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ABSTRACT

Oral chemesthesis is the chemical dimension of somatosensation, which, together with taste
and retronasal smell, influence the flavor experience of food. Several different chemical
compounds present in food can activate receptor channels specialized for tactile senses that
are connected to free nerve fibers. From there, the chemosensory message is transmitted via
cranial nerves to the brain, where the perception of chemesthesis is processed.

The created chemesthetic sensations vary and are quality specific. For example, the capsaicin
in chili can create a pungent burning sensation, and the menthol contained in mint can activate
a cooling sensation. An astringent sensation, i.e., drying of the mouth and constriction of the
mucous membranes, can be experienced from red wine that contains polyphenolic
compounds such as tannins, or from various metallic salts. Chemesthesis plays an important
role in the experience of food. Thus, this study aims to bring new insights about the individual
experience of oral-area chemesthesis, the variables that explain the phenomenon, and its
connection to food-related behavior and health.

Oral chemesthesis was measured using prototypical compounds (capsaicin, I-menthol, and
aluminum ammonium sulfate) in liquid samples of different concentrations. The participants
(N=205) evaluated the intensity of the samples and identified the chemesthetic stimuli in the
sensory research laboratory. In addition, participants filled in questionnaires asking
information on their background (e.g., age, gender, smoking status, and body mass index)
and eating behavior (i.e., consumption and recalled pleasantness of food and beverage items,
and dietary habits).

The participants were divided into different sensitivity groups based on quality-specific
evaluation results using hierarchical clustering, which was used to identify hyposensitive,
semi-sensitive, and hypersensitive individuals. In addition, a chemesthetic sensitivity score
was created from the combination of each chemesthetic quality (pungency, cooling, and
astringency) that aimed to model a more generalized picture of sensitivity. Results showed
that chemesthetic sensitivity was connected with taste sensitivity. Gender and age variables
partially explained chemesthetic perception. Women experienced samples containing
capsaicin “pungency” more intensely than men. Age was associated with the experience of
sensitivity with all chemosensory characteristics. The study showed that chemesthetic
sensitivity was connected to food-related behavior, such as consumption and experiencing
the pleasantness of certain foods. The perception of chemesthesis was found to be individual,
and a quality-specific examination of chemesthesis provided more details about the
experience. Food experience is multisensory, and therefore, individual chemesthetic
perception should be taken into account in the sustainable product development of foods.
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TIIVISTELMA

Kemotunto on tuntoaistin kemiallinen ulottuvuus, joka osallistuu yhdessd maku- ja hajuaistin
ohella ruoan flavorikokemuksen muodostamiseen. Osa ruoan sisdltdmistd kemiallisista
yhdisteistd pystyy aktivoimaan tuntoaistiin erikoistuneita reseptorikanavia, jotka ovat
liitoksissa vapaisiin hermoséikeisiin. Ndiden hermosaikeiden avulla kemotuntoviesti siirtyy
aivohermojen valitykselld aivojen tuntoaistimusta kasittelevalle alueelle.

Muodostuneet tuntemukset vaihtelevat ja ovat drsykekohtaisia. Esimerkiksi chilin siséltdma
kapsaisiini pystyy muodostamaan suussa pistdvan polttavaa tuntemusta ja mintun sisaltama
mentoli kykenee aktivoimaan viilentdvaa tuntemusta. Astringoivuutta, eli suuta kuivattavaa
ja limakalvoja supistavaa tunnetta, voidaan kokea esimerkiksi punaviinien sisaltamista
polyfenolisista yhdisteistd, kuten tanniineista, tai erilaisista metallisuoloista. Kemotunto on
siis tarkedssa roolissa ruoan kokemisessa. Taman vaitoskirjan tavoitteena on tuoda uutta
ndkemystd suun alueen kemotunnon yksilollisestd kokemisesta, tarkastella ilmiota selittdvien
muuttujien roolia seka tutkia kemotunnon yhteytta ruokakéyttaytymiseen ja terveyteen.

Tutkimuksessa mitattiin suun alueen kemotunnon kokemista eri pitoisilla nestemadisilld
ndytteilld, jotka valmistettiin kemotuntoa aktivoivista prototyyppisistd yhdisteistd
(kapsaisiinista, -mentolista, ja alumiiniammoniumsulfaatista). Tutkittavat (N=205) arvioivat
naytteiden  voimakkuutta ja  yrittivat tunnistaa eri kemotunto-ominaisuuksia
aistilaboratoriossa. Arvioinnin lisdksi tutkittavilta kysyttiin taustatietoja (mm. ik&, sukupuoli,
tupakointistatus ja painoindeksi) ja ruokakayttdytymiseen (ts. eri ruokien ja juomien
kayttouseutta ja miellyttavyytta sekd syomistapoja) liittyvia kysymyksia.

Tutkittavat pystyttiin -~ jakamaan hierarkkisella klusteroinnilla kemotunto-
ominaisuuskohtaisiin herkkyysryhmiin, jonka avulla tunnistettiin epaherkit, keskiherkit ja
erittdin herkat yksilot. Lisdksi tutkittujen kemotunto-ominaisuuksien yhdistelmasta
rakennettiin kemotuntomittari, jolla mallinnettiin kokonaisvaltaisempaa
kemotuntoherkkyyttd. Tuloksista havaittiin, ettd kemotuntoherkkyyden ja makuherkkyyden
valilléd oli yhteyksia. Sukupuoli ja iké selittivit osittain kemotuntoherkkyyden yksilollisyytta.
Naiset kokivat kapsaisiinindytteiden polttavuuden herkemmin kuin miehet. I4lla oli yhteys
herkkyyden kokemukseen kaikilla kemotunto-ominaisuuksilla. Kemotuntoherkkyys oli
my0s yhteydessd ruokaan liittyvadan kayttdytymiseen, kuten tiettyjen ruokien kulutukseen ja
miellyttavyyden  kokemiseen. ~Kemotunnon havaitseminen on yksilollistd ja
ominaisuuskohtainen tarkastelu antaa paremman kuvan kokemuksesta. Ruokakokemus on
moniaistista ja siksi kemotunnon yksilollinen kokeminen tulisi huomioida vastuullisten
elintarvikkeiden tuotekehityksessa.
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SAMMANDRAG

Kemestes dr den kemiska dimensionen av somatosensation, som tillsammans med smak och
lukt deltar i att forma matens smakupplevelse. Vissa av de kemiska féreningarna som finns i
livsmedel kan aktivera receptorkanaler som specialiserar sig pa kénsel. De ar i sin tur
kopplade till fria nervfibrer, genom vilka det kemosensoriska meddelandet &verfors via
kranialnerver till omradet som hanterar kanseln.

Férnimmelserna som bildas varierar beroende pa stimulansen. Till exempel kan kapsaicin
som finns i chili skapa en stickande brannande kansla i munnen, och mentolen som finns i
mynta kan aktivera en svalkande kénsla. En sa kallad astringens kédnsla, dd munnen torkar,
stravhet, och slemhinnorna drar ihop sig, kan t.ex., upplevas via polyfenoliska féreningar som
tanniner som finns i rodvin, eller via olika metallsalter. Kemestes spelar darfor en viktig roll i
upplevelsen av livsmedel och dr syftet med denna studie &r att undersoka och ge nya insikter
om den individuella upplevelsen av munomréadets kemestes, de variabler som forklarar
fenomenet och kopplingen till matbeteende och hailsa.

I studien maéttes wupplevelsen av kemestesen i munomradet med hjélp av
vitskeprovuppsittning som inneholl prototypiska foreningar (kapsaicin, I-mentol och
aluminiumammoniumsulfat) i olika koncentrationer. Deltagarna (N=205) utvarderade
intensiteten av proverna och identifierade olika kemestetiska egenskaper i det sensoriska
forskningslaboratoriet. Utover utvérderingen tillfragades forsokspersonerna
bakgrundsinformation (t.ex., alder, kon, rokstatus, och kroppsmasseindex) och fragor
relaterade till matbeteende (d.v.s., frekvens av anvandning och behaglighet av olika livsmedel
samt drycker och matvanor). Det var mojligt att dela in forsokspersonerna i
kénslighetsgrupper baserat pa egenskaperna i deras kemosensationer genom hierarkisk
klusteranalys, som anvdndes for att identifiera hypokénsliga, mattligt kansliga, och
hyperkansliga individer.

Utover klusteranalysen byggde ett kemestetiskt podngsittningssystem i vilken olika
kemestetiska egenskaper kombinerades. Den kemestetiska poangsédttningen syftade till att
skapa en mer omfattande bild av allmén kemestetisk kinslighet. Kemestetisk kanslighet var
kopplad till smakuppfattningens kanslighet. Kén och alder var variabel som delvis forklarade
den kemestetiska uppfattningen. Enligt resultaten var kvinnor mer kansliga &n man till hettan
i prover som inneholl kapsaicin. Alder hade en koppling till upplevelsen av kénslighet i
relation till alla kemosensoriska egenskaper. Studien fann att kemestetiska kanslighet ocksa
var kopplad till matrelaterat beteende, sasom behagligheten av att uppleva eller konsumera
vissa livsmedel. Den kemestetiska kanslan fornimmelsen visade sig vara individuell. En
undersokning av de kemestetiska egenskaperna ger en battre helhetsbild av upplevelsen.
Matupplevelsen &r multisensorisk, och dérfér bor den individuella upplevelsen av den
kemestetiska kanslan beaktas i produktutvecklingen av ansvarfulla livsmedel.



ACKNOWLEDGEMENTS

First, I want to thank the Academia. I am grateful to the University of Helsinki, its Doctoral
School, the Doctoral Program in Food Chain and Health, the Faculty of Agriculture and
Forestry and the Department of Food and Nutrition, the University of Turku, Faculty of
Medicine and Nutrition and Food Research Center (formerly Functional Foods Forum), the
Finnish Food Research Foundation (Elintarvikkeiden Tutkimussaatio) and the Research
Council of Finland (Suomen Akatemia) for funding this doctoral research and making this
amazing doctoral research journey possible.

Thank you, my supervisors Professor, Ph.D. Mari Sandell and University Lecturer Ph.D.;
M.Sc. (Eng.) Laila Seppa for helping me to find my inner doctor. I am forever grateful for your
excellent guidance and help throughout this doctoral research project. I thank my co-authors
Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Ph.D. Ulla Hoppu for their great contribution to
this research project and advice. I also thank all the Senses and Food Finland research team
members that have been part of the FoodTaste Finland Research Program for their input. I
also thank of all the participants who attended the sensory study at the University of Turku.

I thank my Thesis Committee members Professor, Ph.D. Mari Niva, Docent, Ph.D. Sari
Mustonen, and Ph.D. Terhi Pohjanheimo for mentoring and monitoring the progress of this
doctoral research project.

I'am very grateful for the reviewers of this doctoral thesis, Associate Professor, Ph.D. Carolina
Chaya and Associate Professor, Ph.D. Sara Spinelli for their valuable and constructive
comments that help in completing this manuscript. I also thank University Lecturer, Ph.D.
Alyce Whipp who agreed to revise the English language of this doctoral thesis.

I thank Professor, Ph.D. John E. Hayes for agreeing to act as my opponent, I am looking
forward to defending this thesis.

I also want to thank my dear colleagues Ph.D. Maija Greis and Doctoral researcher, M.Sc.
Fabio Tuccillo, it has been fun investigating the secrets to the multisensory experiences with
you. I particularly would like to thank Maija for her thoughtful comments for this dissertation
and for setting a high bar for acknowledgement wording in academic writing.

Mina kédrd vanner M.Sc. Sebastian and B.A. Rose-Marie Dahlstrom, jag maste tacka er for den
grafiska och sprakliga hjdlpen! I also thank B.Sc. Troy Faithfull for his comments and
assistance with the language. A very big thank you goes to my dear friend Pertti Tuohino,
who helped me with my writing in the begging face of this project.

I thank sensory scientists Docent, Ph.D. Antti Knaapila, Docent, Ph.D. Oskar Laaksonen, and
M.Sc. Jutta Varis for our great discussions. I would also like to thank my friends Ph.D. Saara
Sammalisto, Doctoral researcher, M.Sc. Iida Loivamaa, M.Sc. Isa Stucki, B.Eng. Tuulia
Karvinen, and all our other University of Helsinki staff members.

Vi



I want to thank my parents Jussi and Paivi Roukka for their loving support, and for giving me
life perspective. I also thank my beautiful sisters Elli, Elsa, and Erja and their families for their
support and love. I warmly thank Kaisa Roukka, Tiina & Juha Jahkola, Minna Roukka, Taru
& Tane Autio-Kanto, Pyry & Aino Jahkola, Lauri & Sanna Jahkola, Tuuli & Joni Hyvonen,
Mikaela & Juuso Naumanen, Patrick Dahlberg and all my relatives with their families for their
support. In addition, I also thank my godparents Sirkka-Liisa “Samu”, Kimmo, Matti, and
Auli.

I also wish to thank ALL of my friends, but most importantly, I thank my best friend and
husband Juha Markkanen for his love, help, and patience. Last but not least, our beloved cats
Suri and Pirjo. And never forgetting our cats Untamo and Kaapo, sending love somewhere
over the rainbow <3.

You all have made my doctoral researcher journey a memorable experience! And thank you,
the reader of this dissertation, for your interests regarding sensory science and chemesthesis!

Punkalaidun, December 2024

Sulo Roukka

vii



LIST OF ORIGINAL PUBLICATIONS

L. Roukka, S., Puputti, S., Aisala, H., Hoppu, U., Sepp4, L., & Sandell, MA. The
Individual Differences in the Perception of Oral Chemesthesis Are Linked to
Taste Sensitivity. Foods. 2021; 10(11):2730. doi:10.3390/foods10112730

IL Roukka, S., Puputti, S., Aisala, H., Hoppu, U., Sepp4, L., & Sandell, MA.
Factors Explaining Individual Differences in the Oral Perception of
Capsaicin, I-Menthol, and Aluminum ammonium sulfate. Clinical and
Translational Science. 2023; 00: 1-13. d0i:10.1111/cts. 13587

I1I. Roukka, S., Puputti, S., Hoppu, U., Sepp4, L., & Sandell, MA. Role of Oral

Chemesthetic Sensitivity in the Consumption and Recalled Pleasantness of
Foods and Beverages. Manuscript

These publications are referred to in the text by their Roman numerals. These articles
are reproduced with the kind permission of their copyright holders.

viii



RESEARCH INPUT AND AUTHORSHIP

IL.

III.

Sulo Roukka was the responsible author for drafting and writing the
manuscript and analyzed the data. Authors Ph.D. Sari Puputti, Ph.D. Heikki
Aisala, Ph.D. Ulla Hoppu, Ph.D. Laila Seppd, and Professor Mari Sandell
contributed to the manuscript writing process by reviewing and editing.
Professor Mari Sandell, Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Ph.D.
Ulla Hoppu designed the research. In addition, Ph.D. Sari Puputti, Ph.D.
Heikki Aisala, and Professor Mari Sandell performed the research. Sulo
Roukka, Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Professor Mari Sandell
contributed new analytical tools. This research was supervised by Professor
Mari Sandell and Ph.D. Laila Seppa. Professor Mari Sandell was the
corresponding author.

Sulo Roukka was the responsible author for drafting and writing the
manuscript and analyzed the data. Authors Ph.D. Sari Puputti, Ph.D. Heikki
Aisala, Ph.D. Ulla Hoppu, Ph.D. Laila Seppd, and Professor Mari Sandell
contributed to the manuscript writing process by reviewing and editing.
Professor Mari Sandell, Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Ph.D.
Ulla Hoppu designed the research. In addition, Ph.D. Sari Puputti, Ph.D.
Heikki Aisala, and Professor Mari Sandell performed the research. Sulo
Roukka, Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Professor Mari Sandell
contributed new analytical tools. This research was supervised by Professor
Mari Sandell and Ph.D. Laila Seppa. Sulo Roukka and Professor Mari Sandell
shared the corresponding authorship.

Sulo Roukka was the responsible author for drafting and writing the
manuscript and analyzed the data. Authors Ph.D. Sari Puputti, Ph.D. Ulla
Hoppu, Ph.D. Laila Seppd, and Professor Mari Sandell contributed to the
manuscript writing process by reviewing and editing. Professor Mari Sandell,
Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Ph.D. Ulla Hoppu designed the
research. In addition, Ph.D. Sari Puputti, Ph.D. Heikki Aisala, and Professor
Mari Sandell performed the research. Sulo Roukka, Ph.D. Sari Puputti, Ph.D.
Heikki Aisala, and Professor Mari Sandell contributed new analytical tools.
This research was supervised by Professor Mari Sandell and Ph.D. Laila
Seppa. Sulo Roukka and Professor Mari Sandell shared the corresponding
authorship.

iX



ABBREVIATIONS

ANOVA
BMI
CATA
CAS
COVID-19

CSS
DPW
EC
EFSA
EU
F&B
GDPR
HSD
ISO
LSD
MANOVA
MNLR
N

n

ns

OR

PCA
PLS
RATA
SFS
S+H
sig
TRP

Analysis of variance

Body mass index

Check-All-That-Apply

Chemical Abstracts Service

Pandemic of coronavirus disease, an infectious disease caused by
the SARS-CoV-2 virus, impacting the functional properties of
chemical senses.

Chemesthetic sensitivity score

Doses per week

European Commission

European Food Safety Authority

European Union

Food and beverage

General data protection regulation

Honestly significant difference (Tukey’s post-hoc test)
International Organization for Standardization

Least significant difference (Fisher’s post-hoc test)

Multivariate analysis of variance

Multinomial logistic regression

Total number of observations or population size

Sample size

Non-significant, p>0.05

Odds ratio (a measure that indicate the odds, direction, and
strength of outcome between predictor and response variables)
Probability of rejecting the null hypothesis when it is true, that is,
risk associated with Type I errors.

Principal component analysis

Partial least square regression

Rate-All-That-Apply

Finnish Standards Association

Combined semi-sensitive and hypersensitive group

Significant “p<0.05”

Transient receptor potential somatosensory receptors’ cation
channels (e.g.,, TRPV1 “vanilloid 17, TRPA1 “ankyrin 1”7, and
TRPMS8 “melastatin 8”)



Table 1. Abbreviations used in different publications for the chemesthetic sensitivity measurements
throughout this doctoral research.

Pungency Capsaicin Pungency Capsaicin Capsaicin Pungency
Chemesthetic ~ Sensitivity Sensitivity (Capsaicin)
Sensitivity Group: Group: Sensitivity
Group: CSG CSG Group:
P-CSG CSG
Coolness I-Menthol Cooling I-Menthol [-Menthol Cooling
Chemesthetic ~ Sensitivity Sensitivity (I-Menthol)
Sensitivity Group: Group: Sensitivity
Group: MSG MSG Group:
C-CSG MSG
Astringency Aluminum Astringency  Aluminum Aluminum Astringency
ammonium Chemesthetic ammonium ammonium (Aluminum
sulfate Sensitivity sulfate sulfate ammonium
Group: Sensitivity Sensitivity sulfate)
A-CSG Group: Group: Sensitivity
ASG ASG Group:
ASG
Combined Combined Combined Combined
(Pungency, Oral Oral Oral
Coolness, and Chemesthetic  Chemesthetic Chemesthetic
Astringency) Sensitivity Sensitivity Sensitivity
Group: Group: Group:
COCsG COCsG COCsG

X1



DEFINITIONS
Ageusia

Alexithymia

Anosmia
Chemesthesis

Flavor

Food neophobia

Clinical term for loss of taste

Emotional blindness linked to challenges in expressing and
recognizing one’s emotions

Clinical term for loss of smell
Chemically activated somatosensory (tactile) sensation

Multisensory perception of three chemical senses: taste,
retronasal smell, and chemesthesis

Fear or strong avoidance of novel foods

FoodTaste Finland Research Program: Human taste sensitivity and multisensory

Irritant

Neuropathy

Somatosensation

Tastant

perception of food

In this context, chemesthetic compounds that cause pungent
irritation or inflammation when contacting the body

Clinical term for dysfunction and pathological changes in the
peripheral nervous system

A physiological process including a collection of tactile
sensations such as touch pressure, vibration, balance, positioning,
movement, pain, and temperature, which are often activated by
physical stimuli but also including the chemical dimension
“chemesthesis”

Chemical compound that activate taste perception
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1. INTRODUCTION

Food experience is multisensory, involving co-operation of physical and chemical
senses. In general, food and beverages (F&B) are filled with compounds that can
stimulate the chemosensory system including taste, smell, and chemically activated
somatosensory sensation (Figure 1) namely chemesthesis, where “chem” is pertaining
to chemical and “esthesis” is the ability to perceive or feel (Pringle, 2016). These
chemical sensations are fundamental components of flavor perception and influence
the decisions about what foods to eat and consume (Lawless and Heymann 2010;
Hayes 2020). For instance, a chili that is often used as a spice can create a pungent
sensation (Jordt and Julius 2002), and additives such as artificial sweeteners may
trigger irritating sensations (Wierenga et al. 2020). In addition, fermented foods may

have chemesthetic properties such as pungency (Loss and Bouzari 2016).

Somatosensory perception

=S

Figure 1. A demonstration of the somatosensory system with some of the main physical and chemical
dimensions based on Ager et al. (2020) and Filiou et al. (2015). The chemical dimension is known as
chemesthesis. Both somatic dimensions utilize somatosensory receptors.

The perception of flavor is perceived via oral and retronasal pathways and is very
complex (Lawless and Heymann 2010). In the field of food science, there is a lack of
large-scale studies with a focus on the relationship between individual variabilities in
different sensory dimensions like chemesthesis (Piochi et al. 2021). Hence,
individuality in oral chemesthetic perception must be explored more to obtain a
consensus on its role in food-related behavior (Dalton and Byrnes 2016).

A variety of plants can produce irritating compounds that activate chemesthetic

perception, giving them protection against mammals and pests (Haley and McDonald
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2016). For example, chilies (Lat. Capsicum) produce pungent compounds that belong
in the family of capsaicinoids (Thiele et al. 2008). Of these, capsaicin is the most
dominant and well-studied pungent irritant (National Center for Biotechnology
Information 2024a). Another example is mint (Lat. Mentha), which produces a
compound named [-menthol that can commonly activate the cooling sensation
(National Center for Biotechnology Information 2024b). Apart from these thermal-
related sensations, a multidimensional sensation of astringency (mouth puckering
and drying sensation) is often perceived from fruits and berries that contain
polyphenolic or other astringent compounds (Laaksonen 2011).

Chemesthetic compounds can also activate sensations other than chemesthesis.
Capsaicin is known to activate taste (Green & Hayes, 2003; Slack, 2016). Thus,
chemesthesis can be misunderstood as a part of taste sensation. In addition, volatile
chemesthetic compounds can activate retronasal smell and nasal-chemesthesis
(Saunder and Silver 2016). This indicates that chemosensory linkage is compound
specific. According to Risso et al. (2020), the evolutionary purpose of chemesthesis is
similar to bitterness. The general functions of chemesthesis help to avoid and prevent

ingestion of potentially harmful or toxic substances.

Chemical senses are part of chemically sensitive defense mechanisms that activate our
immune system and warn us against dangerous biological and chemical agents in the
environment (Green, 2012). Thus, chemesthetic compounds can activate special
receptor channels, sending sensory signals that help avoid inhalation, ingestion, or
absorption of potentially hazardous substances. Defensive expulsive reflexes and
responses include sneezing, coughing, sweating, lacrimation, and salivation that can
be triggered due to high levels of pungent compounds (Green, 2012; Prescott &
Stevenson, 1995). Regarding oral area chemesthesis, the chemosensory information of
chemesthetic compounds is primarily conveyed via cranial nerves, such as the
trigeminal nerve, into the somatosensory cortex area of the brain, where the

perception is further processed (Lundstrom et al. 2011; Saunder and Silver 2016).

The functional mechanisms related to chemesthesis have been studied in the medical
field. During the COVID-19 pandemic, interest in chemosensory impairments
increased regarding functions of chemical senses (Parma et al. 2020; Risso et al. 2020;
Cecchetto et al. 2021), and in 2021, the Nobel Prize in Physiology or Medicine was
awarded to David Julius and Ardem Patapoutian for their discoveries of receptors

responsible for temperature and touch (The Nobel Assembly at Karolinska Institutet



2021). The same receptors are responsible for chemesthetic perception. Although the
molecular and neural mechanisms of chemesthesis have been studied in the medical
field, the influence of chemesthetic perception on food choices and preferences

requires further exploration.

Food culture varies globally between countries. Different cultural and environmental
patterns can impact the intake of food containing chemesthetic ingredients (Mattes
and Ludy 2016). For example, the consumption of pungent spices (e.g., black pepper,
garlic, ginger, and onion) is high in many Asian countries, and Mexico’s food culture
is rich in chili usage. In comparison, Mattes & Ludy (2016) state that Nordic countries
(e.g., Finland and Norway), have low consumption of pungent spices. The most recent
Nordic nutrition recommendations highlight the importance of a plant-based diet and
the need to increase vegetable, fruit, and berry consumption (Blomhoff et al. 2023).
Interestingly, some plant-based materials, such as fava bean used in product
development targeting healthier and more sustainable food solutions, present a
challenge due to their high and unpleasant astringent properties (Tuccillo et al. 2024).

An unhealthy diet is one of the leading causes of cardiovascular diseases, diabetes,
and cancer (World Health Organization 2023). Understanding chemosensory
perception can help with designing preventative solutions against obesity and poor
nutrition (Spinelli and Monteleone 2021). As an example, taste impairments can cause
discomfort, which can lead to appetite loss, and changes in eating habits (Risso et al.
2020). Consumption of pungent spices, such as chili, cinnamon, and ginger, has been
suggested to be linked with health benefits e.g., antimicrobial protection, appetite
hormones, body temperature regulation, energy intake and expenditure, and
substrate oxidation (Mattes and Ludy 2016). However, some of the chemesthetic
ingredients, such as pungent ethanol, can be carcinogenic and have a negative impact
on health (Prescott and Swain-Campbell 2000; Rumgay et al. 2021).

This doctoral dissertation aims to provide new insights into oral chemesthetic
perception among adult participants. Research included a chemesthesis sensory study
and food-related behavior questionnaire results with a special focus on the
consumption and recalled pleasantness of F&B-items typical for Nordic food culture
and eating habits. A novel model for chemesthetic sensitivity was created, and
connections between chemesthesis and taste (Puputti et al. 2018) were explored with

the same study participants.



2. REVIEW OF THE LITERATURE

In this review, the fundamentals of oral area chemesthetic perception regarding
sensory food science are introduced to you, the readers of this dissertation.

2.1.  Oral chemesthetic perception

The somatosensory system has functional properties beyond physical stimuli. Certain
chemicals are capable of creating a variety of tactile sensations, which together are
defined as chemesthesis. For instance, the pungent sensation of capsaicin that is a
burning compound found in chili peppers, the coolness of menthol found in mint, the
astringency (i.e.,, mouth drying, puckering, and shrinking sensation) of phenolic
compounds (e.g., tannic acid) found in berries, metallic sensation of artificial
sweeteners (e.g., aspartame), and the tingling of carbonated (carbonic acid) beverages
are all a part of the diverse family of chemesthesis (Green 1996; Riera et al. 2007;
Laaksonen 2011; Hoppu et al. 2016; Roukka et al. 2021). Many chemesthetic
compounds are present in nature. For example, some plants such as chili produce
irritating compounds against pests and mammals (Slack 2016; Haley and McDonald
2016).

Chemesthetic compounds directly affect somatosensory receptors attached to the
nerve endings of the peripheral nervous system responsible for the tactile sensations
of temperature, touch, pressure, and pain (Simons and Carstens 2008; Lundstrom et
al. 2011; Roukka et al. 2021). According to the standard terminology related to the
sensory evaluation of materials and products by American Society for Testing and
Materials (ASTM-WK44511: E253-21, 2014), chemesthesis is determined as a sensory
sensitivity to direct chemical stimulation of somatosensory receptors in the skin and
mucous membranes covering the human body (Simons and Carstens 2008; Lundstréom
et al. 2011; Roukka et al. 2021). Despite the diversity of chemesthesis, sensitivity

throughout these areas is not uniform (Green, 1996).

Sensory signals of chemesthetic sensations are carried by the trigeminal (cranial nerve
V), glossopharyngeal (cranial nerve IX), and vagus (cranial nerve X) nerves (Lundstrom
et al. 2011; Slack 2016). The trigeminal nerve is the principal somatosensory nerve
innervating oral, nasal, and ophthalmic areas, and is primarily associated with oral
chemesthetic perception. Different physical defensive reactions such as sneezing,
sweating, saliva production, and tears can occur after exposure to chemesthetic
compounds (Green, 2012; Toérnwall, 2013). Generally, chemesthesis includes a wide

array of somatosensations, which are processed in areas of the brain other than where
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taste and smell are. The sensory information of chemesthetic compounds is conveyed
via cranial nerves in the somatosensory cortex area of the brain, where the perception
is further processed (Lundstrém et al. 2011). A functional magnetic resonance imaging
(fMRI) study (N=24) suggested that three brain regions (lobule IX of the cerebellar
hemisphere, right dorsolateral superior frontal gyrus, and left middle temporal gyrus)
play a major role in the discrimination and cerebral response to two prototypic oral
chemesthesis characteristics: pungency (capsaicin) and astringency (tannic acid) (Zhu
et al. 2023b). Furthermore, the chemesthesis is suggested to integrate with flavor
perception in the orbitofrontal cortex area of the brain (Carstens 2016).

The mouth and nose are covered with mucous membranes filled with exposed
somatosensory receptors (Klein 2019). This is why some individuals might
misconceive chemesthesis as a part of the taste or smell sensation. An earlier study by
Green et al. (2005) indicated that responsiveness to oral chemesthetic (capsaicin and I-
menthol) stimulation cannot be reliably predicted from the responsiveness to taste
stimulation (sweet, sour, salty, and bitter). However, salts and acids are able to
produce chemesthetic sensation as well as taste (Green, 1996). Thus, compounds that
activate both chemesthesis and taste or smell may be the reason for the confusion

between sensations.

According to Ward (2016), the phenomena of sensitization (sensation increases in
intensity) and desensitization (sensation decreases in intensity) impact the
measurement of chemesthetic perception. Interestingly, some ingredients can interact
with chemesthesis by enhancing or inhibiting the sensation (Carstens, 2016; Green,
1996; Hayes, 2016). For example, sucrose can reduce capsaicin-induced oral burning
(Carstens 2016). Enhancing and inhibiting interactions are, however, compound and

ingredient dependent.

2.2. Examples of chemesthetic compounds

Different chemical compounds can activate oral chemesthetic sensations. The
perceived sensation is highly dependent on a compound’s structure and is altered by
concentration level. Chemesthetic compounds are specific somatosensory receptor
agonists (Filiou et al. 2015). This section briefly reviews chemesthetic compounds

(Figure 2) related to this doctoral research.
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Figure 2. Molecular structure and characteristics of chemesthetic chemicals: capsaicin (A), I-menthol
(B), and aluminum ammonium sulfate (C).

2.2.1. Pungency of capsaicin

Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide), visualized in Figure 2A, is a
member of the capsaicinoid family, which are naturally-occurring pungent botanical
irritants and secondary metabolites of all plants from the Capsicum genus, including
chili pepper (National Center for Biotechnology Information 2024a). History tells us
that capsaicin was first isolated in 1846, and the structure determined in 1919
(Sawynok 2005; Hayman and Kam 2008). Moreover, it is a phenolic, lipophilic, and
odorless compound that is insoluble in cold water. Capsaicin is the most encountered
pungent compound in foods (Hayman and Kam 2008; Hayes 2016). Additionally, it
can be perceived or described as burning, a warmth, hot, tingling, biting, numbing,
and itching (Lawless and Stevens 1988; Hayes 2016; Zhu et al. 2023a). Apart from the
pungent sensation, capsaicin is capable of stimulating a bitter taste (Green, 2003;
Nolden et al., 2016). In high concentrations or for a long period of time, capsaicin has
neurotoxic properties causing progressive degeneration to the somatosensory nerves
and can trigger pain (Simone et al. 1998; Ilie et al. 2019; National Center for
Biotechnology Information 2024a). Thus, Regulation (EC) No 1334/2008 of the
European Parliament and the Council of 16 December 2008 on flavorings and certain
food ingredients with flavoring properties for use in and on foods, forbids the direct

usage of capsaicin in foods.

Capsaicin is the most classic TRPV1 (Transient Receptor Potential Vanilloid member
1) cation channel agonist in all mammals, including humans, that has a role in pain

perception (Caterina et al. 1997; Zhang et al. 2023a). In addition, Kzr (two-pore domain



potassium) channels have physiological roles in the perception of pungent substances
(Beltran et al. 2013). These receptor channels are connected to free nerve endings of

sensory neurons that convey the chemosensory information to the cortex.

The total amount of capsaicinoids, including capsaicin, varies among different chili
species and areas within the fruits (Fattori et al. 2016). The highest amount of capsaicin
has been reported to be in placental tissue, that is the part where the chili seeds are
attached (Thiele et al. 2008). Burning in the oral area is commonly detectable at a
concentration of 1 part per 100,000 (National Center for Biotechnology Information
2024a). The hotness of the chilies has been popularly modelled with Scoville test that
generates Scoville Heat Units as an estimate of perceived intensity (Scoville 1912).
However, more advanced chromatographic methods such as MISER HPLC-ESIMS
has been used to analyze the capsaicin in chili peppers and hot sauces (Welch et al.
2014).

Capsaicin and other pungent irritants presumably protect seed germination from
threats such as pests, rodents, and other mammals (Haley and McDonald 2016; Hayes
2016). Evolutionarily, avians are exceptionally unable to perceive the noxiously
pungent sensation of capsaicin since their TRPV1 cation channels fail to be activated
by capsaicin, making them favored vectors for seed dispersal (Jordt and Julius 2002;
Tewksbury et al. 2008; Clark et al. 2015).

Capsaicin is a nonvolatile compound (National Center for Biotechnology Information
2024a). This is why while eating chilies, capsaicin remains mainly in the oral cavity
area, and it is unlikely to stimulate the nasal region during eating. In comparison,
other pungent compounds that are volatile, such as allyl isothiocyanate (found in
wasabi, horseradish, and mustard), can stimulate retronasal chemesthesis (Corrales et
al. 2014).

Nolden et al. (2024) revealed that repeated low-dose exposure to capsaicin can
systematically induce desensitization. In contrast, earlier research underlines that
both an increase and decrease in sensations occur in response to repeated short term
stimulation of capsaicin (Prescott and Swain-Campbell 2000). This may indicate
greater individual variability in response patterns that time course largely determines

between irritant response variation.



An earlier sensory study (N=20) by Lawless & Stevens (1988) indicated that the oral
responsiveness in capsaicin-induced irritation varied and that perceived intensity
grew over time. Participants perceived capsaicin samples (7 mm disks of Whatman
Qualitative Grade 1 filter paper; 2.5 ug capsaicin) and selected sensations in the
following categories: taste (sweet, sour, salty, bitter, and metallic), temperature
(burning, very hot, hot, very warm, and warm), tactile (stinging, prickling, biting,
itching, piercing, and other), and flavor (peppery, spicy, tangy, astringent, flavorful,
and other). As a result, capsaicin created intense responses from the lips and posterior

tongue.

Capsaicin can improve flavor by adding a hot and spicy pungent kick. Hunter et al.
(2023) and (Wang et al. 2022) found that capsaicin can increase the intensity of saltiness
in low NaCl concentrations. Hunter et al. (2023) highlighted that capsaicin’s effect on
liking differed by the food type. Spicy foods made from chili contain capsaicin. The
consumption of spicy food is associated with a lower sensitivity to capsaicin (Su et al.
2022). Additionally, frequent chili pepper consumers have a lower burn intensity and
higher liking than infrequent consumers (Lyu et al. 2021). Sensory studies have
revealed that capsaicin is connected to reducing sweetness in foods (soup and flavored

mixes), yet, does not impact saltiness or sourness (Prescott 1995; Cayeux et al. 2023).

Some F&B-items can obtain properties that contribute to the reduction of oral burning.
The fat and protein structure of foods, along with temperature, has been proven to be
associated with reductions in the capsaicin oral burn (Gaiser and Hayes 2024). Since
capsaicin is a hydrophobic and fat-soluble compound (Hayman and Kam 2008), a
water rinse in the mouth will spread the molecules around and activate other available
TRPV1 cation channels, stimulating the pungent sensation. Gaiser & Hayes (2023)
revealed that high protein ultra-filtered cow’s milk was the most efficacious rinse
compared to water and other dairy milks or plant-based alternatives. In addition,
Nolden et al. (2019) suggested that milk is the best choice to mitigate burning,

suggesting the presence of proteins as being more relevant than the lipid content.

2.2.2. Coolness of I-menthol

I-Menthol (5-methyl-2-(1-methylethyl)cyclohexanol), visualized in Figure 2B, is a
covalent organic cooling compound and a cyclic monoterpene found in mint
(McKemy et al. 2002; Roukka et al. 2021; Roukka et al. 2023; National Center for
Biotechnology Information 2024b). It is an agonist for TRPMS8 (Transient Receptor

Potential subfamily Melastatin, member 8) cation channels that can be activated by
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cold temperatures and by other cooling agents (McKemy et al. 2002; Peier et al. 2002;
Zhang et al. 2023a). Furthermore, I-menthol has poor solubility in water and its
volatile properties activate the peppermint odor (National Center for Biotechnology
Information 2024b).

While /-menthol is known to activate a cooling sensation (Pringle 2016), it can also
activate the sensations of pungency and pain in high concentrations in body areas
where TRPMS8 cation channels are linked to free-nerve endings (Prescott and
Stevenson 1995; Peier et al. 2002; Pringle 2016). The intensity and duration of the
cooling and burning sensation of menthol (isomer types [ and d) are dependent upon
the concentration (Gwartney and Heymann 1995). Moreover, I-menthol has a more

intense and long lasting pungent burning sensation compared to d-menthol.

These kinds of chemical cooling agents are often present in fresh tasting gums and
confectionary products (Pellegrino and Luckett 2019). Coolness is found to be a key
driver of a refreshing sensation, and it is known to enhance the freshness of beverages
(Labbe et al. 2009; Labbe et al. 2011). A sensory study showed that [-menthol can
reduce the sweetness and sourness in lemon-flavored yogurt samples (Koskinen et al.
2003; Cayeux et al. 2023). Apart from foods, I-menthol is used in unhealthy products
such as cigarettes, due to its sensory properties that improve the flavor experience
masking the nicotine flavor (Chéruel et al. 2017; Levy et al. 2023).

2.2.3. Astringency of aluminum ammonium sulfate

Aluminum ammonium sulfate (AINH4(SOs)? - 12H20), visualized in Figure 2C, is a
metallic salt and non-volatile compound that can activate strong astringency in the
oral area (National Center for Biotechnology Information 2024c). Aluminum
ammonium sulfate is freely soluble in glycerol but practically insoluble in alcohol,
while 1 g dissolves in 20 mL of cold water. It can be used in an assessors screening test
of ageusia and anosmia (SFS: ISO 8586:2012). As an additive, aluminum ammonium
sulfate has an acceptable daily intake limit of 0.14 mg/kg/day, and it can only be used
in candied cherries in Europe (Finnish Food Authority 2024a).

Astringency is a complex group of somatosensations (Lee and Lawless 1991; Dinnella
et al. 2011). Different types of astringent compounds, such as metallic salts and
phenolic compounds, can vary in molecular mechanisms affecting their binding with
oral and salivary proteins (Peleg et al. 1998). According to Laaksonen (2011), the

astringency sensation can be influenced by bitterness (phenolic compounds), metallic



sensation (cations), sweetness (masking by sugars), fat perception (masking by fats),
texture (friction particle size), sourness (pH and acids), and possibly by umami
(mouth-drying). The response to aluminum ammonium sulfate differs from the
response to phenolic compound-elicited astringency (Peleg et al. 1998). In addition,
astringency (aluminum ammonium sulfate) is reduced by the addition of acids (citric

acids, lactic acid, and hydrochloric acid).

TRPA1 and TRPV1 channels have been associated with the astringency sensitivity of
green tea (Kurogi et al. 2015). These same channels have been linked with the
sensation of oral astringency in mammals (Takahashi et al. 2021). However, the
molecular mechanism of astringency is still unclear since the astringency sensation
can vary by compound. Nevertheless, a higher responsiveness to astringency
(aluminum ammonium sulfate) has been noted to be associated with a lower intake of
alcoholic beverages (Thibodeau et al. 2017). In contrast, the responsiveness to the
astringency of tannic acid is associated with a lower intake of phenol-rich foods such
as vegetables, berries, and fruits (Dinnella et al. 2011).

2.2.4. Other oral chemesthesis dimensions

In addition to pungency, coolness, and astringency, other chemesthesis dimensions
also impact the oral area. These include sensations such as the tingle sensation of
carbonation (H2COs), numbing of Szechuan pepper (a-hydroxy sanshool) (Simons
2016), and metallic sensation of metallic salts (Laaksonen 2011). Some compounds like
capsaicin and /-menthol can create the sensation of pain, especially at extremely high
concentrations (Caterina et al. 1997; Peier et al. 2002; Dalton and Byrnes 2016; Pringle
2016). Pain is a complex sensation that is experienced by multiple networks in the

brain using both limbic and somatosensory systems (Dinakar and Stillman 2016).

2.3. Factors contributing to oral chemesthetic perception
Certain factors influence oral chemesthetic perception. These include oral physiology,
food-related factors, age, gender, health-related factors, and personality traits. Here

some of those dimensions are introduced.

2.3.1. Oral physiology

The human mouth has a strong role in eating and drinking F&B. The oral region
consists of multiple subsites and parts (Figure 3), each involved in the eating process.
These include the lips, teeth, palate, tongue, floor of the mouth, gingiva (gums), uvula,
retromolar trigone, tonsils, gingivobuccal sulcus, palate (hard, soft), and salivary
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glands (Famuyide et al. 2022). The mouth is covered with mucous membranes,
microbes, and saliva containing vital substances for digestion by moistening foods,
enzymatic reactions, antimicrobial, and other protective mechanisms (Alhajj and
Babos 2023). Stratifying squamous epithelial layers, including keratinized, non-
keratinized, and specialized (mixture of keratinized and non-keratinized) cover the
oral cavity (Finger and Simon 2000; Saunder and Silver 2016). Most of the chemesthetic
stimuli appear to be lipophilic and diffuse through the epithelial cells’” membranes,
reaching the free nerve endings below the tight junctions binding the cells of the
epithelial layers together.

The saliva structure and properties can influence chemesthetic perception. For
instance, the individual variability of salivary proteins such as proline-rich proteins
and the flow rate impact how intense the astringency sensation will be (Jobstl et al.
2004; Bajec and Pickering 2008; Dinnella et al. 2009; Laaksonen 2011; Térnwall 2013).
In addition, lower pH, higher temperature, and lower viscosity increase the perceived

intensity of astringency.

The oral cavity area is connected to the nasal cavity through the nasopharynx
retronasally (Saunder and Silver 2016). This allows orally perceived volatile
chemesthetic compounds to have access inside the nasal region. Hence, retronasal
chemesthesis can also be perceived on the chemical structure of foods. This could

impact the intensity of the overall chemesthetic sensation.

Lips

Gums

Teeth

Hard palate

Soft palate

Mucous membranes
Tonsil

Uvula

. Tongue

Floor of mouth

Figure 3. Anatomy of the oral region.
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2.3.2. Food-related factors

Certain compounds that activate sensations such as taste, smell, or texture can show
cross-modal interactions with chemesthesis. For example, fat and protein reductions
in capsaicin oral pungency (Nolden et al. 2019; Gaiser and Hayes 2023; Gaiser and
Hayes 2024). Similarly, fatty and creamy properties are suggested to reduce astringent
properties due to the lubricating effect (De Wijk et al. 2003; Laaksonen 2011). This is
why fatty and creamy foods may be used in masking unpleasant flavor properties.
Increased sweetness elicited by sucrose can reduce the intensity of astringency
(Lyman and Green 1990; Bajec and Pickering 2008; Laaksonen 2011; Toérnwall 2013).
Astringent components also activate bitterness, and a high intensity of bitterness may
reduce the intensity of astringency (Bajec and Pickering 2008; Laaksonen 2011).
Genetic variation in bitter taste receptor genes have been shown to interact with
pungency, cooling, and astringency sensitivities indicating associations between
chemesthesis and taste (Appendix 1). Interestingly, some taste compounds such as
salts and acids can elicit oral chemesthesis (Stevens and Lawless 1986; Gilmore and
Green 1993; Dessirier et al. 2001; Cayeux et al. 2023). To conclude, salts and acids
creating oral irritation may also enhance chemesthesis such as cooling. In fact, coolants
can enhance salty taste (Gray et al. 2008; Pringle 2016).

Since the oral cavity is connected to the nasal cavity, volatile irritants like allyl
isothiocyanates found in radish, wasabi or mustard can activate nasal chemesthesis
(Jordt et al. 2004; Staudinger 2019; Piochi et al. 2020). However, pungent capsaicin is a
non-volatile compound and not likely to trigger orthonasal or ophthalmic (eye area)
chemesthesis without physical contact. In comparison, volatile compound (Z)-
propanethial S-oxide is a lachrymatory factor that causes eye irritation when released

into the air during onion chopping (Silvaroli et al. 2017).

The temperature of foods containing chemesthetic ingredients may influence the
chemesthetic perception. The pungent burning sensation of capsaicin can be enhanced
by warmth and inhibited by the coldness of foods (Green, 1986). Additionally,
capsaicin can intensify the sensation of warmth and reduce the intensity of coldness
perceived in the oral cavity. In contrast, I-menthol solutions below the oral
temperature have been rated as cooler than water of the same temperature (Green,
1985). Moreover, I-menthol can modulate the oral sensations of warmth and cold by
enhancing coldness and attenuating the sensations of warmth. Interestingly, the

astringency sensation may be perceived more intensively at body temperature rather
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than room temperature due to the protein-binding process (Peleg et al. 199§;
Laaksonen 2011).

2.3.3. Age

Increasing chronological age can reduce chemosensory acuity, explaining why the
low-level chemesthetic irritation in orange juice samples is preferred by older
participants (N=57) (Forde and Delahunty 2004). However, not all senses decrease in
acuity to the same extent, and there is complexity with increasing age. Another study
showed that increasing age is not associated with the burning intensity of capsaicin
nor the liking or yearly intake of hot chili peppers (Spinelli et al. 2018). Although the
age of participants is often informed in chemesthesis-related research, few studies

directly report associations between age and chemesthetic sensitivity.

2.3.4. Gender

The impact of personality traits (e.g., food neophobia, sensitivity to disgust, sensitivity
to reward, sensitivity to punishment, sensitivity to reward, alexithymia, and private
body consciousness) on the pungency of capsaicin has shown a complex set of
differences between men and women in a large-scale study (Spinelli et al. 2018).
Women rated the burning intensity of capsaicin-induced tomato juice lower than men
(Nolden et al. 2019). Self-reported spice level has been associated with capsaicin
perception, and men have shown higher scores compared to women (Nolden and
Hayes 2017). Some studies that include the intensity measurements of capsaicin,
primarily focus on reporting the consumption or liking of spicy foods rather than
investigating direct gender differences in capsaicin sensitivity (Byrnes and Hayes
2015; Lyu et al. 2021; Lyu et al. 2023).

2.3.5. Health-related factors

Awareness of the important functional properties of chemical senses rose during the
COVID-19 pandemic. The loss and impairment of chemical senses including smell
(anosmia: loss of smell), taste (ageusia: loss of taste), and chemesthesis (neuropathy:
disorders of peripheral nerve cells and fibers) caused concern among people and
increased research interest of the mechanisms behind it (Parma et al. 2020; Algahtani
et al. 2022; Weir et al. 2023; Hammi and Yeung 2024). Research has shown that COVID-
19 infection causes the acute loss of oral chemesthesis from a jellybean (cinnamon
burning) sample (Weir et al. 2023). The negative impacts of viruses and other
pathogens on the sensory functions should be identified in research, and whether the

effects are temporary or more permanent.
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Chronic and high-risk-level alcohol consumption may lead to neuropathy, where
nerve damage occurs (Sadowski and Houck 2024). This leads to deleterious effects on
the central and peripheral nervous systems due to the direct toxic effects of alcohol.
Thus, this can create tolerance towards the burning sensation of ethanol and cause
severe painful health problems. The amount of ethanol that can cause peripheral
neuropathy is still unknown (Chopra and Tiwari 2012), and there is no specific test to
diagnose for this condition (Sadowski and Houck 2024).

Certain oral-area illnesses may increase the sensitivity of mucous membranes that
may cause an unpleasant experience. A pungent capsaicin rinse treatment is used as
a treatment for burning mouth syndrome due to its desensitizing impact (Di Stasio
2016). However, capsaicin first increases the burning sensation at the beginning of the
treatment, which causes an unpleasant challenge for patients. However, head and
neck cancer patients showed a lower somatosensory response to chemesthesis than
control group without cancer, which is associated with their reduced salivary
functions (Riantiningtyas et al. 2023). This may impact the eating experiences of
patients with reduced salivary functions, which could lead to poor nutrition.

High capsaicin intake may have modest effects in reducing body mass index (BMI) for
overweight or obese individuals (Zhang et al., 2023b). Capsaicin is said to reduce
hunger through hormones and by increasing lipolysis in white adipose tissue and
energy expenditure through brown adipose (Elmas and Gezer 2022). Despite this,
some studies have shown that BMI is not associated with the frequent use of chilies
(Lyu et al. 2021; Lyu et al. 2023).

Frequent smoking has been inked with lower taste sensitivity (Chéruel et al. 2017). A
similar impact with nicotine is expected in chemesthetic sensitivity. However, cooling
compound [-menthol can cross-desensitize nicotine-evoked oral chemesthesis by
reducing harshness, which may account for its popularity as a flavor additive to

tobacco products (Carstens and Carstens 2022).

2.3.6. Personality traits

Personality traits may influence the acceptability and consumption of chemesthetic
foods (Prescott and Stevenson 1995; Byrnes and Hayes 2013; Byrnes and Hayes 2015;
Spinelli et al. 2018). Personality differences or cognitive functions may account for the
willingness to explore novel food sensations (Dalton and Byrnes 2016). A study has

shown that certain personality traits such as sensation seeking and sensitivity to
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reward are differentially associated with the liking and intake of spicy foods in men
and women (Byrnes and Hayes 2015). Similarly, another study discovered that
differences between men and women in personality seemed to influence the intake of

spicy foods (Spinelli et al. 2018).

Associations between the pungency perception and different personality traits
including sensitivity to reward, sensitivity to punishment, sensitivity to disgust,
private body consciousness, alexithymia (emotional blindness), and food neophobia
(the fear or avoidance of novel foods) have been studied previously (Byrnes and
Hayes 2013; Byrnes and Hayes 2015; Spinelli et al. 2018). Earlier research has shown
that sensitivity to capsaicin is not associated with any personality measures (Byrnes
and Hayes 2013). Personality traits such as neophobia and disgust sensitivity are
related with pungency perception (Spinelli et al. 2018). That research has suggested
that sensation seeking and sensitivity to reward would moderate the relationship

between perceived burn intensity and the liking of spicy foods.

Different personality traits are linked to the experience of chemesthetic foods. In
addition, genetics are seen as a baseline to the influence and experience of
chemesthetic sensitivity and the liking of spicy foods (Prescott and Stevenson 1995;
Tornwall 2013; Dalton and Byrnes 2016). The effects of social influence on
chemesthetic food consumption can be impacted by the surrounding culture (Prescott
and Stevenson 1995). For example, eating chili peppers has been linked with many
“benignly masochistic” and thrill-seeking activities (Byrnes and Hayes 2013). To
conclude, personality traits are complex, and more research is needed to understand

associations between personality traits and chemesthesis.
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2.4. Safety challenges of chemesthetic compounds

Certain challenges concerning the usage of chemesthetic ingredients in foods exist.
Although chemesthetic compounds can have a positive impact on health (Mattes and
Ludy 2016), some compounds can activate pain perception and have a negative impact
(Dalton and Byrnes 2016; Hayes 2016; Ilie et al. 2019). As an example, ethanol can
trigger migraines and headaches by stimulating TRP channels (Viana 2011; Benemei
et al. 2014). In addition, ethanol is a toxic compound classified as a carcinogen (e.g.,
Rumgay et al., 2021).

The desire for strong chemesthetic sensations can be dangerous. European Union Law
related to Food Safety (EC) no 178/2002 forbids unsafe products. The European Food
Safety Authority (EFSA) has no regulation concerning the maximum concentration of
capsaicin in food products (Finnish Food Authority 2024b). However, due to a lethal
capsaicin poisoning case in USA that was caused by foods containing more than 11.8
mg per serving, some of the European National Food Authorities (e.g., Denmark and
Finland) have given general warnings and even recommended banning those
products from markets (Finnish Food Authority 2024b; Leblanc et al. 2024; Baggesen
2024). These safety aspects need more investigation and testing.
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3. AIMS OF THE STUDY

The main aim for this research was to investigate individual differences in
chemesthetic perception and its role in food-related behavior among adults as a part
of the FoodTaste Finland Research Program: Human taste sensitivity and multisensory
perception of food. In this research, intensity and recognition ratings were studied using
clustering and score modeling following similar methods as in earlier taste sensitivity
research (Puputti et al. 2018; Puputti et al. 2019a; Puputti et al. 2019b). Then,
connections between chemesthesis and taste sensitivities were investigated.
Explanatory demographic and health-related factors were investigated. Additionally,
food-related behavior was studied focusing on the consumption and recalled
pleasantness of F&B-items typical for the Nordic food culture. An unpublished dietary

habits data set was also studied.
This dissertation aimed to study (the publication number in parenthesis):

A) Individuality of chemesthetic sensitivity and connections to taste sensitivity
Hypothesis 1. Individual differences exist (I)
Hypothesis 2. Chemesthetic sensitivity is associated with taste sensitivity (I)

B) Factors explaining individuality of chemesthetic perception
Hypothesis 3. Age and gender are explanatory factors (II)
Hypothesis 4. BMI and smoking status are explanatory factors (II)

C) Connections between chemesthetic sensitivity and food-related behavior

Hypothesis 5. Consumption and recalled pleasantness are linked to sensitivity (III)

Hypothesis 6. Dietary habits are linked to sensitivity (unpublished data)
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4. MATERIAL AND METHODS

The research explores a chemesthesis sensory study data set and food-related
behavior data set. The sensory study was conducted in the sensory laboratory (ISO-
8589) at the Nutrition and Food Research Center at the University of Turku, Faculty
of Medicine (Turku, Finland) before the COVID-19 pandemic. In addition, this
doctoral research utilizes previous findings of taste sensitivity research that were
obtained from the same study participants (Puputti et al. 2018; Puputti et al. 2019a;
Puputti et al. 2019b; Puputti 2020).

4.1. Participants

The dataset for the chemesthesis research was collected from 205 volunteer
participants. All the written and spoken communication was in Finnish. Participants
were recruited using e.g., advertisements, websites, and public events. The exclusion
criteria were pregnancy or lactating state, and all participants gave consent and were
informed about health-related details including allergens of the samples. Participants
were untrained, but they were first introduced to chemesthesis and samples briefly
with verbal and written instructions. Before the actual evaluation of the chemesthetic
samples, they tasted the second strongest concentration of each quality to familiarize
themselves with the chemesthesis and to remove the element of surprise. The
background information of the study participants presented in Table 2 is based on
several research publications (Puputti et al. 2018; Puputti et al. 2019a; Puputti et al.
2019b; Roukka et al. 2021; Roukka et al. 2023).
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Table 2. Characteristics of study participants (table reprinted and edited with permission of the

copyright owner).
Variable
Age 41.7£15.2
19-34
35-49
50-79
Gender
Women
Men
BMI 25.6 £5.6
Lean individuals <25.0
Overweight individuals 25.0-29.9
Obese individuals >30.0
Smoking
Currently/Former
Nonsmoker
Pungency sensitivity
elicited by capsaicin
Hyposensitive CSG1
Semi-sensitive CSG2
Hypersensitive CSG3
Cooling sensitivity
elicited by I-menthol
Hyposensitive MSG1
Semi-sensitive MSG2
Hypersensitive MSG3
Astringency sensitivity
elicited by aluminum
ammonium sulfate
Hyposensitive ASG1
Semi-sensitive ASG2
Hypersensitive ASG3
Combined oral
chemesthetic
sensitivity
Hyposensitive COCSG1
Semi-sensitive COCSG2
Hypersensitive COCSG3

19

205

88
59
58
205
164
41
198
111
51
36
198
51
147
199

56
59
84
198

81
96
21
197

91
62
44
196

59
105
32

%

100

43
29
28

80
20
97
56
26
18

26
74

28
30
42

41
48
11

46
32
22

30
54
16

Data missing

N
0



4.2. Chemesthetic samples

The evaluated sample series included prototypic compounds for pungency, cooling,
and astringency at different concentrations from the lowest (A) to the highest (E)
(Table 3). All samples and concentration levels were pre-tested before the data
collection. Concentrations were determined experimentally by using quarter
logarithmic dilution series. The samples were used to measure intensity and
chemesthetic quality recognition.

Samples were diluted with active carbon filtered water and stored in glass bottles in
the refrigerator following good laboratory practice. Capsaicin and /-menthol samples
were first diluted into a glyceryl tri-acetate solution; after that, created stock solutions
were diluted with active carbo-filtered water. All the solutions were prepared less
than four days before the evaluation sessions and samples were served at room
temperature. The sample series included one water sample representing the neutral

“zero” stimuli, which was excluded from the analyses.

Table 3. Chemesthetic sample series (table reprinted and edited with permission of the copyright

owner).
Chemesthetic .
. Prototypic compound A B C D E
quality
2 Capsaicin
Pungency 0.049uM  0.088 uM  0.154 uM 0275 uM  0.491 pM
(CAS: 404-86-4)
. b [-Menthol
Cooling 0.013mM 0.023mM 0.040mM 0.072mM 0.128 mM

(CAS: 2216-51-5)

¢ Aluminum ammonium
Astringency sulfate 0.22 mM 0.39 mM 0.70 mM 1.24 mM 2.21 mM
(CAS: 7784-26-1)

Note:

a Fluka Sigma-Aldrich (St. Lous, Missouri, USA), CisH2zNOs,>98.5%

b Symrise (Holzminden, Germany), CioH200, >99.7%

¢ Produced by Sigma-Aldrich (St. Louis, Missouri, USA), AINH4(SO4)?- 12H20, >99.0%
Dilutions: A-E
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4.3. Sensory evaluation procedure

The sensory evaluation procedure started with the participants neutralizing their
mouth with water and unsalted crackers (as well as between the samples). Then, they
were guided to pour the entire sample (5 mL each) into their mouth, swish it around
for five seconds and then spit it out. After that, they were guided to wait for a moment
due to the possible delay of the stimuli. Then, participants were asked to select the
recognized stimuli from given options (astringency, pungency, cooling, metallic, or
water) and rate the overall intensity of the sample on a line-scale (0-10). The scale was
anchored both verbally and numerically from 0 to 10 (0="no sensation”, 2="very

mild”, 4="quite mild”, 6="quite strong”, 8="very strong”, and 10="extremely strong”).

4.4. Questionnaires for background factors and food-related behavior

Background information (gender, age, education, smoking habits, and weight and
height for BMI) and food-related behavior data were collected using the Webropol
online questionnaire (Webropol Inc.,, Helsinki, Finland). Food-related behavior
questions focused on the consumption and recalled pleasantness of F&B-items typical
for Nordic food culture. In addition, eating behavior questions were included.

Participants were instructed to rate only familiar F&B-items.

A use-frequency questionnaire with a 6-point category scale (1="never or very
seldom”, 2="a few times per year”, 3="once or twice per month”, 4="“once per week”,
5="a few times per week”, and 6="daily”) was used to measure the consumption of
F&B-items. Additionally, a 7-point category scale (1="I do not drink at all”, 2="0-1",
3="2-3",4="4-6",5="7-9", 6="10-13", and 7="14 or more” doses per week: DPW) was
used to measure the consumption of mild (<8%), medium (8-21%), and strong (>21%)
alcoholic beverages.

A 9-point hedonic scale (1="dislike extremely”, 2="dislike very much”, 3="dislike
moderately”, 4="dislike slightly”, 5="neither like nor dislike”, 6="like slightly”,
7="like moderately”, 8="like very much”, and 9="like extremely”) was used to
measure the recalled pleasantness of F&B-items. The option “I cannot say” was also

available.
Eating behavior was studied with 15 questions related to dietary habits and measured

with a 6-point categorical scale (1="I do not consume or cook”, 2=“never or very

seldom”, 3="rarely”, 4="occasionally”, 5="often”, and 6="always”).
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4.5. Data processing methods

Data was collected using Compusense Plus 5.6 software (Compusense Inc., Guelph,
ON, Canada). Statistical analysis for this part of the research was performed with IBM
SPSS Statistic 28.0 (IBM Corporation, Armonk, NY, USA). Unscrambler X 10.5.1
(CAMO Software, Oslo, Norway) was used for PLS regression modeling. The
following information is about the data processing methods used in this dissertation.

45.1. Article I

Intensity results of each prototypic chemesthetic sample series were first explored
with hierarchical clustering. An agglomerative hierarchical clustering was performed
with the squared Euclidean distances using Ward’s method to study chemesthetic
intensity. Then, a three-cluster model was chosen to achieve sufficient cluster size, and
it was applied to study three qualities: pungency, astringency, and cooling. By
comparing the average intensity of each formed cluster, three sensitivity groups were
identified. The differences between sensitivity groups (hyposensitive, semi-sensitive,
and hypersensitive) were examined by multivariate analysis of variance MANOVA)
with post-hoc tests (Tukey’s HSD).

A novel oral chemesthetic sensitivity score was created following similar
methodology as a previously studied taste sensitivity score model (Puputti et al. 2018).
The oral chemesthetic sensitivity score model was built based on the average from
pungency (capsaicin), cooling (I-menthol), and astringency (aluminum ammonium
sulfate) sensitivity groups. Based on generated scores, seven sensitivity groups were
created (1.00, 1.33, 1.67, 2.00, 2.33, 2.67, and 3.00). Then, these sensitivity groups were
classified into hyposensitive (1.00 and 1.33), semi-sensitive (1.68, 2.00, and 2.33), and
hypersensitive (2.67 and 3.00).

Correlation tests were performed to study associations between sensitivity groups
and scores. These included results from chemesthetic qualities (pungency, coolness,
astringency, and combined) and taste modalities (bitter, salty, sour, sweet, umami,

and overall taste sensitivity score).

Multinomial logistic regression (MNLR) models were performed to study interactions
among sensitivity groups. The first models included only chemesthetic qualities, and
other models explained interactions between chemesthesis and taste cluster data. In
both phases, we used forward and backward stepwise selection techniques. The

largest clusters from each modality were chosen as a reference category in every case
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and the criterion significance was p<0.05. If the odds ratio (OR) was less than 1.00, then
the explaining factor was 1/OR times more likely to belong to the reference group
instead of the dependent group.

45.2. Article II

Oral chemesthetic quality recognition was studied from the prototypic sample series
(capsaicin for pungency, [-menthol for cooling, and aluminum ammonium sulfate for
astringency). From the correct prototypic recognition results, the novel chemesthesis
recognition score was modeled. Based on the generated scores, individuals were
classified into oral chemesthetic recognition groups “better recognizers” (4.00-5.00),
“poorer recognizers” (0-2.00), and “average recognizers” (2.33-3.67). Differences
between chemesthetic sensitivity, recognition, and background variables were
studied using chi-squared test, and Kruskal-Wallis and Mann-Whitney U tests, and

associations with Spearman’s rank correlation test.

Factors explaining sensitivity to prototypic chemesthetic compounds were studied
using MNLR modeling. Potential predictors were gender, age, BMI, smoking status,
and quality-recognition. Gender and smoking status were entered as dichotomous
variables and age, BMI, and quality recognition as continuous variables. The largest
and second largest groups in prototypic chemesthetic compound-based sensitivity

were selected as the reference group for the model.

4.5.3. Manuscript III

Spearman’s rank correlation test was used to investigate associations between
chemesthetic sensitivity and both consumption and recalled pleasantness ratings of
F&B-items. Then, to reveal the most significant connections and to lower the Type I
risk, MANOVA and non-parametric tests (Kruskal-Wallis and Mann-Whitney U
tests) with adapted post-hoc tests were used to investigate the differences between
chemesthetic sensitivity groups.

Multi-hierarchical linear regression was used to investigate associations with Fé&B-
components defined by Puputti et al. (2019b). PLS regression modeling was used for
F&B categories illustrating interactions between use-frequency ratings and recalled

pleasantness within chemesthetic sensitivity groups.
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4.5.4. Dietary habits

Spearman’s rank correlation test was used to study associations between chemesthetic
sensitivity groups and dietary habits. One-way ANOVA and non-parametric tests
(Kruskal-Wallis and Mann-Whitney U) with adapted post-hoc tests were used to
investigate the impact of chemesthetic sensitivity on the dietary habits that showed

correlation.

4.6. Ethical aspects

The sensory study was reviewed by the Institutional Review Board of the Southwest
Finland Hospital District’'s Ethics Committee (145/1801/2014) and followed the
European Union’s General Data Protection Regulation (GDPR) guidelines. The
sensory facilities followed the general guidance for the design of test room standards
(ISO 8589). Volunteer participants signed the informed consent form that explained
the general structure and necessary details about the research. Some chemesthetic
compounds can stimulate pain, which can be perceived as unpleasant. The
participants were able to drop out whenever they wanted. After the evaluation the
participants were thanked and rewarded with a small food gift as a compensation for

their participation.
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5. RESULTS

This section focuses on addressing the results of this study.

5.1. Individuality of chemesthetic sensitivity and connections to taste
sensitivity (I)

Chemesthetic sensitivity data was investigated using a hierarchical clustering method
to reveal quality-specific differences. Quality-specific sensitivity groups were
identified (cluster 1="hyposensitive”, cluster 2="semi-sensitive”, and cluster
3="hypersensitive”) (Figure 4-6). In addition, a combined oral chemesthetic
sensitivity score and groups were modeled. A relationship between chemesthetic

sensitivity and taste sensitivity was discovered.

5.1.1. Quality-specific chemesthetic sensitivity groups

Pungency (capsaicin) sensitivity (Figure 4) showed that cluster 3 differed from
clusters 1 and 2 for each concentration (Table 3), but cluster 2 did not differ from
cluster 1 at concentrations A (0.049 uM), B (0.088 uM), and C (0.154 pM). Thus, the
higher capsaicin concentrations D (0.275 pM) and E (0.491 uM) revealed the sensitivity

groups more clearly than the lower concentrations A, B, and C.
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Figure 4. Pungency (capsaicin) sensitivity clusters (1="hyposensitive”, 2="semi-sensitive”, and
3="hypersensitive”) and intensity results. Participants evaluated samples and rated intensity on a line
scale from 0 (Not at all) to 10 (Extremely strong). Multivariate analysis of variance with applied Tukey’s
HSD post-hoc test (a, b, and c) revealed different and similar intensity ratings among clusters at each
concentration level.
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Cooling (I-menthol) sensitivity (Figure 5) showed that intensity ratings of each cluster
differed in every concentration (Table 3): A (0.013mM), B (0.023mM), C (0.040mM), D
(0.072mM), and E (0.128mM). However, the number of participants in the

hypersensitive group (cluster 3: 11%) was relatively small compared to other groups.

e0 10

§ 9 c
{ ]

é 7 S/ b
]

E / b/--"'

5 5 g b/. ...-"'.

4 E/b o= Leoo"" e

=) %o"' a

= 3 b < T .

= 2 a=Tre e Teec® a

£ 1 : a 3

5 0 a

% 0.013 0.023 0.040 0.072 0.128

o

CpHzO (mM)
1 (n=81) ==o==2 (n=96) ==eo==3(n=21) --@-- All(N=198)

Figure 5. Cooling (I-menthol) sensitivity clusters (1="hyposensitive”, 2="semi-sensitive”, and
3="hypersensitive”) and intensity results. Participants evaluated samples and rated intensity on a line
scale from 0 (Not at all) to 10 (Extremely strong). Multivariate analysis of variance with applied Tukey’s
HSD post-hoc test (a, b, and c) revealed different and similar intensity ratings among clusters at each
concentration level.

Astringency (aluminum ammonium sulfate) sensitivity (Figure 6) was the most
challenging to model. Intensity results showed that cluster 2 differed from cluster 3 at
all sample concentrations (Table 3). On the contrary, cluster 2 differed from cluster 1
at concentrations C (0.70mM), D(1.24mM), and E (2.21mM), but not at A (0.22mM) or
B (0.39mM). Thus, identification of the semi-sensitive group was challenging for

astringency sensitivity and needed a careful cluster comparison.
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Figure 6. Astringency (aluminum ammonium sulfate) sensitivity clusters (1="hyposensitive”, 2="semi-
sensitive”, and 3="hypersensitive”) and intensity results. Participants evaluated samples and rated
intensity on a line scale from 0 (Not at all) to 10 (Extremely strong). Multivariate analysis of variance
with applied Tukey’s HSD post-hoc test (a and b) revealed different and similar intensity ratings among
clusters at each concentration level.

5.1.2. Combined oral chemesthetic sensitivity

To generalize oral chemesthesis, a score model for combined oral chemesthetic
sensitivity was created based on the average intensity ratings in each quality-specific
sensitivity group (pungency, cooling, and astringency). After this, combined oral
chemesthetic sensitivity groups were defined by dividing the possible maximum
score by three and exploring the ranges. The score ranges were: hyposensitive=1.00—
1.33, semi-sensitive=1.67-2.33, and hypersensitive=2.67-3.00 (Figure 7). This novel
sensitivity score and group modeling revealed that 16% (N=196) are more sensitive in
all chemesthetic dimensions among participants. Furthermore, 30% were less
sensitive and the majority of the participants (54%) were classified into the semi-

sensitive group.
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Figure 7. Participants were divided into different sensitivity groups (hyposensitive n=59, semi-
sensitive n=105, and hypersensitive n=32), based on their oral chemesthetic sensitivity score (CSS) value
presented on the X-axis. The number of participants in each group is shown on the Y-axis (figure
reprinted and edited with permission of the copyright owner).

5.1.3. Associations between chemesthesis and taste

Chemesthetic sensitivity and taste sensitivity generally had positive correlations. The
taste sensitivity score and combined oral chemesthetic sensitivity score showed a
meaningful level of association (r=0.56**). This positive association suggests that

higher chemesthetic sensitivity can indicate higher sensitivity to taste and vice versa.

Chemesthesis and taste had connections between each of the chemesthesis and taste
dimensions that were observed with the MNLR models presented. Pungency was
explained by sour, sweet, and bitterness, and cooling by sour, sweet, and bitter.
Astringency sensitivity was explained by all taste modalities. In contrast, sour taste
was explained by astringency and cooling; sweet taste by pungency, cooling, and
astringency; salty taste by astringency and pungency; and bitterness by pungency and

cooling.
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5.2.  Factors explaining individuality of chemesthetic perception (II)

The potential factors explaining individual differences among chemesthetic
sensitivity groups were investigated by focusing on prototypic compounds. In
addition to sensitivity, recognition data was also explored and modeled to understand

how participants identified the prototypic samples.

5.2.1. Recognition of chemesthesis

In general, the recognition results (Figure 8) showed that prototypical chemesthetic
sensation became clearer as concentrations increased. Capsaicin samples were
identified as pungency (Figure 8a), I-menthol samples as cooling (Figure 8b), and
aluminum ammonium sulfate samples as astringency (Figure 8c) by the highest
number of participants at each concentration level. However, results showed that
there were some participants that identified and selected different sensations than the
prototypical one, especially at lower concentrations. These prototypical compound-
based recognition results were then generated as combined oral chemesthetic
recognition score that enabled classifying into better, average, and poorer recognizers
(Figure 9). Based on this generalized combined oral recognition score model, most
participants were classified as average recognizers (66%). Better recognizers (26%)
were the second largest group, and only a few participants belonged to the poorer

recognizers group (8%).
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Figure 8. Oral chemesthetic quality recognition results for (a) capsaicin, (b) I-menthol, and (c) aluminum
ammonium sulfate solutions. The participants could choose only one quality per sample (astringency,
pungency, cooling, metallic, or water). The green dotted line indicates the level of participants who
selected (a) only pungency from capsaicin samples (23%), (b) only cooling from [-menthol samples
(15%), and (c) only astringency from aluminum ammonium sulfate samples (10%) (figure reprinted and
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Figure 9. The distribution of combined oral chemesthetic recognition score (0-5.00) created from
pungency, cooling, and astringency recognition results (N=198). Getting 0 for this score is theoretically
possible, however, none of the participants got 0 correct (figure reprinted and edited with permission
of the copyright owner).

5.2.2. Predictors for sensitivity

MNLR results revealed associations between selected background factors: gender,
age, BMI, smoking status, and recognition score. Results showed that pungency
(capsaicin) sensitivity was explained by gender, age, and recognition score. Women
were more sensitive to pungency than men. Increasing age indicated lower sensitivity
and increasing recognition score indicated higher sensitivity. In addition, cooling (I-
menthol) and astringency (aluminum ammonium sulfate) sensitivity were explained
by age and recognition scores. In both cases, increasing age and recognition scores
predicted higher sensitivity. BMI and smoking status did not explain chemesthetic
sensitivity.
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5.3. Connections between chemesthetic sensitivity and food-related
behavior (III)

The food-related behavior data was investigated in this part of the research together
with chemesthetic sensitivity data (I). The focus was on the consumption and recalled

pleasantness of F&B-items (IN=64) that are typical in Nordic food culture.

5.3.1. Sensitivity connections to consumption and recalled pleasantness

Different chemesthetic sensitivity dimensions, including pungency, cooling,
astringency, and combined, had connections between consumption and recalled
pleasantness of specific F&B-items. These included foods that can have chemesthetic
properties such as blue cheese, Brussel’s sprouts, chili, chili sauce, radish, salmiak, soy sauce,
strong alcohol, medium alcohol, and vegetable purée soup. Women, in particular, showed
connections between cooling sensitivity and consumption of chili and soy sauce.
Additionally, preliminary research for men showed connections between blue cheese,
celery, sea buckthorn, candy, ketchup, potato chips, milk chocolate, red wine, white wine,
strong alcohol, medium alcohol, soft drinks, and sweet pastry. Generally, less sensitive
individuals seemed to have higher consumption and recalled pleasantness ratings for
F&B with chemesthetic properties than those who were more sensitive. Preliminary
results indicated that men may have connections between chemesthetic sensitivity
and both consumption and recalled pleasantness of certain fatty-salty-sweet foods and

alcoholic beverages.

5.3.2. Multidimensional interactions

Among all participants, PLS regression models for F&B categories revealed
multidimensional interactions between consumption and recalled pleasantness
within chemesthetic sensitivity groups. These models showed stronger connections
between sensitivity and consumption and recalled pleasantness in F&B-items that
belonged to the categories of “vegetables, vegetable dishes, and pungent sauces” and
“alcoholic and non-alcoholic beverages”. In addition, multivariate hierarchical
regression results were structured using F&B categories by Puputti et al. (2019b). The
results revealed that cooling sensitivity was the only chemesthetic dimension
predicting consumption and recalled pleasantness of salty and savory foods, and the
consumption of fatty foods.
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5.4. Chemesthetic sensitivity and dietary habits

Eating behavior was studied from the unpublished dietary habits dataset that
included variables listed in Table 4. The main results are introduced and concluded
here.

Table 4. List of dietary habits variables and definition for statistical testing procedure among all

participants. Levene's Test of Equality of Error Variances defines whether the variables are processed
with parametric tests (ns, p 20.05) or non-parametric tests (sig, p<0.05).

Dietary habits Total N=194 Pungency Cooling Astringency Combined
Nwariable=18 mean + std.dev.  ns sig ns sig ns sig ns sig
Add milk to coffee 3.94+2.08 X X X X

Add cream to coffee 2.39+1.02 X X X X

Add sugar to coffee 221+1.11 X X X X

Add sweetener to 1.99 +0.80 X X X X

coffee

Add sugar or honey 3.60 +1.49 X X X X

to tea

Add sweetener to 217+0.71 X X X X

tea

Add milk to tea 2.84+1.35 X X X X
Add salt to 4.05+1.42 X X X X
vegetable boiling

cooking water

Add salt to food 3.34+1.04

Add aromatic salt 247 +0.77

to food

Add ketchup to food 3.27+0.83 X X X X
Add soy sauce to 2.93+0.84 X X X X

food

Use cream in 420+0.73 X X X X

cooking

Use cheese in 4.10+0.70 X X X X

cooking

Add sugar to 3.56 +1.11 X X X X

berries

Eating vegetables 5.55+0.77 X X X X
Eating fruits 4.60 £1.15 X

Eating berries 3.66 +1.29 X
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5.4.1. Associations between sensitivity and habits

Chemesthetic sensitivity (pungency, cooling, astringency, and combined) had
associations with dietary habits (Table 5). Among men participants, a higher
sensitivity to astringency increased the habit of adding sugar to coffee (0> x 100=13%),
adding ketchup to foods (18%), adding sugar or honey to berries (13%), and eating
fruits (15%). A higher sensitivity to pungency increased the habit of adding milk to
coffee (28%) and adding sugar or honey to tea (14%) among men. In addition, a higher
sensitivity to cooling also increased to the habit of adding ketchup to foods (14%). Men
with a higher combined oral chemesthetic sensitivity had a higher frequency of
adding milk (14%) to coffee and adding ketchup to foods (14%). Results on all
participants together and women participants separately showed only weak

associations (less than 10%) between sensitivity and dietary habits.
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Table 5. Spearman’s correlation matrix between chemesthetic sensitivity and different dietary habits

(1="1 do not consume or cook”; 6="always”) from all the participants together and between genders.

Dietary
habits

All

APungency
sensitivity

\

M

All

BCooling
sensitivity

W

M

All

CAstringency

sensitivity

W

M

All

PCombined
sensitivity

\

M

Add milk
to coffee

Add milk
to tea

Add sugar
to coffee

Add sugar
or honey
to tea

Add salt to
vegetable
boiling
cooking
water

Add
ketchup to
foods

Add soy
sauce to
foods

Add sugar
or honey
to berries

Eating
berries

Eating
fruits

0.23**

-0.07

0.01

-0.07

-0.07

0.10

-0.13

0.15

-0.14

-0.07

-0.08

-0.05

0.12

-0.24**

0.53**

0.14

0.37%*

-0.02

-0.12

-0.01

0.04

-0.04

-0.16*

-0.08

-0.18%

-0.19**

-0.17*

-0.07

0.08

-0.02

-0.08

-0.23**

-0.13

-0.23*

-0.24**

-0.19*

-0.14

0.09

-0.06

0.16

0.10

0.11

-0.21

0.15

0.36*

-0.06

-0.04

-0.02

-0.04

-0.08

-0.10

-0.03

-0.10

0.17*

0.01

0.09

-0.10

-0.09

-0.13

-0.22*

-0.05

-0.12

0.12

0.01

-0.06

0.16*

-0.06

0.14

0.36*

0.04

0.42*

0.17

0.36*

-0.24

0.39*

0.07

-0.18*

-0.05

-0.07

-0.12

-0.09

0.06

-0.16*

0.02

-0.23**

-0.15

-0.10

-0.14

-0.12

-0.02

0.11

-0.20*

0.40*

0.10

0.27

-0.07

0.01

0.37*

0.07

-0.15

-0.10

Significant correlation ratings (2-tailed) are bolded: ** p<0.01, and * p<0.05
APungency sensitivity elicited by capsaicin (N=199), BCooling sensitivity elicited by I-menthol (N=198), CAstringency

sensitivity elicited by aluminum ammonium sulfate (N=197), and PCombined oral chemesthetic sensitivity (N=196)
W(women, 80%) and M(men, 20%)
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5.4.2. Impact of sensitivity on habits
- Pungency
In the case of pungent sensitivity groups, participants who were hyposensitive

less frequently added milk to coffee than semi-sensitive or hypersensitive
classified individuals (Fe=6.19, p<0.01, N=159 in Figure 10).

CSG1 (n=48) 42 % 6% 6% 13 % 33 % a
CSG2 (n=47) 13% 11% 6%4% 66 % b
CSG3 (n=64) 16 % 13% 2/% 9 % 61 % b

0% 20 % 40 % 60 % 80 % 100 %

Enever Mrarely Moccasionally M often M always

Figure 10. Results regarding adding milk to coffee (N=159), illustrating group differences
between pungency (capsaicin) sensitivity groups: CSG1 (hyposensitive), CSG2 (semi-
sensitive), and CSG3 (hypersensitive). Differences were studied using one-way ANOVA tests
with Tukey’s HSD post-hoc test (a and b).

Women participants showed differences between sensitivity groups in the
habit of eating fruits (H»-8.94, p<0.01, N=150). Hyposensitive women were
eating fruits more frequently (4.10 + 0.88) than the hypersensitive group (3.42 +
1.14). Hyposensitive men were less frequently 1) adding milk to coffee: 1.67 +
1.33 (Fa=6.48, p<0.05, N=30) and 2) adding sugar or honey to tea: 2.27 + 1.34
(Fa= 5.05, p<0.05, N=36) compared to more sensitive (5+tH) men: 1) 3.00 + 1.58
and 2) 3.29 + 1.34, respectively.



- Cooling

Cooling sensitivity groups showed differences between the following
consumption behavior variables: add sugar or honey to tea (H2=9.79, p<0.01,
N=188, in Figure 11), add salt to boiling vegetable cooking water (Fe=3.74,
p<0.05, N=193 in Figure 12), and add soy sauce to food while eating (F=4.26,
p<0.05, N=192, in Figure 13). Participants classified as hypersensitive were less
frequently adding sugar to tea than those who were hyposensitive and semi-
sensitive. Participants that were hypersensitive to cooling were less frequently
adding salt to vegetable boiling cooking water and adding soy sauce to foods
while eating than hyposensitive individuals. Furthermore, hyposensitive
participants were more frequently adding milk to tea than hypersensitive
individuals (He=7.12, p<0.05, N=185, in Figure 14).

MSG1 (n=76) 25 % 18 % 17 % 20 % 20 % a
MSG2 (n=93) 24 % 29 % 16 % 16 % 15 % a
MSG3 (I'l = 19) 58 % 21 % 11% 5%5% b

0% 20 % 40 % 60 % 80 % 100 %

Hnever Mrarely Moccasionally M often m always

Figure 11. Results regarding adding sugar or honey to a tea (N=188), illustrating group
differences between cooling (I-menthol) sensitivity groups: MSG1 (hyposensitive), MSG2
(semi-sensitive), and MSG3 (hypersensitive). Differences were studied using Kruskal-Wallis
tests with pair-wise comparison (a and b).



MSG1 (n=79) 13 % 14 % 24 % 27 % 23 % a

MSG2 (n=95) 25 % 14 % 19 % 24 % ERA ab
MSG3 (n = 19) 26 % 26 % 26 % 21 0/0 b
0% 20 % 40 % 60 % 80 % 100 %

Enever Mrarely M occasionally M often M always

Figure 12. Results regarding adding salt to vegetable boiling cooking water (N=193),
illustrating group differences between cooling (I-menthol) sensitivity groups: MSGI1
(hyposensitive), MSG2 (semi-sensitive), and MSG3 (hypersensitive). Differences were studied
using one-way ANOVA tests with Tukey’s HSD post-hoc test (a,b, and ab).

MSG1 (N = 80) 31 % 39 % 25 % 5 % EY

MSG2 (N =93) 36 % 41 % 22 % Y a

MSG3 (N =19) 68 % 21 % 7 b
0% 20 % 40 % 60 % 80 % 100 %

Enever Mrarely Moccasionally M often M always

Figure 13. Results regarding adding soy sauce to food when eating it (N=192), illustrating
group differences between cooling (I-menthol) sensitivity groups: MSG1 (hyposensitive),
MSG2 (semi-sensitive), and MSG3 (hypersensitive). Differences were studied using one-way
ANOVA tests with Tukey’s HSD post-hoc test (a and b).
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MSG1 (N = 76) 57 % 11 % 9 % 12 % 12 % a

MSG2 (N =90) 61 % 12 % 14% 9% 324N

0% 20 % 40 % 60 % 80 % 100 %

Hnever Mrarely Moccasionally M often m always

Figure 14. Results regarding adding milk to tea (N=185), illustrating group differences between
cooling (I-menthol) sensitivity groups: MSG1 (hyposensitive), MSG2 (semi-sensitive), and
MSG3 (hypersensitive). Differences were studied using Kruskal-Wallis tests with pair-wise
comparison (a and b).

Women that were hyposensitive were more frequently 1) adding milk to tea:
2.31 £ 1.53 (H=8.90, p<0.05, N=147), 2) adding salt to boiling vegetable cooking
water: 3.35 £ 1.25 (Fo=4.43, p<0.05, N=152), and 3) adding soy sauce to foods:
1.98 £ 0.83 (F2=3.33, p<0.05, N=152) than hypersensitive women: 1) 1.28 + 0.96,
2) 2.50 + 1.10, and 3) 1.44 + 0.71. Men that were hyposensitive were less
frequently adding ketchup to foods: 2.00 + 0.66 (F1=4.57, p<0.05, N=37) than
more sensitive (S+tH) men: 2.53 + 0.84, respectively.

- Astringency

Astringent sensitivity groups differed in the dietary habit of adding ketchup to
foods (Fe=4.26, p<0.05, N=193, in Figure 15). Hyposensitive participants were
less frequently adding ketchup to a meal than semi-sensitive individuals.
Moreover, visual inspection showed that hyposensitive participants had the
highest percentage of rarely and never user categories in comparison with

semi-sensitive and hypersensitive individuals.



ASG1 (n=41) 24 % 43 % 30 % 29

a

ASG2 (n = 62) 15 % 32 % 44 % 10 % b

ASG3 (n=90) 20 % 29 % 51% ab
0% 20 % 40 % 60 % 80 % 100 %

M never Mrarely M occasionally Moften M always

Figure 15. Results regarding adding ketchup to a food when eating it (N=193) illustrating group
differences between astringency (aluminum ammonium sulfate) sensitivity groups: ASG1
(hyposensitive), ASG2 (semi-sensitive), and ASG3 (hypersensitive). Differences were studied
using one-way ANOVA tests with Tukey’s HSD post-hoc test (a,b, and ab).

Women showed differences between astringency sensitivity groups and habits
of eating berries (F=3.37, p<0.05, N=153). Hypersensitive women had a more
frequent habit of eating berries (mean + std. dev.: 3.21 +1.27) than hyposensitive
(2.57 +1.31) or semi-sensitive (2.56 + 1.21) women. Hyposensitive men were less
frequently 1) adding ketchup to foods: 2.00 + 0.74 (Fn=7.51, p<0.01, N=37), 2)
adding sugar or honey to berries: 2.30 + 1.06 (F1=5.02, p<0.05, N=37), and were
more frequently 3) eating fruits: 3.57 + 1.20 (F1)=5.62, p<0.05, N=37), compared
to more sensitive (S+tH group) men: 1) 2.67 + 0.72, 2) 3.07 = 0.96, and 3) 2.67 =+
1.05, respectively.
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- Combined

Combined oral chemesthetic sensitivity groups differed in the dietary habit of
adding milk to tea. Results revealed that those who were hyposensitive were
more frequently adding milk to tea than hypersensitive individuals (H-7.00,
p<0.05, N=183, in Figure 16). In addition, hyposensitive individuals were eating
more fruits than hypersensitive individuals (Fe=3.12, p<0.05, N=188, in Figure
17).

COCSG1 (N =55) 55 % 11% (7% 16 % 11 % a

COCSG2 (N =97) 60 % 1% | 15% 7% 7% JELS

COCSG3 (N =31) 81 % 10 % 3% 3 733

0% 20 % 40 % 60 % 80 % 100 %

M never Mrarely Moccasionally M often M always

Figure 16. Results regarding adding milk to tea (N=183), illustrating group differences between
combined oral chemesthetic sensitivity groups: COCSG1 (hyposensitive), COCSG2 (semi-
sensitive), and COCSG3 (hypersensitive). Differences were studied using Kruskal-Wallis tests
with pair-wise comparison (a and b).



COCSG1 (N=59) EESLEA 22 % 36 % 29 % a

COCSG2 (N =99) S /AVIA 23 % 28 % 28 % ab
COCSG3 (N=30) [ 33 % 27 % 20 % 17 % b
0% 20 % 40 % 60 % 80 % 100 %

Hnever Mrarely Moccasionally M often m always

Figure 17. Results regarding eating fruits (N=188), illustrating group differences between
combined oral chemesthetic sensitivity groups: COCSG1 (hyposensitive), COCSG2 (semi-
sensitive), and COCSG3 (hypersensitive). Differences were studied using one-way ANOVA
tests with Tukey’s HSD post-hoc test (a and b).

Women showed similar connections. Hyposensitive women were more
frequently 1) adding milk to coffee: 2.24 + 1.53 (H2=7.99, p<0.05, N=147) and 2)
eating fruits: 3.93 + 0.99 (F2=3.50, p<0.05, N=149) than hypersensitive women:
1) 1.46 + 1.03 and 2) 3.20 + 1.12. In addition, hyposensitive men were less
frequently adding ketchup to foods: 1.94 + 0.68 (Fa=5.16, p<0.05, N=37) than
more sensitive (5+H) men: 2.50 + 0.80, respectively.
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6. DISCUSSION

The research findings of this dissertation provide new insights into chemesthetic
perception. The six predefined hypotheses were formulated based on the aims. The
original data focused on human perception and influenced the choice of methods in

this dissertation. In this section, each aim and hypothesis will be address in detail.

6.1. Chemesthetic perception varies and is connected to taste

The results indicate differences in chemesthetic sensitivity among individuals which
is in line with Hypothesis 1: “Individual differences exist”. To elaborate, individuals can
be classified into different sensitivity groups in pungency, cooling, and astringency,
and a combined sensitivity group. These results support earlier findings stating that
individuals vary in sensitivity to chemesthetic perception (Dalton & Byrnes, 2016;
Green, 1996; Monteleone et al., 2017). Classification of the hyposensitive, semi-
sensitive, and hypersensitive groups was successfully executed using hierarchical
clustering. Similar data segmenting methods have been used before to measure
differences in taste sensitivity (Puputti et al. 2018). In consumer sensory projects,
Euclidean distance with Ward’s method is suggested as being a safe and valid choice
for a clustering method, yet testing alternative clustering methods to fit the data is
recommended (Gere 2023). Logically, prototypical chemesthetic sensations became
more intense and clearer as the concentration increased. It is claimed that at low

concentrations, chemesthetic components lack distinction (Green, 1996).

A positive correlation was discovered between oral chemesthetic sensitivity and taste
sensitivity, supporting Hypothesis 2: “Chemesthetic sensitivity is associated with taste
sensitivity”. Chemesthetic quality-specific sensitivity groups had interactions among
each other and with taste modalities. Ingredients that activate thermosensitive TRP
channels have been suggested to indirectly interact with some taste modalities (Rhyu
et al. 2021). For example, capsaicin has been shown to inhibit non-uniformly bitter
taste in a sensory study using taste sample series mixed with capsaicin (Kapaun and
Dando 2017). Pungency stimulation may enhance the perception of salty taste with a
mutual inhibition of sour, sweet, and bitter taste (He et al. 2023). Furthermore, the
combined oral chemesthetic sensitivity score ideally generalizes the sensitivity to
chemesthesis, just as a taste sensitivity score ideally generalizes sensitivity to taste
(Puputti et al. 2018). A positive correlation among different qualities was observed

and sensitivity varies across different chemesthesis dimensions.

43



6.2. Role of personal explanatory factors in chemesthetic perception

The next steps focused on investigating potential factors that could explain individual
differences. The regression models showed that sensitivity to chemesthesis can mainly
be explained by biological factors age and gender. Age explained all the chemesthetic
sensitivity group models, while gender explained only sensitivity to pungency
(capsaicin). Increasing age predicted a lower sensitivity to pungency (capsaicin) and
higher sensitivity to cooling (I-menthol) and astringency (aluminum ammonium
sulfate). Results showed that men are less sensitive to pungency than women. These
findings support Hypothesis 3: “Age and gender are explanatory factors”. This research
was honored with the Early Career Researcher Award for the best poster at EuroSense
2022: 10" European Conference on Sensory and Consumer Research conference on
September 16, 2022 in Turku, Finland (Appendix 2).

Clinical evidence has shown that structural and functional decline of the
somatosensory system can increase with aging (Shaffer and Harrison 2007). Capsaicin
and [-menthol are compounds that activate somatosensory receptors channels: TRPV1
(capsaicin and high temperatures, >42°C) and TRPMS8 (I-menthol and low
temperatures, <30°C) that work in different temperature ranges (Takaishi et al. 2016).
Since chemesthesis and physical temperature are linked to the same receptors, there

might be interactions expected.

Our results support some of the earlier findings suggesting that capsaicin sensitivity
differs between men and women (Byrnes and Hayes 2015). Additionally, similar
gender differences have been discovered in a pain study focusing on the topical usage
of capsaicin (Frot et al. 2004). They stated that women rated capsaicin induced pain
higher, and men had more anxiety related to pain. However, the amount of study

participants (N=20) was relatively small in that clinical research sample.

Chemesthetic sensitivity did not show connections to BMI and smoking status which
does not support Hypothesis 4: “BMI and smoking status are explanatory factors”. A
previous study on taste sensitivity similarly found no connections between smoking
status and taste sensitivity (Puputti et al. 2019a). Nevertheless, there were not many
smokers in this study, which may impact the results. Associations between
chemesthesis and both obesity and smoking have not previously been studied much.
However, a COVID-19 study (Bhutani et al. 2022) revealed that obese individuals and
those without obesity experienced a similar self-reported chemosensory loss and had

the same symptoms caused by a COVID-19 infection. Tobacco smoke and nicotine
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elicit oral irritation and inhibit the sensory impact of capsaicin pain (e.g., Carstens &
Carstens, 2022). They highlight that many nicotine-sensitive neurons respond to
capsaicin and menthol cross-desensitizes nicotine-evoked oral irritation, impacting

the flavor of tobacco products.

6.3. Chemesthesis is a part of food-related behavior

Consumption and recalled pleasantness of F&B-items had multidimensional
interactions with chemesthetic sensitivity among all participants. Generally, the
impacts revealed with MANOVA models were in line with PLS regression generated
results. However, the connections varied depending on the studied chemesthetic
dimension and the F&B-item. Thus, results are complex and demonstrate individual
differences. Generally, differences between hyper- and hyposensitivity groups were
the most interesting. In most cases, a higher sensitivity indicated lower consumption
and recalled pleasantness ratings of F&B-items that have chemesthetic properties.
These findings support Hypothesis 5: “Consumption and recalled pleasantness are linked
to sensitivity”. In addition, preliminary results showed stronger connections between
chemesthetic sensitivity and food-related behavior among men rather than women.
The stronger connections were discovered especially from F&B-items that belonged
to the fatty-salty-sweet foods and alcoholic beverages categories. However, there were
relatively few men in the groups, which highlights the need for more research to

confirm this finding.

Nolden & Hayes (2017) state that infrequent consumers report more burning from
capsaicin. Another study discovered that personality traits differ between men and
women (Spinelli et al. 2018). In addition, a negative relationship between the intensity
of capsaicin solutions and yearly intake of chili and pungent food was discovered for
both men and women. In contrast, certain personality traits (sensation seeking and
sensitivity to reward) were associated with the liking and intake of spicy foods
differently in men and women (Byrnes and Hayes 2015). Sensation seeking was more

strongly associated in women, and sensitivity to reward more in men.

A higher response to chemesthesis has been linked to the aversion and lower liking of
alcoholic beverages (Nolden and Hayes 2015; Thibodeau et al. 2017; Cravero et al.
2020). Interestingly, taste sensitivity was not related to alcohol pleasantness or intake
(Puputti et al., 2019). This highlights that chemesthesis is an important factor in the
sensory experience of alcoholic beverages, especially with men participants. Strong

astringency has been linked to aversion to berry juice (Laaksonen et al. 2013). Here,
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the connection between astringency and the liking of berries was not found. Since
astringency is a complex sensation (Bajec and Pickering 2008), and response to
astringency differs between metallic and polyphenolic compounds (Peleg et al. 1998;
Dinnella et al. 2011), it is possible that polyphenolic induced astringency sensitivity

would produce different results.

Cooling has been linked with the sensation of freshness, which is often present in
products such as breath mints and chewing gum (Pringle 2016). Moreover, [-menthol
can, in high concentrations, cause pungent stimuli that may explain associations with
alcoholic beverages. Alcohol and carbonation have been linked to freshness in
addition to pungent and tingly sensations (Klein 2019). To conclude, personality traits

can contribute to the preferences and consumption of F&B.

Results showed a potential habit to mask chemesthetic sensations such as astringency
and pungency. For example, adding sugar or milk to coffee and the increased usage
of ketchup on foods can indicate masking behavior. A higher sensitivity to astringency
increased the habit of adding ketchup to foods. In the case of pungency, a higher
sensitivity was linked with a more frequent habit of adding milk to coffee. In contrast,
some complexity against the logic of masking behavior was also detected in the habits
of adding milk and sweet compounds to tea. For example, a higher cooling sensitivity
was linked with the less frequent habit of adding milk to tea. Despite the complexity,
most of the logical findings are in line with Hypothesis 6. “Dietary habits are linked to
sensitivity”. In addition, preliminary research showed that chemesthetic sensitivity
had stronger connections to dietary habits among men participants, which should be

confirmed in the future with more balanced data.

A similar kind of masking behavior was observed in taste research, especially in the
case of bitter taste (Puputti et al. 2019b). Participants who are more sensitive may
perceive chemesthetic ingredients in foods more strongly and end up masking
unpleasant stimuli. Fatty, sweet, and creamy properties have been linked with the
masking of unpleasant flavor properties such as astringency and bitterness in several
earlier studies (Lyman and Green 1990; De Wijk et al. 2003; Bajec and Pickering 2008;
Laaksonen 2011; Tornwall 2013).
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6.4. Strengths and limitations

Interpretation of the results of this chemesthesis study needs to acknowledge few
aspects that impact the research set up. This study is part of a larger research program
and is supported by previous doctoral research on taste sensitivity that utilized the

same data, and thus, shares similar study-related limitations (Puputti 2020).

The participants were a heterogenous group with unbalanced background factors
including gender and self-reported information such as body weight and height for
BMI. Women, lean, highly educated, and non-smokers were a majority in the data.
Although women have been more willing to participate, gender-focused results
should be confirmed with more balanced data in future research. However, we
included all the volunteer men that were willing to participate to this study. Thus,
these results must be viewed and interpreted carefully as preliminary results,
especially in the case of men participants since there were relatively fewer of them
than women. In the future, the PLS regression method can be used to study gender

data separately, which may reveal multidimensional connections.

Although information concerning personality traits was included in the original data,
they were excluded from this dissertation to maintain a focus on the study aims that
allow for comparison between chemesthetic and previously studied taste. This study
was large-scaled and, in most cases, good-sized reference groups were generated.

These results can be compared to other chemosensory research.

The study participants were not trained and equaled as consumers. However, they
were given written and verbal advice and an introduction to the chemesthetic samples
to prevent the element of surprise. The scales used were structured with written
anchors to make them understandable and to avoid scale-use bias. Due to the
untrained participants, reference samples were not used. The researchers that created
and collected the sensory data planned the study to prevent fatigue and to keep
participants alert since test days were approximately 120 minutes long. A visual
analogue scale (VAS) was selected because the general Labeled Magnitude Scale
(gLMS) would have not fit well for the low concentration chemesthetic samples. The
concentrations were carefully selected based on previous experiences and pre-testing

was conducted to prevent a ceiling effect and unpleasant experience.

Chemesthetic samples were prepared by using prototypic compounds known to

activate chemesthetic perception. Results would have been different with other
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compounds. Measuring the overall intensity was seen to be the best method. The
compounds were tested in several different concentrations. The multiple samples
tested at different concentrations increase the validity of these findings and help in

understanding the impact of the results better.

Hierarchical clustering was used exploratively to find the most suitable chemesthetic
sensitivity clusters. This method was seen to be valid based on previous findings and
the literature (Puputti et al. 2018; Gere 2023). Food-related behavior data included
F&B-items that were classified based on previous taste research (Puputti et al. 2019b).
The selected food-related behavior variables such as coffee can have multiple
alternative meanings (e.g., black coffee, coffee with milk, café latte, and frappuccino), which
may impact the results. Although the questionnaire was not validated, it was
structured to match Nordic food culture. For example, all of the F&B-items can be

found commonly in Finnish grocery stores.

Comparison of the results to other research was challenging due to the complexity of
the data and specific study aims. Research that explores these kinds of oral

chemesthesis dimensions with a wide set of food-behavior factors is lacking.

6.5. Future directions

This chemesthesis-focused research can be developed further. For example, if wanting
to confirm gender differences, the number of participants should be balanced in
further chemesthesis research. In addition to pungency, cooling, and astringency,
research could be extended to study other chemesthetic dimensions such as
numbness, pain, tingling, and sharpness (Figure 1). This would provide wider aspects
in the behavioral context in general. However, collecting large-scale sensory data takes

an enormous amount of effort that should be noted in further research.

Ethanol is a multidimensional compound. Thus, it would be interesting to investigate
individuality regarding the overall intensity of ethanol at different concentrations and
the variation of chemesthetic-quality recognition using qualities listed in Figure 1.
This could be studied with the Check-All-That-Apply (CATA) method to discover
variation among qualities, or with the more challenging Rate-All-That-Apply (RATA)
method that would provide new insights about the profile of sensations. In addition,
the hedonic response of ethanol samples could be studied in sensory laboratory

conditions. These results could be reflected regarding the pleasantness and
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consumption ratings of different alcoholic beverages linked to the findings of this

dissertation.

Chemesthesis should be studied also with longitude sensory tests. For example, to
understand the role of chemesthetic sensitivity as risk factor in alcoholism and alcohol
consumption, it would be useful to have follow-up studies of ethanol sensory testing
focusing on sensitivity and pleasantness with young adults. Such studies may
contribute to developing new tools for preventing alcohol-related health problems.
However, a sensory study linked to ethanol is challenging due to limiting factors:
pregnancy, alcoholism, underage participants, and ethanol also being carcinogenic.
Asking about alcohol consumption can also be a sensitive subject, and some
individuals may hide their true behavior related to alcohol consumption, which may

cause bias.

In addition to taste and chemesthesis, also smell, texture, and color perception have
been studied with these same study participants in the FoodTaste Finland Research
program. Studying associations with smell could enhance our knowledge of flavor
perception and its influence on food-related behavior. On the other hand, the physical
properties of foods (e.g., texture) can impact food-related behavior such as liking
plant-based products (Greis et al. 2023). Hence, investigating interactions between
chemesthesis and physical somatosensory dimensions such as texture is important

because the food experience is multisensory.

Since Finland is one of the highest coffee-consuming countries, future research could
also focus on studying the impact of sensitivity related masking behavior using
samples made from different coffee types and with selection of different masking
agents (e.g., milk, cream, oat-milk, almond-milk, sugar, and sweeteners), which is

linked to the findings on dietary habits of this dissertation.
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7.  CONCLUSIONS

Oral chemesthetic perception is highly individual. Individuals can be classified into
distinct groups based on their sensitivity and recognition levels. Prototypic
compounds for pungency (capsaicin), cooling (I-menthol), and astringency
(aluminum ammonium sulfate) are valid chemesthetic ingredients. A positive
association between chemesthesis and taste was observed. The main factors
explaining chemesthetic perception appear to be gender, age, and recognition skills.
Women were found to be more sensitive to pungency than men, and increasing age
was associated with lower sensitivity to pungency. Increasing age was associated with
higher sensitivity in the case of cooling and astringency. Higher recognition ratings
predicted higher sensitivity in each dimension. Importantly, some individuals had an
opposite rating result than these predictions. These results can only be indicators, and

we highlight that chemesthetic perception is as subjective as taste perception.

Chemesthetic sensitivity was linked to both the consumption and recalled
pleasantness of certain F&B-items familiar to Nordic food culture. Additionally,
sensitivity was connected to some dietary habits that can indicate the masking
behavior of unpleasantly perceived flavors. These connections seem to be
chemesthetic quality and F&B-item specific. The individuality of chemesthetic
perception not only influences the consumption and recalled pleasantness of foods
containing chemesthetic ingredients, but also broader dietary patterns. Preliminary
results of this research raised concerns regarding men’s food-related behavior and
possible unhealthy eating and drinking habits that need to be confirmed in future

research with a more balanced data set.

The complexity and individuality of chemesthetic perception highlights the need for
new methods in chemesthesis sensory research in food and other industries. In the
future, the relationship between chemesthesis and the pleasantness of F&B can be
studied using food sensory samples. The novel chemesthesis score models can be
applied in product development processes that target development of sustainable and
healthier food solutions, especially when dealing with plant-based material, where
chemesthetic ingredients are often present. This doctoral research promotes the
subjectivity of food sensory experience and provides new insights into chemesthetic

perception, helping to create more sustainable solutions impacting the food chain and
health.
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Factors explaining individual differences in sensitivity to
oral pungency elicited by capsaicin among Finnish adults

Sulo Roukka, Sari Puputti, Heikki Aisala, Ulla Hoppu, Laila Seppa, and Mari Sandell*

CAPSAICIN AND THE
PUNGENCY PERCEPTION

Capsaicin (Figure 1) can chemically stimulate the
perception of pungency by directly activating the human
somatosensory system.

h-TRPV1 (transient receptor potential cation channel,
subfamily V, member 1) is selectively activated by capsaicin
which conveys the perception of pungency via the
Trigeminal Nerve (Cranial Nerve V) (Caterina et al. 1997).
Our previous study has shown that people can be
classified into different sensitivity groups (hyposensitive
28.1%, semi-sensitive 29.6%, and hypersensitive 42.2%)
based on their intensity ratings to oral pungency measured
on five different capsaicin concentration levels (Roukka et
al. 2021).

Our aim is to investigate the potential factors (Table 1)
explaining individual differences in capsaicin elicited
pungency perception.

Figure 1. Capsaicin (C,gH,;NO,) is a compound
that can be isolated from chili peppers

MATERIAL AND METHODS

Laboratory: Functional Foods Forum, the sensory
laboratory (ISO-8589) at the University of Turku
Questionnaire: Compusense five Plus 5.6 software
(Compusense, Guelph, ON, Canada). Intensity line scales (0
"no sensation” to 10 "very strong") and recognition section
Pungency samples: Capsaicin solutions (zero; 0.049;
0.088; 0.154; 0.275; and 0.491 pM) in Figure 2
Participants: Finnish-speaking adults N;,,,;= 199
Pungency sensitivity: Roukka et al. 2021

Pungency recognition score: The average number of all
correctly identified capsaicin samples

Data Analyses: Chi-squared test for association and
Multinomial logistic regression for relationship (ns=
nonsignificant, * p<0.05, and ** p<0.01)

Statistical Softwares: IBM SPSS Statistic 27.0 (IBM
Corporation, Armonk, NY, USA) and Microsoft Excel
(Microsoft Office 2016)

Figure 2. Capsaicin solutions were coded and
served in randomized order for the participants

FOODTASTE FINLAND

FoodTaste Finland program includes sensory studies of
smell, taste, chemesthesis, and multisensory perception
Focus on individual differences in sensory perception
Funded by the Academy of Finland (MS252005, 256176,
263747, 309408), the University of Turku, and the University
of Helsinki

Tenth European Conference on >
Sensory and Consumer Research “
EuroSense2022 ¥

A Sense of Earth

RESULTS

ition of the oral

Table 1. Background factors (7 %), Ny, = 199

in Figure 3
Extrinsic factors

Intrinsic factors

Chi-squared test and Pungency sensitivity
* Gender: 2 [2] = 7.76*, Females are more likely
to be hypersensitive and males hyposensitive

Males Non- + Age: ¥2[4] = 3.67,ns
Gender (19.6%) Smoking smokers « BMI: x2 [4] = 3.02, ns
status (73.4%) + Smoking status: x2 [2] = 4.52, ns
d Q . Current/
Females @ —— Former Multinomial logistic regression and Pungency
(79.4%) smokers sensitivity
(25.1%) * Model fit statistics: -2 Log-likelihood: 253.42;
x2 (14) = 28.71, p < 0.05; Nagelkerke Pseude R-
square: 0.154; and Goodness of fit: ns
19-347y. <25.0 * Gender: Males were 3.07* times more likely to
(42.2%) (54.8%) belong in the hyposensitive than the
hypersensitive group (Ref: Females)
« Age: Older participants (50-79 y.) were 2.65*
Age 35-49y. BMI 25.0-29.9 times more likely to be in the hyposensitive than
- (24.6%) (25.1%) the semi-sensitive group (Ref: younger
ﬁ .O‘ participants aged 19-34 y.)
« BMI: Nonsignificant results
50-79 . >30.0 + Smoking status: Nonsignificant results
(28.6%) (18.1%) + Pungency recognition score: Participants
with higher recognition scores were 12.5** times
more likely to belong in the hypersensitive group
than in the hyposensitive group. Also, those with
higher recognition scores were 11.1** times
more likely to belong in the hypersensitive group
than in the semi-sensitive group
100.0 % W Astringency
90.0% = Pungenc;
- 80.0 % g Y .
3 o Cooling 1!0' f() ods
o 60.0% Water
2 500% = Metallic
E 400% "Please feel free to read
@ our latest publication
B 300% (Roukka et al. 2021) and
2 200% fpreefeee o learn About the
10.0 % I individual differences in
0.0% | [ (T | . the perception of oral
chemesthesis!
0.049 0.088 0.154 0.275 0.491
Capsaicin, uM
Figure 3. for r iti C were
used for ing the i ity of et

P P
al. 2021) and recognition. Participants had to select the modality
that they perceived from samples. The green dotted line indicate
the participant level of those who correctly identified all the
samples as pungency (23.1%)

TAKE HOME MESSAGES

Females seem to be more sensitive to capsaicin elicited pungency than males

BMI groups and smoking status did not show associations or predict the pungency sensitivity
The older participants would be more likely in the hyposensitive than the semisensitive
group when referring to younger participants

Higher pungency recognition score indicates higher sensitivity to pungency perception
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