkeys (Kornack & Rakic,
2001; Lois et al., 1996; Ming & Song, 2011) is still debated in adult humans. If neural stem cells
have been observed along the lateral ventricle in humans (Johansson et al., 1999; Sanai et al.,
2004), their ability to produce neuroblasts which migrate to the OB is still a matter of debate
(Curtis et al., 2007; Sanai et al., 2007; Sanai et al., 2011).

Finally, intrinsic bulbar plasticity constitutes a fourth possible mechanism underlying OB plastic-
ity: neural stem cells are present in the adult human OB and it was hypothesized that they could
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be responsible for an increase in the number of cells, and thus OB growth (Pagano et al., 2000).
However, while the study of functional genomics suggests neurogenesis in the OB (Lotsch et al.,

2014), no OB neurogenesis was detected (Bergmann et al., 2015).

Cortical thickness

We observed an increase of cortical thickness in sommeliers’ right entorhinal cortex, and a de-
crease in the inferior temporal gyrus, the superior parietal and the superior frontal gyrus (all left)
as well as the triangular portion of right inferior frontal gyrus. It is important to point out that the
group difference in cortical thickness were only significant with a liberal threshold of p<0.0001,
uncorrected, while a Bonferroni correction yielded no significant difference. Our approach is in
line with earlier research on the association between structural measures in olfactory specialists/
training (Banks et al., 2016, Al Ain et al., 2019, Delon-Martin et al., 2013), as using a conservative
threshold such as Bonferroni correction comes with the risk of false negative results. We there-
fore primarily discuss predicted olfactory regions, i.e., regions that have shown an effect in earlier
studies. This is only true for the right entorhinal cortex which increased in sommelier students. A
similar increase was reported following a 6 week long olfactory training (Al Ain et al., 2019). In
fact, the entorhinal cortex — one of the primary olfactory regions (Patel & Pinto, 2014), — has a
larger volume in sommeliers, and its cortical thickness is positively correlated with years of som-

melier experience (Banks et al., 2016).

Other regions with significant differences were not predicted, and conclusions are therefore spec-
ulative. We observed a decrease in cortical thickness in left inferior temporal gyrus (ITG), triangu-
lar portion of right inferior frontal gyrus (tIFG), left superior parietal gyrus (SPG) and left superior
frontal gyrus (SFG) in sommelier students. These regions are not typically found to be involved in
olfactory processing. We did not expect cortical thickness to decrease because greater olfactory
abilities are usually associated with larger brain structures and thicker cortices, as several studies
reported before (Al Ain et al., 2019; Banks et al., 2016; Buschhuter et al., 2008; Frasnelli et al.,
2010; Hummel et al., 2003; Seubert et al., 2013). Most of these studies are cross-sectional and
compare two groups of individuals instead of examining the evolution of cortical thickness like

we did, but the longitudinal study (Al Ain et al., 2019) also seemed to validate the idea that cortical
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thickness increases with training: all the changes they observed after their six-week-long olfactory
training were local increases of cortical thickness, including the two brain regions where we ob-

served a decrease: left ITG and right tIFG.

However, in other fields than olfaction, there were reports of learning-dependent decreases of
cortical thickness. For example, following a 9 months training of social skills (Valk et al., 2017) or
after a week-long training aiming at improving processing speed (Takeuchi et al., 2011). This sug-
gests that cortical thinning could have a role in learning. Another idea is that the progression of
learning-dependent changes is nonlinear: this was the theory supported by a team who observed
that over a 7 weeks long training during which right-handed participants practiced writing and
drawing with left hand, cortical thickness increased in the first four weeks but then decreased
despite continued practice and increasing task proficiency (Wenger et al., 2017). This led to the
‘overproduction - pruning” model of plasticity according to which, number of synapses increases
greatly at the beginning — resulting in increased cortical thickness — and then, behaviorally-rele-
vant connections are stabilized while connections that prove to be functionally irrelevant are

eliminated by pruning (Lindenberger et al., 2017) — associated with reduced cortical thickness.

This model is supported by the evidence of two-photon microscopy in mice during motor training:
rapid formation of new dendritic spines was followed by a slower process of spine elimination
while newly formed and retained dendritic spines were stabilized and probably function as the
physiological substrate for skill acquisition and improvement (Xu et al., 2009). It is in line with
previous findings supporting the idea that changes in the brain appear quickly: in a study where
participants were tested several times during a 5 week long juggling training, increases of cortical
thickness were visible after only a week, leading the authors to suggest that learning a new task
has more impact on brain structure than continued training of an already-learned task (Driemeyer
et al., 2008). Finally, this model would explain why we found that cortical thickness decreased in
brain regions where Al Ain et al. observed an increase: in Al Ain et al.’s study, olfactory training
lasted only 6 weeks and participants were tested before it started; in our study, training lasted 18
months and we tested sommelier students when their training had already started, mostly during
the second month. Because the timing was different, it is possible that Al Ain et al. observed the

increase of cortical thickness that happens at the beginning of training during a first phase of
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overproduction, while we first tested our participants when they were (possibly) already near the
end of this first phase and thus, we observed a decrease in second phase during which more
synapses would be eliminated by pruning than the ones that were newly formed. Those dynamic
changes over time support the idea that training-related brain plasticity has complex nonlinear

effects that involves several processes.

Apart from the entorhinal cortex which is known as an olfactory processing area, the brain regions

where we observed changes in cortical thickness are not typically associated with olfaction.

Olfactory performance

While we expected olfactory performance to improve in sommelier students, scores obtained by
sommelier students in olfactory tasks were not significantly better at T2 than at T1. Because OB
volume increased during sommelier training, but their olfactory scores did not evolve, we found
no correlation between evolutions of OB volume and olfactory performance. In the control group,
there was no significant differences between T1 and T2 for most tests, except in the threshold
task in which we observed a surprising improvement of the performance. The improvement of
olfactory abilities during an olfactory training cannot always be revealed with the Sniffin’ Sticks:
studies showed that smelling four odors every day for a few months led to an improvement of
olfactory sensibility but this effect was specific to the odors used during training and could not be
detected with the Sniffin’ Sticks threshold task (Dalton et al., 2002; E. Mori et al., 2015). This kind
of training also led to an improvement of the ability to identify the four odors but the effect was
not generalized and thus undetectable with the Sniffin” Sticks identification task (E. Mori et al.,

2015).

Itis interesting to mention that these are the results observed in participants with a normal sense
of smell, but olfactory training is also used in patients with olfactory dysfunction and it has been
reported multiple times that smelling four odors every day during a few months leads to an im-
provement that is not specific to the odors that were used: scores in the Sniffin’ Sticks test im-
proved with training, especially in the discrimination and identification tasks (Altundag et al.,
2015; Damm et al., 2014; Fleiner et al., 2012; Geissler et al., 2014; Haehner et al., 2013; Hummel

et al., 2009; Konstantinidis et al., 2013). However, in participants with a normal sense of smell, a
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generalized effect of training was also observed. In a study where olfactory training consisted of
tasks that were more complex than just passively smelling odors on a daily basis: the effect of
training was measurable with the Sniffin’ Sticks test, mostly with the identification task (Al Ain et
al., 2019). In our study, since sommelier training involves various complex exercises, we could
have expected similar results with greater scores in the identification task, especially because it
has also been shown that wine experts perform better than novices in high-order olfactory tasks
such as identification, olfactory memory or discrimination of odorants within mixtures; but not in
more basic tasks such as olfactory detection thresholds (Parr et al., 2002; Poupon et al., 2018;
Poupon et al., 2019). One key argument may explain the potentially conflicting results for the
olfactory bulb (Sommelier students but not controls exhibit an increase in volume) and the be-
havioral test (controls but not sommelier students exhibit improved scores); the Sniffin’Sticks test
was designed to detect olfactory dysfunction and to distinguish between individuals with olfac-
tory dysfunction from those with no such problem. One may therefore argue that there is a ceiling
effect for olfactory specialists, and this test might not be suited for accurately discriminating be-
tween people with a normal sense of smell and olfactory experts. We have shown that other tasks
may be better suited to distinguish between individuals with normal olfactory function and olfac-
tory specialists, e.g., the identification of components within a mixture of odours (Poupon et al.,
2018). Further, anecdotally, we noticed that sommelier students have a more analytical ap-
proach: during the identification task, they took more time to answer. In the free identification
task, while participants from the control group usually gave one answer, sommelier students used
different descriptors as they could smell hints of different odors in each pen. Even when they
were faced with a list of four descriptors in the cued identification task, they were more hesitant
than the control group as they perceived notes corresponding to several of the four descriptors.
This was most prominent for the chocolate odor, for which the list of descriptors also included
vanilla and biscuit. In other case, mostly fruity odors, it was common to hear them say that none
of the four descriptors fitted as the odor was too intense and not natural enough, especially com-
pared to the refined nuances they are used to smelling in wine. In this context, it is important that
the odorants used in the Sniffin” Sticks are artificial odors rather than the actual odor source. An

alternative explanation could be put forward to explain the lack of association between olfactory
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bulb volume changes and changes in olfactory scores, namely that olfactory bulb volume is not
specifically associated with olfactory function. This explanation is however unlikely: first, the as-
sociation between olfactory bulb volume and olfactory function is well established (Buschhuter
et al., 2008; Liu et al., 2017; Rombaux et al., 2006; Seubert et al., 2013, Haehner et al., 2008;
Negoias et al., 2017; Rombaux et al., 2009). Secondly, the sommelier students do get better at
sensory and thus olfactory evaluations over the course of the 18 months of training, as novices
would not be able to pass the final exams. There are other behavioral tests which would have
been a better choice such as the identification of components in a mixture. We have shown that
sommeliers outperform controls in this task (Poupon et al., 2018). Unfortunately, this test was

not included in the present study.

Further studies should consider these points.

Discussion and limitations

We did not observe any significant changes in the olfactory performance of Sommeliers. This
could be due to the fact that Sniffin Sticks is a clinical test which may not be suitable for profes-
sionals’ performance evaluation. People report that this test smells unnatural. Additionally, the
changes in the olfactory performance might be in different shape or tasks. On the contrary, we
found out that control group’s olfactory threshold tests performed better, although we do not
know the reason behind this result, it could be that they became more sensitive to the odours
and learnt throughout the training. Perhaps, Sommeliers had sensitive noses all along or they had

already been accustomed to these odours all along.

It is also worth to note that we have relatively small sample for an imaging study. While the sam-
ple at baseline consisted of 34 participants, nine participants dropped out over the observation
period of 18 months yielding a final sample size of 25. Our results have therefore to be interpreted

cautiously.

Further studies should examine OB volume in sommeliers with more or less experience to test,
for example, whether the OB keeps getting bigger over years, or if at some point a limit is reached

and the OB stops growing. Future longitudinal studies should also be designed while keeping in

186



mind the idea that the effects of training-related plasticity are not linear to further test the over-
production-pruning model: having more than two time points would be ideal to fully observe the

effects of training-related brain plasticity.

Conclusion

In conclusion, this study aims to explore the effects of training-related brain plasticity in brain.
Unlike other studies in which olfactory training consists of smelling a few odors every day during
several weeks, the olfactory training we evaluated here is not as experimental since it is a som-
melier training leading students to become professionals. OB volume increased during their train-
ing which constitutes the first data we have about OBs in olfaction experts. We also observed
local increases or decreases of cortical thickness that support the overproduction-pruning model
of plasticity according to which changes in the brain are nonlinear. It is worth to note that the
positive changes in entorhinal cortex and the negative changes in other regions might be a ques-

tion of timing. It could be that not every region evolves at the same rate.
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Abstract

The chemical senses work both together and independently when eating and drinking. When fi-
bers of the trigeminal nerve are stimulated, they evoke sensations such as irritation, pain, cooling,
or burning which can be perceived as pleasant or unpleasant; the sensory system allowing for
these perceptions is the trigeminal system. Typically, chemical substances do not activate the
trigeminal system alone, as they usually also evoke an olfactory perception simultaneously, and
this is already at lower concentrations. It is therefore challenging to assess sensitivity of the tri-
geminal system. Here, we present a protocol that includes four different techniques enabling to
assess trigeminal sensation at different levels of processing: (A) perception thresholds; (B) detec-
tion through a lateralization task; (C) peripheral neural activity via negative mucosal potential

recordings; and (D) central neural activity via trigeminal event-related potentials.

Keywords: Trigeminal system, Lateralization test, Threshold, Negative mucosal poten-

tial, Event related potentials, Flavor

Introduction

The trigeminal system is one of the three chemosensory systems, next to smell and taste. This
system has a very important function during food intake and in the affective states evoked by the
food that stimulate it. It is linked to the trigeminal nerve, the fifth cranial nerve. This is the thickest
cranial nerve with three eponymous branches that are called ophthalmic (CNV1), maxillary

(CNV2), and mandibular (CNV3) nerve.

The sensory part of the trigeminal nerve is responsible for the somatosensory sensations we re-
ceive from the skin and mucosa of our face, tongue, neck, and throat (Sanders, 2010). It therefore
also allows for the perception of sensations such as tingling, burning, cooling caused by the inter-
action of chemical substances with receptors located on nerve fibers (Frasnelli et al., 2010). Ex-
amples for this are the preference of cooling sensations evoked by menthol in sweets or ice
cream, as well as the burning sensation from capsaicin in spicy dishes (Liu & Simon, 1994). Some
humans prefer to eat spicy or pungent food with an important interindividual and intercultural

difference.
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In fact, flavor is the combination of trigeminal, olfactory, and gustatory (and other) inputs (Laing
& Jinks, 1996). Although the three chemosensory systems are nominally independent from each
other as they rely on distinct receptors and neural pathways, during daily life activities such as
the consumption of food or drinks, two or more of the three chemosensory systems are usually
stimulated together. Because of the overlapping stimulus space as well as common central nerv-
ous processing areas, the three chemical senses interact mutually and enhance or suppress each

other (Tremblay & Frasnelli, 2018).

To assess sensitivity of the trigeminal system, one has to use stimuli that are either purely trigem-
inal, i.e., they stimulate the trigeminal system exclusively, such as carbon dioxide and capsaicin,
or mixed olfactory—trigeminal, i.e., they stimulate both the trigeminal system and the olfactory
system, such as menthol, eucalyptol, or cinnamaldehyde. In the latter cases, it is challenging to
separate the olfactory sensation from the trigeminal one. Different methods have been put for-
ward to overcome this challenge. First, we can (1) use substances which solely stimulate the tri-
geminal systems to eliminate the interference from other senses such as olfaction. Second, we
can (2) use methods that solely rely on activation of the trigeminal system. As an alternative to
these two approaches, if the aim is to assess the capacity of a given substance to activate the
trigeminal system, one can test (3) participants with a working olfactory system who are in-
structed to focus on the trigeminal aspect of a chemosensory stimulus (e.g., “please rate how
pungent this odor is.”) (Frasnelli et al., 2009, Laska, 2001), (see Note 1), or (4) individuals with no
working sense of smell, i.e., individuals with anosmia (Doty et al., 1978, Laska et al., 1997), (see

Note 2).

In this chapter, we propose a protocol that integrates four different methods to assess trigeminal
sensation at different levels of processing: (A) psychophysical detection threshold measurements;
(B) psychophysical lateralization task; (C) peripheral neural activity by recordings of negative mu-
cosal potentials; and (D) central neural activity by measured evoked potentials related to trigem-
inal events. The collected measures can be correlated with subjective measures related to the
emotional or hedonic perception of these trigeminal stimulations in order to better understand

the interplay between trigeminal system and emotions in the food domain.

199



Materials

Threshold for trigeminal stimuli

Oral testing (capsaicin)
Prepare five solutions of capsaicin in 10% ethanol and 90% distilled water: Solution 1: 3.16 10 5%,
Solution 2: 1 10 4%, Solution 3: 3.16 10 4%, Solution 4 % 1 10 3%, and Solution 5 % 3.16 10 3%

w/w. Prepare one blank solution containing 10% ethanol and 90% distillated water.

Nasal testing (CO2)
Carbon dioxide is usually provided in pure form in gas tanks. It must be diluted with air, typically

with the help of an olfactometer (see Note 3).

Lateralization task
Two amber bottles (60 mL); add a cotton ball. One bottle is filled with 15 mL of 50% eucalyptol in
propylene glycol. The other bottle is filled with 15 mL odorless propylene glycol (Frasnelli & Hum-
mel, 2003) (see Note 4). A custom-made lid that snugly fits onto the nostril is put on the bottles.
It has two openings one of which is inside the nostril, the other outside (Frasnelli, Oehrn, et al.,

2009).

Negative mucosal potential

Carbon dioxide (Kobal & Hummel, 1988) 60% v/v (see Notes 4 and 5). A silver wire electrode of
0.3 mm diameter. A saturated NaCl solution. A 5V battery. A PTFE tube (0.8 mm outer diameter,
inner diameter 0.4 mm). 1% Agar in Ringer solution. An AC amplifier (bandwidth 0.1-100 Hz).

Olfactometer.

Trigeminal event-related potentials

Carbon dioxide (Kobal & Hummel, 1988) 60% v/v (see Note5). EEG electrodes. An AC amplifier
(bandwidth 0.1-100 Hz) (see Notes 6 and 7).
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Methods

Thresholds for trigeminal stimuli

Oral testing (capsaicin)

1. The participant is seated in a quiet room.

2. The experimenter starts at the lowest concentration and increases the intensity toward higher

concentrations.

3. The experimenter applies the capsaicin solution (applied volume is 0.02mL) topically onto na-
solabial folds in a single-blind simultaneous split-face application in a randomized order so that
the side capsaicin/blank solution is applied to are not repetitively same (Jourdain et al., 2005).

The blank solution is used as a control contralaterally.
4. The participant is asked to indicate the presence of a painful sensation.

5. When the subject indicates a painful sensation lasting more than 30 s, the test is stopped. At

this point, their detection threshold for capsaicin is determined.

Nasal testing (CO2)

1. The participant is seated in a well-ventilated room.

2. White noise is applied on the background with or without headphones to prevent subjects from

hearing the switching sound of the stimulus presentation device.

3. CO2 is presented by means of an olfactometer. Concentrations are 30—70% v/v (in increments

of 5% v/v); typical stimulus duration is 200 ms.

4. Respecting an interstimulus interval of 40s will minimize habituation; therefore, stimuli can be

applied ascending/descending staircases (Hummel & Kobal, 1999).

5. Starting with the weakest concentration, experimenters present three stimuli in a row (40 s
interstimulus interval) to participants (in random order, two blanks containing pure air and one

CO2 containing stimulus).
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6. Participants indicate which stimulus contains CO2.

7. The correct identification of two correct stimuli in a row triggers subsequent presentation of a
weaker stimulus; the incorrect identification of a stimulus triggers the presentation of a stronger

stimulus.

8. Testing continues until seven staircase reversals are obtained; the average of the last four re-

versals will serve as an estimate for the CO2 threshold.
Lateralization task
1. The participant is seated in a well-ventilated room.

2. The participant is simultaneously presented with one bottle to one nostril, while the other re-

ceives the other bottle (see Note 8).

3. The experimenter fits the bottles’ lids to each nostril snugly so that the air space of one bottle

reaches only this nostril.
4. The participant is instructed to take one sniff.
5. The participant indicates which nostril has been stimulated (see Note 9).

6. This is repeated 40 times in a pseudorandomized counterbalanced order (20 trials with stimu-

lation of one nostril; 20 trials with stimulation of the other nostril).

7. The number of correct localizations is counted and used as an estimate of trigeminal sensitivity

(see Notes 10-12) (Fig. 1).

Negative mucosal potential

1. Preparation of the electrode: The silver electrode is chloridized using the 5 V battery for 10 min

in a water bath with saturated NaCl solution.

2. Insulation of the electrode: 10% Agar is sucked into the PTFE tubing; the electrode is then in-

serted into the tubing by ascertaining an agar bridge.
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3. Placement of the electrode: under endoscopic control, the electrode tip is placed onto the
respiratory mucosa of the nose. A frame similar to lensless glasses is used to keep the electrode

in place (see Note 13).

4. The reference electrode is placed at the bridge of the nose, contralateral to the recording site.

5. The participant is seated in a well-ventilated room.

6. Stimulus duration of 500 ms.

7. Interstimulus interval is 40 s.

8. The electrode can be replaced if there is no signal.

9. A minimum of three repetitions is needed.

10. Recordings are averaged offline.

11. Averages will show a one-phased signal; the latency and the amplitude are measured.

Trigeminal event-related potentials

1. The participant is seated in a faraday cage or equivalent to prevent interference from outside,

in a well-ventilated room.

2. Electrodes are placed on regions of interests over the scalp using the international 10/20 sys-

tem.
3. Stimuli are presented by means of an olfactometer that does not interfere with EEG signals.

4. White noise is applied on background with or without headphones to prevent subjects from

hearing the switching sound of the stimulus presentation device.
5. Stimulus duration is 200 ms (see Note 14).
6. Interstimulus intervals (ISI) of 30—-40 s.

7. At least 10 recordings per condition have to be recorded in order to average out background

noise (see Note 15).
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8. Responses are averaged offline; the latency and amplitudes of ERP peaks are measured, either
from baseline or from peak to peak. ERP responses follow a distinct pattern with positive (P) and

negative (N) peaks that appear in typical order in general. Typical peaks are P1, N1, P2, and P3.

Notes

1. This simple approach has the disadvantage that since most trigeminal stimuli do also activate
the olfactory system, there will be a non-negligible confusion between the trigeminal and olfac-

tory percept, e.g., to separate the freshness of peppermint from its minty smell.

2. While in theory, this allows for the assessment of the trigeminal impact of a given substance
with no interference from the sense of smell, this approach has another drawback: acquired an-

osmia is typically associated with reduced trigeminal sensitivity (Frasnelli et al., 2007).

3. The term olfactometer, in this context, describes a tool that allows for some form of automated
stimulation with volatile substances. Since the development of the first olfactometer by Dutch
physiologist Hendrik Zwaardemaker in 1887, several devices have been introduced that allow for
stimulation with chemical stimuli using high precision in terms of stimulus concentration, dura-
tion, and with rapid onset. Furthermore, most devices can be controlled by a computer. They are
available in different degrees of complexity and therefore price ranges, but only few are commer-
cially available. A sophisticated olfactometer was introduced in the 1980s by Gerd Kobal (Kobal,
1985). This device produces a constant flow of humidified and heated (both controlled) air that
can be odorized. Its switching device allows for controlling stimulus duration in the range of mil-
liseconds with rapid rise times and offset. A tool with these characteristics is needed if one aims
to investigate electrophysiological responses to trigeminal stimulation, as it is free of mechanical
co-stimulation. Modern versions of these instruments allow for birhinal stimulation with up to 8
independent stimulus channels. This device can be acquired from the German manufacturer
Burghart. (https://www.burghart-mt.de/en/). Another olfactometer was developed by Tyler Lorig
roughly 15 years later (Lorig et al., 1999). This device had a shorter onset time but does not control
humidity or heat of the delivered air f low. Such a tool is mainly used in the context of fMRI, where
lower airflows are needed and therefore challenges inherent to the delivery of air with room

temperature and humidity are less pronounced. A similar olfactometer was introduced in 2010
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by Johan Lundstrom and colleagues (Lundstrom et al., 2010). This device again does not provide
humidification or heating and may therefore not be useful if one aims at recording electrophysi-
ological responses. However, crucially, the publication comes with a detailed construction manual
with the off-the-shelf components, so that this device can be built from scratch with a limited
budget in the range of 20.000 $. Additional olfactometers, mainly to be used for behavioral stud-
ies or in fMRI settings, are manufactured by Sensonics Inc (https://sensonics.com/) and Osmic

Enterprises (http:// www.osmicenterprises.com/).

4. Alternative stimuli can be used: nicotine (Renner & Schreiber, 2012), eucalyptol menthol
(Frasnelli & Hummel, 2003), cinnamaldehyde, or others, which can be used in neat concentrations
or dilutions, equally CO2 (Frasnelli, Oehrn, et al., 2009). In fact, most odorants activate the tri-
geminal system in higher concentrations, i.e., they are mixed olfactory—trigeminal stimuli (Doty
et al., 1978). This group of stimuli includes typically used stimuli such as eucalyptol (Muschenich
et al., 2019), menthol, and cinnamaldehyde (Klein et al., 2011). Even phenyl ethanol, a substance
commonly used in olfactory research with a distinct rose odor activates the trigeminal system in
higher concentrations (Frasnelli et al., 2011). For mixed olfactory—trigeminal stimuli, the concen-
tration needed to activate the trigeminal system is usually several orders of magnitude above the
concentration needed to activate the olfactory system (Tremblay & Frasnelli, 2018). An exception
to this rule is ammonia, which activates trigeminal system even at low concentrations (Cometto-

Muiiz & Cain, 1984).

5. The negative mucosal potential (NMP) is an electrophysiological signal from the surface of the
respiratory mucosa that responses to chemosensory (specifically nociceptive) stimulation (Kobal,
1985). As such, it is free of olfactory components. The NMP therefore assesses the functionality
of the periphery of the trigeminal system. It is a monophasic signal and the result of the receptor
potentials to painful chemosensory stimuli (Hummel et al., 1996). It is also linked to the activation

of C fibers and A& fibers of the trigeminal nerve. This technique needs experienced researchers.

6. Event-related potentials are the result of the concerted electro physiological response of the
brain to sensory stimulation (Helfrich & Knight, 2019, Kobal & Hummel, 1994). This technique

relies on stimulus delivery by an olfactometer with controlled humidity and heat. When CO2 is

205


http://www.osmicenterprises.com/

used, pure trigeminal ERP can be recorded, alternatively, mixed olfactory—trigeminal stimuli will

yield mixed ERP.

7. The long ISl yields ERP experiments long and, together with the need of sophisticated olfac-
tometers, only feasible in highly specialized research lab settings. ERP allow to assess trigeminal
processing with unmatched temporal resolution, but rather weak spatial resolution. Stimulus du-

ration can vary between (100-500 ms).

8. In passive stimulation, squeezable bottles are used and participants do not actively sniff, they
continue breathing normally. Instead, the bottles are compressed which delivers the air puff to

the nostrils (Frasnelli et al., 2009).

9. To avoid left-right confusion, they can be instructed to raise the hand on the side of the per-

ceived eucalyptol.

10. In an alternative method, staircase approach might be used to decide the final threshold

(Wysocki et al., 2003).

11. Trigeminal system acts as a mass detector rather than a concentration detector (Cometto-
Mufiz & Cain, 1984, Cometto-Muniz & Cain, 1998); therefore, the same stimulus intensity can be
achieved by varying stimulus concentration and stimulus duration. Therefore, some recent ap-

proaches apply stimuli of varying duration (Frasnelli et al., 2003).

12. Using a mixture of components might affect the thresholds since when two or more ingredi-

ents are combined, they might enhance or hinder each other’s effects (Hummel et al., 2013).
13. Electrode placement can be marked.
14. Stimulus duration can vary between (100-500 ms).

15. Additionally, since one challenge inherent to trigeminal stimulation is that activation of the
trigeminal system may lead to blinking, sneezing, or coughing that all of which induce artifacts on
the readings, eye movements can be recorded to later contaminated recordings from further

analysis.
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