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Abstract
The mouth is one of the most densely innervated parts of the body.
Several

sensory

receptors

transmit

touch

in

the

mouth

to

the

brain. Nevertheless, despite its sensory richness, somatosensation in the
mouth remains poorly understood.
In this thesis, through 5 separate studies, we propose a new, nascent
approach to studying the properties of human teeth as powerful sensory
organs. In a set of multiple behavioural experiments, we have investigated
whether sensory afferents that innervate human dentition can sense spatial
features of static and dynamic stimuli delivered on a given tooth, in addition to
their established role in sensing force applied to teeth. Similarly to the skin,
position sensing on teeth relies on a distorted mental representation of
dentition.
In a separate study, we investigated some further properties of such
representation. Our result suggests the representation of mouth position is
not fixed or innate, but is surprisingly plastic and dependent on short-term
multisensory experience.
As well as investigating different levels of processing of somatosensory
stimuli received within the mouth milieu, this thesis also investigated and
identified the cortical targets of such somatosensory signals. Using a novel
pneumatic computer-controlled stimulation device we aimed at purely
stimulation-driven mapping of the intraoral tissues, particularly the teeth and
the tongue. These data confirm a coarse-grained topography in the primary
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somatosensory cortex which is idiosyncratic between individuals. Such
coarse-grained topography was observed even when using a more ecological
paradigm consisting of the haptic exploration of dentition with the tongue.
Finally, we observed modest evidence in support of the multisensory response
account of the primary somatosensory cortex after presentation of non-tactile,
teeth-related stimuli. In conclusion, this thesis provides new insights into the
sensory processing and neural representation of intraoral surfaces while also
suggesting future possible practical applications in cognitive neuroscience and
clinical neuropsychology.
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Impact statement
One of the key questions in the field of cognitive neuroscience centres around
understanding how perception works. Regarding the sense of touch, the state
of the art has been rapidly progressing in the last century. Most of such
research has been focussed on studying the sensory capacities that can be
perceived after stimulation of cutaneous sites of the body, with a particular
interest in the hand and the fingertip.
However, other non-cutaneous sites of the body are highly sensitive to
touch. A notable example is represented by the mouth. The sensorimotor
control of the mouth is essential for several everyday activities such as eating
or speech production. A rich system of sensory afferents profusely innervates
not only mucosal intraoral sites but also dentition, which plays a crucial role in
such everyday tasks. Despite their highly relevant functional role, the
properties of external stimuli that can be sensed and transduced by human
teeth are yet to be fully understood. Here, we present the first systematic
framework for studying the properties of teeth as powerful sensory organs, as
well as their cortical representation.
A large range of converging methods was used, from psychophysical
methods to neuroimaging techniques. In addition to the methodological
richness, in this thesis we propose several novel experimental paradigms and
innovative apparatuses to study the sensory capacities of teeth on both the
behavioural and neural level. Our findings show that the teeth are sensitive to
multiple features of the external environment, ranging from the force detection
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to the position discrimination of tactile stimuli. Such sensory richness then
exerts a role in the definition of a plastic and accurate mental representation
of teeth which takes into account idiosyncratic features (e.g. the presence of
a gap between adjacent teeth). This provides important new insights towards
a deeper understanding of the intraoral somatosensory dynamics. Hence, a
neuroscientific approach applied to the study of perception with teeth provides
a window into the fundamental neurocognitive mechanisms that shape noncutaneous perception, bridging the gap between neuroscience and dentistry.
Achieving a better understanding of the sensory properties of dentition
points to a crucial importance of their role in multiple everyday activities. Such
knowledge could be transformed into a fundamental resource when designing
rehabilitation

techniques

for

patients

impaired

by

neurological

and

neuropsychological deficits. Feeding oneself is a crucial activity of daily living
and is often impaired in neurological disease. Patients with sensory, motor or
apraxic deficits may show errors in hand-to-mouth movements. Our results
suggest sensory training regarding the position of the mouth in space could be
one component in retraining therapies. In addition, repetitive sensorimotor
training might be used to update the representation of mouth position used as
a target for the voluntary act of reaching. Once the hand correctly brings food
to the mouth location, reflexive programmes for mastication and swallowing
may ensure successful feeding. All in all, this thesis paves the way for future
studies into potential clinical applications of such findings.
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Chapter 1
General introduction

1.0. Summary of the chapter
What is the main role of teeth? Common sense may lead us to
associate them with several daily tasks such as mastication or speech. In this
chapter we will investigate the properties of teeth as powerful sensory organs
extremely sensitive to touches applied on their different surfaces. After
presenting an overview of the human intraoral anatomy, we focus on teeth to
highlight the sensory capacities of both intra-dental and periodontal
somatosensory receptors. A description of the cortical targets of such afferents
within the primary somatosensory cortex (SI) will be also provided. Animal
studies conducted on primates (mainly New world monkeys and macaques)
will be analysed to draw the bases for a comparative approach between
human and animal studies. After having analysed how humans can perceive
touch with their teeth, we will define which factors may modify their dental
tactile capacities by therefore generating “altered” dental somatosensory
experiences. Finally, two cognitive models will be introduced. The first model
clusters dental tactile experiences on the basis of the sensory receptors that
respond to them. The second model instead, accounts for the different levels
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of somatosensory processing of tactile stimuli received on teeth at the cortical
level.

1.1. General introduction: In touch with reality

Reality as we know it is generated by the complex pattern of
interactions between us and the external environment. We are sentient agents
capable of sensing properties of whatever comes in contact with us. Reality is
just a constantly updating screenshot of which stimuli are interacting with us
at a given time. Our sensory systems allow us to record, elaborate and cluster
different stimuli types received from the external world (Hudspeth &
Logothetis, 2000). Among the senses, touch has always received particular
attention. Trying to understand how we can stay in touch with the external
world has been the main focus of interest of plentiful scientific and
philosophical investigations. For instance, the philosopher René Descartes
defined touch as a sensory channel which gives us a sense of reality and
makes us feel in contact with the external world (Descartes, 1641). Touch is
commonly defined as the capability to detect mechanical (Roudaut et al.,
2012a) and thermal stimuli impacting the body (Bokiniec et al., 2018), including
innocuous and noxious mechanical stimuli (Kumar & Elavarasi, 2016).
Therefore, touch primarily gives us awareness of the physical barrier between
the external world and our body (Guéguen, 2002). Moreover, touch assumes
also a protective function as it informs us when the mechanical, chemical or
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thermal features of the external world represent a significant threat for our
system (Owens & Lumpkin, 2014). Touch is therefore a crucial sensory
channel that connects us with external reality.

1.1.1. Body tissues sensitive to touch
On the biological level we are used to associating the skin with the
sense of touch. The lion’s share of textbooks portray the skin as an organ that
enwraps vertebrate animals. Thus the skin is primarily conceived as the part
of the body responsible to establish, control and transmit contacts with the
external world (Chuong et al., 2002). Although the skin mediates many among
the countless tactile experiences we are exposed to every day, it is not the
only tissue type sensitive to touch. Interestingly, the Stanford Encyclopaedia
of Philosophy (Fulkerson, 2016) proposes a differentiation of touches in two
main subtypes. On one hand, we have touch mediated entirely through the
skin which is referred to as “cutaneous touch”. On the other hand, we find
“tactual touch”, a broad term used here to refer to any form of touch experience
which is sensed through non-skin sensory tissues. In this paragraph, some
examples of tactual touch will be described. In addition, some of the main
features of non-skin sensory tissues will also be highlighted.
The human cornea is the most densely innervated body tissue (AlAqaba et al, 2010; Marfurt et al., 2010). Nonetheless, the cornea is part of the
eye, the sensory organ mainly associated to the sense of sight, it has been
shown to be highly responsive to touch (Beiderman et al., 2015; Zalevsky &

P a g e | 31
Belkin, 2013). In fact, everyone can recall the sensation of being forced to
keep the eyes closed due to a strong wind blowing towards the eyes. Despite
this evidence being purely anecdotal, it is highly suggestive of the idea that
not only our skin but also our eyes, namely our corneas, are highly sensitive
to the pressure of mechanical stimuli exerted on their surface (in this case the
pressure of the wind). Although the state of research on the tactile response
properties of the human cornea is still at an early stage, we cannot exclude
that mechanical stimuli applied on the cornea are indirectly perceived through
pressure exerted by the cornea itself on underlying structures. This kind of
indirect tactile perception is not uncommon within the human body and recent
investigations have demonstrated that properties of tactile stimuli can also be
indirectly perceived when external objects come in contact with tools (Miller et
al., 2018) or the fingernails (Tanaka et al., 2008).
To explore the space around us we often engage our hands and interact
with the environment with the help of our fingers. As a consequence our nails,
the completely keratinised part of the upper surface of the tip of each finger
and toe, enter in contact with the physical objects of the external world by thus
playing a noteworthy role in the perception of the environment through touch
(Baswan et al., 2017). The nail plate, with its intimate relationship with the skin
receptors located in the nailbed, assumes an important role in the transmission
of touch sensations derived through the active exploration of the external
environment (Seah et al., 2013). Common examples of such function are seen
in daily life, such as running the edge of the nail plate on surfaces, which allows
us to perceive the roughness and hardness of a given object.
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Another example of touch perception driven not only by skin tissue
might arise from food consumption. For instance, when cooking pasta, we may
test whether it is cooked al dente by simply inserting it in our mouth. The
interplay between tactile information received from tongue, teeth and palate
can provide us the information we need to judge the overall texture of the
pasta.
The oral cavity is a peculiar body region. First, it is histologically
heterogeneous as the mouth contains a vast range of different tissue types
(skin, muscle, teeth) in close proximity and constant interaction (Ciano &
Beatty, 2015). Second, the human mouth is often considered as one of the
most densely innervated regions of the human body in terms of density of
peripheral receptors (Haggard & de Boer, 2014; Trulsson & Johansson, 2002).
As a result, this sensory richness can suffice to generate a myriad of diverse
sensory experiences which, however, are one of a kind. In fact, only touches
applied within the oral cavity (and not on the skin) cannot occur in combination
of other concurrent sensory experiences arising through vision. For example,
when we high five with a friend we do not only sense the mechanical contact
of our friend’s palm with ours through touch, but we see the touch happening
on our skin while also hearing the distinctive noise generated by this action.
The overall sensation then assumes distinct multisensory properties (Lacey et
al., 2007). Scientific literature has profusely studied this integration process to
understand how our senses work together to enhance the salience of sensory
meaningful events (Stein & Meredith, 1993; Stein & Stanford, 2008). Crucially,
the interplay between vision and touch assumes an important role in boosting
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tactile processing of sensory events perceived on the skin (Eimer & Driver,
2000), even when the visual event is not strictly informative (Press et al.,
2004).
In spite of that, the mouth represents a stand-alone case. Multisensory
integration of touches experienced within the oral cavity with visual inputs of
the mouth itself are indeed quite rare. Although visual self-inspection of the
mouth milieu can be conducted with the help of a mirror, it mainly happens
during oral self-care (Weinstein et al.,1983) or for medical screening purposes
(Furquim et al., 2014). As a consequence, the mouth is one of the few body
regions in which the sense of touch rules over vision. Although intraoral
sensory experiences perceived inside the mouth through touch are often
combined with auditory (Schneider & Mooney, 2018), olfactive (Duffy, 2007)
and gustative inputs (Todrank & Bartoshuk, 1991), they can only rarely be
integrated with visual inputs. However, despite the unique role of intraoral
tactile experiences, our knowledge of the way in which tactile inputs received
inside the mouth cavity are organised and structured in order to generate
perception of the mouth environment is still coarse.

1.1.2. In touch with teeth
The aim of the first chapter of this thesis is to understand the role of
teeth in tactile perception. To achieve this goal, we will start with an overall
description of the gross anatomy of all the physical elements that together
constitute the mouth cavity. A brief description of the many tissue types
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sensitive to touch within the mouth milieu will be carried out. A comparative
approach will be pursued. The comparative approach followed in this section
will dedicate special attention to exploring similarities and differences between
the skin and the non-skin sensory tissues typical of the mouth milieu. Hence,
the role of teeth as a standalone non-skin intraoral tissue sensitive to touch
will be further investigated.
As teeth represent the main focus of interest of this report, the histology
of teeth and the periodontium (the intraoral body region which both surrounds
and supports dentition) will be analysed in depth. In a subsequent section, the
different tactile experiences that can be perceived within the mouth will be
listed and described. Among all these sensory experiences (mechanical
contact, thermal perception and noxious perception), special attention will be
given to mechanoreception. An overview of what afferent pathways allow such
experiences to be transduced from the receptors to the cortical level will then
be provided.
Finally, we will shed light on the current knowledge about the cortical
representation of intraoral tissues sensitive to touch. Although research on the
cortical representation of tactile stimuli perceived with intraoral surfaces is still
at early stages, we will dedicate special attention to the few studies that have
tried to address this question in the past. An in-depth analysis of the methods
they followed and the results they observed will be essential to understand the
new method that will be described throughout this report.
Lastly, valuable insights from the relevant recording studies conducted
on monkeys will be analysed, as the results described here might draw the
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first basis for a comparative approach between the cortical representation of
intraoral tissues in humans and primates. After having described how dental
somatosensation works under canonical conditions, we will then briefly
delineate which factors can influence the response and the physical structure
of the dental somatosensory system. In conclusion, two cognitive models will
be proposed. The first is a new explanatory taxonomic model accounting for
all the different somatosensory dental submodalities. The second is a
hierarchical model explaining how perceptual sensory inputs perceived in the
mouth milieu can be represented at different cognitive level. The novelty of the
nascent line of study that we propose throughout this thesis, and its relevance
for cognitive sciences, will then be highlighted at the end of the current chapter.

1.2. Anatomy of the human oral cavity
This section does not aim to be a comprehensive compendium on the
anatomy of the oral cavity. Rather, it aims to provide the reader with a general
introduction on the sensory organs that combined are defined as intraoral
cavity. At first a broad description of the principal components of the mouth will
be provided. Then the focus will be moved on the structural properties which
differentiate intraoral tissues from the skin. Intraoral region-dependent
mucosal differences will be also analysed. Ultimately, a description of dental
tissues will be presented and the peculiar structural and functional role of teeth
within the mouth will be highlighted.
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1.2.1. Principles of gross anatomy within the oral cavity
Gross anatomy is the branch of medicine that studies the structure of
organs and their systemic interactions (Howell, 1939). This goal is normally
achieved by analysing the surface of given organs at the gross, macroscopic,
visible level (Ridola, 2004). However, when gross anatomy is applied to the
study of the mouth, new rules apply. In fact, most of the current compendia of
gross oral anatomy define the mouth not by describing its components as it is
the case for all the other body parts. Rather, the mouth is defined by cavities,
empty spaces, and by the organs that define the physical borders of such
spaces (Becker, 2000; Laine & Smoker, 1995; Roy & Varshney, 2013; Yousem
& Chalian, 1998).
Being a cavity gives the mouth a unique status. As a result, the mouth
has hybrid properties, some typical of sensory tissues located on the external
surface of the body, and some typical of tissues located within the internal
milieu (Haggard & de Boer, 2014). As a matter of fact, the mouth covers a
central role as both a sensory tissue and as part of the visceral body. The high
density of peripheral receptors and the heterogeneity of different tissue types
make the oral cavity extremely sensitive to touch. Yet, intraoral surfaces are
also involved in many different activities which are central in the everyday life
of each human being. For instance, thanks to the mouth we can perform
behaviours whose importance is essential for survival such as feeding, speech
production, and exploration of the external world, especially during the early
stages of infancy (Adolph & Franchak, 2017; Fessler & Abrams, 2004; Rochat,
1989).
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The two main cavities that constitute the mouth are the vestibule and
the mouth cavity proper. The vestibule is the most external portion of the oral
cavity. More specifically it is the amount of space between teeth and the
internal side of cheeks and lips. The oral cavity proper is another cavity which
has the hard palate as its ceiling and the sublingual space as its floor. The
walls of this cavity are mainly represented by the gingiva (gums), the
retromolar trigone (the area behind the wisdom teeth), and the internal surface
of teeth. Finally the tongue, a complex muscular structure sits in the middle of
the mouth cavity proper and occupies more than the 60% of its overall volume
(Takada et al., 1980).

Figure 1.1. Anatomy of the oral cavity (Adapted from PDQ Screening and
Prevention Editorial Board, 2002).
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1.2.2. Structural and functional peculiarities of the oral mucosa
The oral cavity is the body region with the highest number of different
body tissues sensitive to touch (Ciano & Beatty, 2015). Within the mouth
environment we can indeed find muscle, mucosa and teeth. Those tissues are
not only in close contact with each other but their constant interaction grants
a huge variety of rich somatosensory sensations (Haggard & de Boer, 2014).
Oral mucosa is a layer of soft tissue that covers several intraoral structures
(Ten Cate, 1998). Nonetheless both the skin and oral mucosa are composed
by epithelium (Presland & Dale, 2000), multiple studies have highlighted the
different properties of skin and oral mucosa.
The most obvious difference between the skin and mucosa is that
intraoral tissues are all glabrous, meaning that they are all without hair (Yousef
et al, 2019). Secondly, all intraoral tissues are covered with an extra layer of
biofilm which is composed of saliva (Watanabe and Dawes, 1990), bacteria
(Gizani et al., 2009) and various additional proteins (Pramanik et al., 2010).
In particular, the thickness of this layer has been demonstrated to vary over
time during the salivation cycle (Naumova et al., 2013). In fact the average
thickness of the salivary film varies from 0.07mm before swallowing to the
maxim value of 0.10mm during the peak of the swallowing process (Collins &
Dawes, 1987).
Another crucial dissimilarity lays in the different response that skin and
mucosa show towards injury (Turabelidze et al., 2014). Although wound
healing on skin and mucosa proceeds through similar stages (Walsh et al.,
1996), the whole process is significantly faster for intraoral mucosa tissues. In
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addition, wound healing within the oral cavity leaves relatively minimal to no
scar formation after recovery (Whitby & Ferguson, 1991). That is not always
the case for the skin (Bayat et al., 2003).
A further important difference consists in the anatomical structure of
these two tissues. Human lips are the physical boundary that separates the
skin tissues, typical of the face surface, from the mucosa tissues that cover
several sensory organs located within the mouth milieu. As they represent the
physical boundary of the oral cavity, they offer a good example to investigate
another histological difference between oral mucosa and the skin. In particular,
normal skin and lips are different in the thickness of their epithelium. The
normally sharp demarcation between the lip and the skin is defined vermilion.
Vermilion is a mucous membrane composed of hairless and highly
vascularized epithelium (Piccinin & Zito, 2019). The vermilion is an important
physical boundary. When crossing the vermilion, we can observe a radical
transition in the thickness of the epithelium. Indeed the thickness of the
epithelium layer significantly increases from the skin to the mucosal aspect
(Barrett et al., 2005).
A fortiori, several differences can be observed between the skin and its
analogue inside the mouth (oral mucosa). However, oral mucosa assumes
different properties, depending on the intraoral organ that it encloses. In the
next section such comparison will be pursued by also defining some of the
essential structural and functional properties of the main intraoral organs.
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1.2.3. Mucosal and muscular structures within the mouth
The oral mucosa is a layer of tissue that acts as a physical barrier to
separate underlying tissues from the oral cavity environment (Groeger &
Meyle, 2019). Mucosa can be defined as the prevalent tissue type within the
mouth cavity. In fact most of the intraoral organs are covered by a layer of oral
mucosa (Kerr et al., 1991). Intraoral organs can be classified by the type of
mucosa that covers their surface. Dentists have observed and described three
main mucosa types within the mouth environment: masticatory mucosa, lining
mucosa and specialised mucosa (Gartner, 1994; Squier, 1991).
Masticatory mucosa can be found in intraoral regions that are often
subject to mechanical forces primarily due to mastication. This mucosa type
mainly consists of a thick (Prestin et al., 2012), keratinised layer of epithelium
that closely resembles the epidermis of the skin (Müller et al., 2000).
Keratinised epithelium is a thick and rigid tissue which has the keratins (a
macromolecular, resistant, insoluble protein class (Adams, 1976)), as one of
its main components. The highly keratinised structure of the masticatory
mucosa grants safety from abrasion and shearing during mastication (Claffey
& Shanley, 1986). Masticatory mucosa covers regions which are heavily
involved in food processing: the gingiva and hard palate.
The vast majority of all the other intraoral regions is enclosed by a thin
layer of non-keratinised cells which has commonly been defined as lining
mucosa. A group of Canadian dentists measured the average surface of the
mouth which is covered by lining mucosa and they estimated that it represents
approximately 60% of the total surface of the mouth milieu (Collins & Dawes,
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1987). Layers of lining mucosa can be found over mobile and soft intraoral
structures. Notable examples can be found both within the vestibule (cheeks,
lips, alveolar mucosa and vestibular fornix) and the mouth cavity proper (floor
of the mouth, lateral border and ventral surface of the tongue). Lining mucosa
is a dynamic tissue type (Ciano & Beatty, 2015). As opposed to masticatory
mucosa, lining mucosa is thinner and encloses intraoral regions which serve
essential behaviours like speech and food swallowing. In order to accomplish
these functions, intraoral organs covered by lining mucosa need to be elastic,
flexible and easily deformable. Lining mucosa perfectly fit such needs. In fact,
one of the main features of lining mucosa consists in being extensible and
loosely connected to underlying structures (Squier & Kremer, 2001). Lining
mucosa can be found also outside the oral cavity and more specifically on the
surface of the soft palate. Nonetheless the hard palate, the bony front portion
of the ceiling of the mouth is considered to be part of the mouth cavity proper,
the soft palate (the more posterior muscular palatal fold) is classically
considered part of the oropharyngeal system (Yates & Phillips, 2001). The
involvement of the soft palate in oronasal breathing (Stănescu & Rodenstein,
1988) and swallowing activities (Squier, 1991) mainly accounts for its
histological properties.
The last intraoral mucosal mucosa type is defined

as specialised

mucosa and covers only a very limited portion of the mouth (Collins & Dawes,
1987). This region is located on the dorsum of the tongue (Squier, 1991). This
tissue type has some hybrid properties and histologically it is composed by a
combination of both keratinised and non-keratinised epithelial cells (Squier et
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al., 1976).The dorsum of the tongue is a versatile surface. As a matter of fact,
this organ is involved in many intraoral activities, from haptic exploration of the
mouth environment to the experience of taste. Its hybrid histological
composition allows the tongue to be a suitable environment to host lingual
papillae and other specialised structures sensitive to taste (Bragulla &
Homberger, 2009). In addition, non-keratinised layers of epithelial cells enable
flexibility and elasticity of the lingual muscles (Clausen et al., 1986)

1.2.4. Anatomical principles of human dentition
So far, we have investigated the peculiarities of the oral mucosa, the
analogue of the skin within the mouth cavity. However, the mouth is composed
of another intraoral organ which has vital functions and distinctive histological
properties. Dentition covers a pivotal role not only within the oral cavity, yet
even within the whole body. First of all, teeth have always had a significant
social impact (Khalid & Quiñonez, 2015), which can also be affected by culture
(Butani et al., 2008). Second, uniqueness of individual dentition’s shape and
the consequent idiosyncratic bitemark have not gone unnoticed by the
scientific literature (Franco, et al., 2015). Forensic experts have historically
considered teeth as the oral analogue of the fingerprint (Oppermann, 1999;
Rinaldi, 2016) and thus considered them as a crucial attribute contributing to
the definition of our personal identity (Grady, 1884; Harvey, 1966). In addition,
the main compendia of oral gross anatomy (Berkovitz et al., 2009; Manjunatha,
2012) attribute to the teeth the protagonist role. In fact, dentition assumes
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particular attention in anatomical descriptions of the mouth structure as it
provides the oral cavity with the main physical barrier that separates the two
intraoral cavities: the vestibulum and the oral cavity proper (see section 1.2.1.
for further details).
Teeth are organised in two arches: mandibular and maxillary. Both
arches take their name from their supporting bones (Black, 1890). The
mandibular arch is a set of teeth which sits on the lower jaw on top of the
mandibular bone. Conversely, teeth belonging to the maxillary arch are
located on the upper portion of the mouth. Their position, on top of the largest
bone of the midface (Soriano and Das, 2019) is in close proximity to the hard
palate. Although the number and the structure of teeth changes during
development (Barker et al., 1975), the structure of each dental arch remain
stable once adulthood is reached (Abrahams et al., 1995). Dentition is
normally composed by 32 teeth and each dental arch hosts 16 of them.
Anatomists (Pilbeam, 1970) have observed and described four main tooth
clusters per dental arch: incisors, canines, premolars and molars (see figure
1.2).
Incisors are the four front teeth of each dental arch and they can be
classified in two subgroups: central and lateral incisors. Canines sit between
the lateral incisors and the first premolars and are the only tooth cluster
composed by one single tooth per dental hemiarch. Similarly to the incisors,
both the premolars and molars can be clustered in further subgroups.
Premolars are composed by the first and second premolars, with the first
premolars being closer to the front of the mouth. Molars include first, second
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and third molars. First molars are located more posteriorly if compared to the
position of second premolars. Conversely, third molar are in close proximity
with the soft layer of lining mucosa that surrounds the retromolar trigone. Third
molars are often named wisdom teeth (Friedman, 2007) and they are the last
teeth to develop in human dentition. In fact, they are not fully developed until
the ages of 15-25 (Köhler et al., 1994).

Figure 1.2. Four tooth clusters in human dentition: Incisors, canines (or
bicuspid), premolars and molars.

This cluster-specific organisation of tooth type serves important
biological functions, mainly related to feeding behaviour. Different teeth
clusters are involved at different stages of food processing. Incisors are mainly
involved in biting the food (Korioth et al., 1997). Canines are the sharpest teeth
of dentition and their main duty consists in ripping and tearing food apart. Both
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molars and premolars are involved in chewing activity to fully process the food
by crushing and gnashing it before ingestion (Gotfredsen & Walls, 2007).
Finally, another taxonomy not based on tooth clusters has been
suggested to describe teeth (Abrahams et al., 1995). According to this
approach, each tooth is assigned a progressive number, starting on the upper
right posterior arch and ending on the posterior left portion of the maxillary
arch. In other words, upper teeth are numbered from 1 to 16 starting from the
posterior right maxilla and ending to the posterior left maxilla. The opposite
left-to-right progression applies to the mandibular arch, with tooth 17 being the
third left mandibular molar and tooth 32 being the third right mandibular molar.

1.2.5. A single-tooth anatomical and histological perspective
Nonetheless teeth are normally clustered in different teeth types, all
tooth classes have the same basic structure. In fact, gross anatomy and
histological accounts are not drastically different when describing the structure
of a single tooth. Anatomists have individuated three key regions when
describing the structure of each tooth: crown, neck and root (Ash et al., 2003).
This classification mainly mirrors the different histological composition of these
three regions (Husain, 2018). Each tooth is primarily composed by three
different hard tissue types (enamel, dentine and cementum) and the dental
pulp, the only soft intra-dental tissue (Sadrameli & Mupparapu, 2018). The
concentration of such tissue types across each tooth varies. Hard dental
tissues tend to be more concentrated at the top of each dental structure. In
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fact, a histological point of view shows that in the passage from the crown to
the root we can observe a progressive decrease in the level of mineralisation
of these tissues (Goldberg et al., 2011). The external surface of each tooth is
mainly covered by two tissue types: the enamel, which covers the crown and
the cementum which covers the root of each tooth.
The crown is the visible part of the tooth which is mainly exposed to the
physical environment of both the mouth cavity proper and the vestibule. The
crown is histologically composed by a layer of enamel, the hardest biological
substance found within the human body (Loomis et al., 2018). The enamel
consists of highly mineralised, inorganic constituents (mainly calcium and
phosphate ions (Jacobson, 2002). Only the 4% of its total volume is composed
by water and organic materials (Teruel et al., 2015). The rigid structure of the
crown allows teeth to accomplish complex functions, such as mastication,
which requires the presence of resistant and sharp objects to tear the food
apart. The layer of enamel and, consequently, the width of each dental
structure within the oral cavity gradually decreases when approaching the
neck of the tooth (Shellis, 1984).
The neck is the region where each tooth starts to be physically rooted
to the gingival structure. The neck, otherwise called cemento-enamel junction,
is the anatomic limit between the crown and the root of each tooth, the nonvisible portion of the whole dental structure. The whole external surface of the
root is covered by a layer of bone-like hard tissue named cementum (Salmon
et al., 2013). As the name cemento-enamel junction suggests, this region
represents the very small area of transition between the intraoral cavity
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environment and the internal structure of the jaw ('The American Academy of
Periodontology 2001, Annual Report,' 2001). This area of overlapping of two
different dental tissue types can assume four different patterns. In the majority
of teeth (60% of the cases), the cementum overlaps the enamel for a short
distance (Vandana & Haneet, 2014). The opposite pattern is extremely rare
(Arambawatta et al., 2009). A butt joint junction between cementum and
enamel occurs only in the 30% of the teeth. Finally, in the 10% of the teeth it
has been observed a lack of cemento-enamel junction (Carranza, 2006). The
two tissues are neither overlapping nor in close proximity. Consequently, for a
short distance they leave uncovered another crucial dental tissue, the dentine.
Dentine gives structure and support to the enamel layer which covers
the crown and enwraps the pulpal chamber which is located at the core of
each tooth (Marshall, 1993). Fully developed dentine has quite a
heterogeneous structure. Despite the mineral component is predominant
within this hard tissue type (70% of its total volume), the remaining 30% is a
combination of organic matrix and water (Teruel et al., 2015). Finally, dentin
has a crucial role in the transmission of impulses generated from a mechanical
load impacting the crown of a given tooth (Marshall et al., 1997).
Enclosed within the dentin we can find the dental pulp, the only soft
tissue constituting the tooth structure. Pulp fills both the pulpal chamber and
the root canal and consists of nerves and blood vessels. While the nerve
afferents within the dental pulp have classically been associated with pain
(Anderson, 1975) and thermal perception (Lin et al., 2014), the blood vessels
provide nutrition to the whole dental structure (Husain, 2018). Blood vessels
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and nerves reach the pulp from the gingiva. They enter the dental structure
through the apical foramen, an opening in the cementum of each tooth located
at the apex of the root of each tooth (Abarca et al., 2014). Once inside the
tooth, they reach the pulpal chamber through some internal channels named
root canals (Vertucci, 1984). The number of canals per tooth depends on the
tooth cluster. Incisors and canines have one unique canal, whereas premolars
and molars can have up to three canals (Kashyap et al., 2017). Root canals
play a decisive role in the transmission of an infection in case the dental pulp
is damaged or necrotic (Zehnder & Belibasakis, 2015).

Figure 1.3. Anatomy of a single tooth (molar). On the left, we report the three
main regions that gross anatomy accounts use to describe the structure of a
single tooth. On the right, we report the main tissue types that constitute a
single tooth. To improve descriptive clarity, names of neighbouring structures
are also mentioned (Adapted from Markman, 2009).
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1.2.6. Anatomic relationships within the dental arch
The intraoral cavity is unique even in relation to the nomenclature used
to describe anatomic relationships between its components. Classic anatomy
has a fixed group of labels which are used to describe the relative position of
a component within a specific body region. Posterior, anterior, medial and
lateral are among the most used terms in the field (Husain, 2018). This
terminology does not often apply within each dental arch. As we have
described in section 1.2.4., the crown is the visible portion of each tooth. The
side of the crown of each tooth which faces the vestibule is defined as the
facial side of the tooth (from the Latin “facies” = face). More specific
terminology applies within specific tooth clusters. The facial surface of incisors
and canines is defined labial (from the Latin “labium” = lips) and the facial
surface of premolars and molars is defined buccal (from the Latin “bucca” =
cheeks). As the etymology of these terms suggests, they were probably
named after the intraoral tissue that this tooth side faces. A similar logic applies
to the cutting surface of teeth, the side of the dental arch that faces the other
dental arch. The biting surface of incisors and canines is named incisal (from
the Latin “incisus”= cutting tooth), whereas the chewing surface of premolars
and molars is denominated occlusal (from the Latin “occlūsiō” = to occlude).
The dental side that faces the mouth cavity proper is named lingual (from the
Latin “lingua” = tongue). For this dental side we can observe a peculiar interarch specificity in the nomenclature. In fact, the lingual side of the maxillary
arch can be otherwise defined as palatal side. Lastly, if a given tooth needs
to be identified depending on its proximity to the body midline, the labels
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mesial and proximal can be used. Mesial indicates a tooth close to the body
midline, while distal refers to a tooth afar from the midline. In conclusion, an
intra-dental nomenclature is sometimes used when defining the structure of a
single tooth. The term coronal applies when describing more superior portions
of the tooth. On the other hand, the term apical defines dental regions close to
the dental root. Figure 1.4. summarises the dental nomenclature that is used
in this thesis and in the scientific literature.

Figure 1.4. Anatomic relationships within the dental arch (Adapted from
Husain, 2018).

1.2.7. Anatomical bridges between mucosa and teeth: Periodontal
Ligaments
Each tooth is connected with the alveolar bone (either mandibular or
maxillary) via a fibrous connective tissue: the periodontal ligament (PDL)
(Luder, 1990). PDLs exert a key role for human dentition as they grant physical
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support to all the teeth by physically attaching each of them to the underlying
soft gingival tissue (Panagiotopoulou et al., 2011). PDLs exert a key role in
tactile perception. Their stretchable structure allows forces exerted on the
crown of the tooth to be distributed and transmitted to the alveolar bone
(Dorow et al., 2002; Embery, 1990; Johnsen & Trulsson, 2003). Perception
and awareness of loads applied on teeth assume an extreme relevance during
several everyday behaviours such as mastication and normal occlusal
functions related to swallowing activities.
Histologically, the majority of PDLs’ volume consists of dense
connective tissue. Only a small amount of volume is occupied by loose
connective tissue and neurovascular structures (Nanci & Bosshardt, 2006).
Each ligament is quite small. The average width ranges from 0.15mm to
0.25mm. However the key structural feature of PDLs is their typical hourglass
shape (Palumbo, 2011). This peculiar structure represents the key feature for
the perception of mechanical stimulation applied on teeth. Every time a load
is exerted on coronal regions, force is transduced through dentine towards
apical regions until eventually reaching PDLs. PDLs physically absorb these
forces by temporarily changing their baseline shape (Mcculloch et al., 2000).
PDLs are then compressed towards the alveolar bone. They stretch back to
their original shape once the load on the crown ends to be supplied
(McCormack et al., 2014). The hourglass shape of such structure perfectly
matches their functional role.
The terminal part of PDLs is composed by collagenous filaments. These
filaments directly connect each ligament to the cementum of the closest tooth
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or to the alveolar bone (Johnson, 1987). Such fibres are commonly named
Sharpey’s fibres (Palumbo, 2011) and they are the terminal ends of the main
periodontal ligaments. These fibres are typically Type I collagen (Palumbo,
2011) and they are much thinner in diameter and inserted at closer intervals
on the cementum side if compared with the alveolar bone side (Bathla, 2017).
Sharpey’s fibres can also be arranged in six groups and the label associated
to each group of fibres depends on the intraoral structure to which they are
rooted, their position and their orientation.

Figure 1.5. Six Sharpey's fibres' groups: transseptal (TSF), horizontal (HF),
oblique (OF), alveolar (ACF), apical (AF), and inter-radicular fibres (IRF)
(Adapted from Garant, 2003) (A). The portion of each periodontal ligament
which is embedded in either the alveolar bone or the cementum is named
Sharpey’s fibre. Sharpey’s fibres are much thinner in diameter and inserted at
closer intervals on the cementum side if compared with the alveolar bone side
(Adapted from Bathla, 2017) (B). Periodontal ligaments surrounding a tooth in
resting state (blue) and with pressure applied (red and green). The green and
red ligaments indicate compressed and stressed states, respectively (Adapted
from Ahmad Ridzuan & Miki, 2019) (C).
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The six groups are the transseptal, horizontal, alveolar, oblique, apical, and
radicular groups (Garant, 2003).
1. The transseptal group (TSF) connects two adjacent teeth. These fibres
extend from the cementum of one tooth to the cementum of a
neighbouring tooth.
2. The horizontal group (HF) attaches the cementum to the alveolar bone.
Their main feature is their unique orientation. In fact, they run
perpendicular to both the dental root and the main alveolar bone matrix.
3. Oblique fibres (OF) are structurally similar to horizontal fibres although
they do not have a defining orientation. They run obliquely from the root
cementum to the alveolar bone. These fibres provide the main support
from intrusive forces from mastication.
4. The alveolar group (ACF) is a group of fibres that connect the alveolar
bone with the cemento-enamel junction of a given tooth.
5. Apical fibres (AF) emerge from the cementum in close proximity of the
apex of the root and connect a given tooth to the underlying alveolar
bone.
6. Only multirooted teeth like premolars and molars have fibres belonging
to the inter-radicular group (IRF). These fibres originate from the dental
cementum close to the furcation between multiple dental roots and
connect to the neighbouring bone.

Among these fibres are neurons with some specific receptor endings, which
are termed more specifically Periodontal Ligament Mechanoreceptors
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(PDLM). The distribution of these mechanoreceptors along these six different
types of fibres allows humans to sense the features of tactile events impacting
teeth (Trulsson & Johansson, 1996)
The precise location of PDLM within the periodontium is still unclear.
However, previous studies collected a series of indirect evidence that
corroborate the hypothesis that PDLM have their physical seat along the
structure of periodontal ligaments. In one study (Trulsson, 1993), the electrophysiological response of single mechanoreceptors was recorded by inserting
a microelectrode on the mandibular alveolar nerve of neurologically healthy
participants. PDLM showed an electro-physiological response only if one or
multiple mandibular teeth received a tactile stimulation. However these
neurons did not fire when the same mechanical stimulation was applied on the
gingiva or on the surface of other tissues surrounding the teeth (Trulsson,
1993).
Further evidence comes from another study led by the same group of
research. The team recorded the electro-physiological response of multiple
afferents, including PDLM. They then modulated the intensity of tactile stimuli
that they delivered on teeth. Only PDLM, and not any other surrounding
afferent, responded also to weak loading of teeth (Trulsson et al., 1992).
Finally, the overall response properties of human PDLM are comparable to
those of the cat periodontal mechanoreceptors which have been shown to be
located within the periodontal ligaments (Cash & Linden, 1982).
Lastly, the density of mechanoreceptors is not even across dentition.
Central incisors are teeth which are innervated by the highest amount of
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PDLMs. The number of these receptors is slightly lower for canines and the
lateral incisors. The number of afferents is significantly smaller for premolars
and molars (Trulsson & Johanson, 1996).

1.3. Principles of dental somatosensation

Our body is constantly exposed to a vast number of sensory
experiences. It is capable of sensing and responding to stimulation through a
collection of extremely powerful sensory organs. In general, the set of
sensations that contribute to a person's awareness of their body has been
defined as somatosensation (Dunn et al., 2013; Owens & Lumpkin, 2014). This
perceptual system allows us to experience different bodily sensations. Such
sensations include not only the perceptual features of what is commonly
known as the sense of touch (e.g. contact, stretch and pressure) but also other
sensations like heat, cold, pain and body position in space (Manivannan &
Suresh, 2012). Somatosensation comprises of four different submodalities:
mechanoreception, thermoception, nociception and proprioception.
As we have pointed out in section 1.2., human dentition is characterised
by a sensory richness which serves many purposes. A vast of number of
neurons with receptor endings are located either within the dental pulp or
within the periodontium, the group of tissues supporting and investing teeth
(Nanci & Bosshardt, 2006). These receptors have different functions and
sensory capacities. The quality of the somatosensory information that they can
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transduce through afferent fibres to specific cortical targets allows humans to
experience a huge variety of many different oral somatosensory experiences.
Consequently, human dentition could be considered as a proper independent
somatosensory system capable of sensing numerous properties of external
stimuli.
In the next section we will define each of the four submodalities that
characterises dental somatosensation. We will then examine in depth the two
main kind of receptors that innervate dental and periodontal tissues thus
allowing somatosensory experiences to be perceived at the cortical level.
Lastly, we will briefly investigate which pathway is followed by afferent fibres
to reach their cortical targets.

1.3.1. Dental Nociception
Toothache is a rather common experience that might affect people
throughout the entire course of the lifespan (Maida et al., 2015).
Nociception (commonly denominated as pain) is one of the submodalities of
the somatosensory sensations. Many definitions have been provided to define
pain. A quite general and comprehensive definition of pain describes noxious
sensations as a “complex constellation of unpleasant sensory, emotional and
cognitive experiences provoked by real or perceived tissue damage and
manifested by certain autonomic, psychological, and behavioural reactions”
(Fishman et al., 2010). In the case of dental noxious sensations, pain
responses depend on the overall level of health of dentition. Healthy teeth
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perceive pain only if exposed to extreme temperature or to acute mechanical
stimulation (Renton, 2011) . In case of infection involving the tooth pulp (e.g.
caries), pain is also experienced as a response to insults of the tissue.
Chemical and/or thermal events during dental treatment also have a
role in eliciting a painful response. Extensive exposition to sugar, particularly
sucrose, might act as one of the causes that trigger a dental painful response.
In fact, the bacteria normally present within the mouth environment produce
acids when exposed with sugar. Such acids have corrosive effect on the dental
enamel (Reed & McDaniel, 2006). The consequent loss of intraoral
mineralised tissue might lead to tooth decay and therefore to the experience
of dental pulpitis, commonly denominated as toothache (Zero, et al., 2011).

1.3.2. Dental Thermoception
Phylogenetically the human species has gone through countless
influential dietary shifts. In particular, the introduction of cooked food has been
a big alimentary breakthrough in human history. In fact, it has significantly
increased the range of edible and digestible meats and plants (Dominy et al.,
2008). However, introducing cooked food in the human diet has had another
important consequence for the mouth. The oral cavity and its dentition, as all
the other biological systems, are to some extent sensitive to temperature
(Marriott, 1993). In fact, as soon as humans started to eat cooked food, human
teeth started to be exposed to a completely different and more extended range
of temperatures.
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However, food consumption offers only one of the possible examples
of situations in which the mouth is exposed to different temperatures. In
general, every time that an external object is introduced within the mouth
milieu and approaches our teeth, we can sense their different temperature with
our teeth. Indeed, the receptor endings of neurons that innervate the dental
pulp (see section 1.3.4. for a further physiological clarification) have been
demonstrated to respond to different innocuous temperatures (35–45 °C).
Response is observed even when the temperature to which a given tooth is
exposed falls in the noxious range and therefore above 45 °C (Price et al.,
1976). The same noxious response to thermal stimuli is also observed after
cold loading of teeth, with an extreme aversive noxious response from teeth if
the temperature is as cold as 0°C (Oskui et al., 2014). In a study conducted in
humans (Iwata et al., 1991), the intradental nerve response to cold and hot
temperature was recorded by inserting microelectrodes on the inferior alveolar
nerve of 5 neurologically healthy volunteers. Findings show that the intradental
nerve response of the heat-sensitive, but not the cold-sensitive, increased
linearly in proportion to the increase in magnitude of the early sensory ratings.
As well as dental nociception, dental thermoception has an essential
intrinsic value. In fact, these kinds of somatosensory inputs which can be
sensed through dentition constantly inform us about the current status of our
teeth, essential intraoral organs. In addition, noxious or thermal signals
perceived with teeth may play an important role in the protection and the
safeguard of the alimentary canal. If when chewing a given food item, we
perceive a sudden pain coming from our molars, that is a good sensory
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indicator that the texture and the consistency of that food item represent a
physical threat for the tooth enamel, a highly mineralised tissue type. Sensing
this sensory information with teeth can get us to the awareness that if that food
item already damages a strong and resistant mineralised tissue, that is
perhaps not suitable to be exposed to a more vulnerable, non-mineralised
tissue as the internal mucosa which covers the gastrointestinal tract.

1.3.3. Dental Proprioception
Proprioception is a peculiar sub-modality of the somatosensory system
and it allows sensory agents to be constantly aware of the position of their
body parts in space (Tuthill & Azim, 2018). Proprioception is then a dynamic
somatosensory modality that allows humans to sense if any part of the body
is in motion at a given time (Hlavacka et al., 1992). Proprioception, sometimes
defined as the sixth human sense (Smith, 2011), has been shown to exert a
pivotal role in the sensory-motor control of the movements of our body parts
in space (Riemann & Lephart, 2002).
Our teeth occupy a relatively fixed position within our body. In fact,
maxillary teeth can be moved only if the entire skull is moved as well.
Conversely, the mandibular dental arch can be moved independently from the
head according to a specific kinematics (Kubein-Meesenburg et al., 2007).
Although our mandibular teeth are fixed to the gums and cannot be
independently moved without the motion of the whole mandibular bone,
knowledge regarding the spatial position of the mandibula (and therefore of
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the teeth laying on it) is essential not only in feeding but also during several
everyday activities such as speech and swallowing. In fact, knowing the
degree of opening of the mouth and therefore being able to estimate and
constantly update the distance between the mandibular and the maxillary
dental arches is crucial to program a safe masticatory movement. Sensory
inputs informing us on the spatial position assumed by our dental arches over
time, prevent us to damage our dentition by accidentally moving our teeth
close together with an excessive speed and/or force. We define the awareness
of the spatial position of teeth in space as dental proprioception.
The essential role of dental proprioception in the orofacial motor control
is also highlighted from the clinical observations of patients. Edentulism is the
result of a partial or total tooth loss (Peltzer et al., 2014). Patients affected by
edentulism lose the sensory inputs that innervate both the dental pulp and
periodontal regions. Without such afferents, dental proprioception is
compromised. In the most severe cases, especially when patients lose their
entire dentition, tooth loss has a strong influence on the fine proprioceptive
control of jaw functions. In fact these patients are less accurate in exerting the
appropriate magnitude, direction and rate of occlusal load on both the dental
arches (Klineberg & Murray, 1999).

1.3.4. Anatomical and physiological properties of intra-dental fibres
As it was pointed out in previous sections, the human dental pulp is
innervated by a large number of afferent neurons which, if triggered, typically
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show pain responses under both healthy (Price et al., 1976) and unhealthy (Xu
& Yaksh, 2011) dental conditions (please see section 1.2.5. for further
anatomical details). Three different kinds of afferent fibres have been
observed within the human dental pulp. They are structurally differentiated by
their diameter and their conduction velocity.
Anatomical reports state that 70-90% of the fibres that innervate the
human dental pulp are composed of non-myelinated axons (Närhi et al., 1992).
Those intra-dental type C fibres are characterised by small diameter and
relatively slow conduction speed. The remaining afferents are bigger fibres
whose axons are covered by a thin layer of myelin. These A-fibres, mostly A
delta-type, permit faster signal conduction if compared with C unmyelinated
fibres (Byers et al., 2003; Hildebrand et al., 1995). A small proportion of these
A-fibres has an even bigger diameter and faster conduction speed (Virtanen
et al., 1987). These remaining A type fibres could be either alpha or beta type.
A-beta are low threshold mechanoreceptor and therefore respond to
mechanical, and not noxious features of somatosensory stimuli. A study
conducted on cats, demonstrated that these fibres are structurally and
functionally similar to both the PDLM, as well as Pacinian corpuscle
mechanoreceptors typically found on the skin surface (Dong et al., 1993). Aalpha fibres have the biggest diameter among all the intra-dental fibres and, if
stimulated, show the fastest conduction speed of signal. A-alpha fibres are
position sensors and their fast conduction of signal grants humans the sensory
experience of dental proprioception and therefore an effective control on
orofacial movements (Koop & Tadi, 2019).
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The approach used when studying the conduction properties of these
fibres consisted of the measurement of the peak latency of cortical potentials
in response to the stimulation of the dental pulp. To record the stimulusdependent brain electrical activation, magneto encephalography (MEG) was
used (Chatrian et al., 1975; Hari et al., 1983; Kubo et al., 2008). Peak latencies
are a measure of the delay between the electrical stimulation of the dental pulp
and the consequent brain electrical activation. This measure provides reliable
information about the type of fibres that convey the signal to the cortex. As a
matter of fact, the speed with which the signals are transduced is a defining
property of the afferent fibres involved in a given somatosensory process
(Kubo et al., 2008). An early study (Chatrian et al., 1975) measured dental
pulp-evoked potentials in response to noxious electrical stimulation of the
dental pulp. The peak latency of the cortical potentials observed in this study
was 84 ms. The latency observed suggests that relatively fast myelinated Adelta fibres were responsible for the transmission of noxious stimuli to the
cortical level (Chatrian et al., 1975). A similar latency (100ms) was confirmed
by a later a magnetoencephalographic study (Hari, et al., 1983).
More recently, the same technique of direct stimulation of the dental
pulp was adopted in another magnetoencephalographic study (Kubo et al.,
2008). However, in this case the nature of the stimulation was not noxious. In
fact the intensity of the electrical stimulation used in this study (0.8-2 mA) has
been shown to not elicit any painful response at the behavioural level (CondesLara et al., 1981). The peak latency measured in this study was surprisingly
short (27ms), thus confirming the presence of extremely fast A-beta fibres
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within the dental pulp. In fact, only extremely fast conducting fibres like A-beta
mechanoreceptive fibres could reach cortical regions with such a short latency
(27ms, Kubo et al., 2008).
Notwithstanding their intra-dental aspect, the physical structure of most
of these fibres changes quite radically as soon as they leave the tooth through
the apical foramen. As soon as intra-dental fibres leave the root canal, most
of the axons have a larger diameter and a relatively fast conduction speed
(Byers & Närhi, 1999; Cadden et al., 1983; Närhi et al., 1982; Paik et al., 2009).
The combination of the aforementioned electrophysiological and the current
anatomical observations has led some researchers (Djouhri & Lawson, 2004;
Fried

et

al.,

2011)

to

formulate

alternative

hypotheses

about

neurophysiological processes underlying nociception. In particular these
studies suggest that A-beta fibres might play a crucial role in the perception of
noxious stimuli.
Finally, a physiological perspective classically describes all the intradental fibres as having a predominant role in the perception of noxious stimuli.
A-delta , A-beta and C fibres have been demonstrated to respond to different
features of painful stimuli (Närhi et al., 1992). Myelinated and fast conducting
A-delta fibres transduce electrical signals in response to sharp sensations of
“pinprick” pain, sometimes also defined as “first pain” (Haggard & de Boer,
2014). In addition, these fibres also respond with a painful response to drilling,
probing and air-drying of exposed dentin. C-fibres instead have been
demonstrated to have a role in dental thermoception (Jyväsjärvi & Kniffki,
1987). In fact, C-fibres have a crucial role not only in sensing and transmitting
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innocuous (Hu et al., 1981; Hu & Sessle, 1984), but also noxious (Ahn et al.,
2012) thermal properties of the stimuli. C type fibres can sense also noxious
stimuli independently from modulations of the temperature (M. Närhi et al.,
1992). In particular they transduce information related to dull, slowly aching
pain, commonly defined as “second pain” (Haggard & de Boer, 2014). Lastly
A-beta fibres have a role in response to the mechanical features of the stimuli
interacting with the dental pulp as well as to the tingling sensation reported
when the tooth crown is stimulated electrically at liminal current strength. This
sensation is commonly known as “pre-pain”. Lastly, some of these intra-dental
fibres are polymodal (Fried et al., 2011) as they show hybrid response
properties typical of multiple fibre types.

1.3.5. Dental Mechanoreception
During our everyday life our dentition is exposed to a continuous stream
of forces. Biting and chewing activities for instance involve our teeth in
complex dynamic activities. Such dynamics might depend on food-specific
properties (density, viscosity, stiffness, asperity, etc), but also on the force
exerted by us when controlling the sensory motor process of mastication
(Lund, 1991). Another example may arise from speech production. Some
consonants like the letters “t” or “d” can be pronounced by stroking the tip of
the tongue against the palatal (or lingual) surface of the central and lateral
maxillary incisors (Zhao, 2010). During such action, a specific load is exerted
on our teeth by our tongue. Dental mechanoreception is a dental
somatosensory sub-modality that allows us to sense and detect the
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mechanical properties of contact forces loading any given tooth across human
dentition. In other words, dental somatosensation allows us to perceive the
properties of stimuli impacting dentition through touch.
On a neurobiological level, the afferents which detect and transduce the
mechanical properties of touches impacting dentition are periodontal
mechanoreceptors (PDLM). PDLM are afferent mechanoreceptors located in
the periodontium and more specifically along the structure of periodontal
ligaments (M. Trulsson & Johansson, 1996).

1.3.6. Peculiarities of dental mechanoreception: teeth as indirectly
transmitting sensory organs
When studying dental mechanoreception, is important to acknowledge that
several main differences occur between cutaneous and dental tactile
perception. First, cutaneous regions are directly innervated by different
sensory receptors. Even if Merkel’s disks, Meissner’s corpuscles, Ruffini and
Pacini endings are physically located in different layers of the human
epithelium (Roudaut et al., 2012), vibrotactile stimulation impacting the skin is
immediately sensed by mechanoreceptors and then transduced at the cortical
level (Iheanacho & Vellipuram, 2019). In dental perception, at first tactile
stimuli impact the dental crown. Both its protective layer of enamel and the
underlaying dentin are highly mineralised structures (Goldberg et al., 2011).
Crucially these tissues do not contain sensory afferents. Whenever a load
impacts the tooth, vibrotactile waves are transmitted to the periodontium
through the structure of dentin (Dong et al., 1993). In the periodontium,
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mechanical stretches are eventually absorbed by periodontal ligaments (PDL).
The hourglass shape of PDL allows them to absorb mechanical strains by a
repeated pattern of flections and deflections (Palumbo, 2011). Every time a
PDL is stretched, PDLMs discharge in a direction and pressure dependent
manner (Trulsson et al., 1992 and also see section 1.3.7).
This indirect pattern of innervation is not a standalone case within the
human body. In fact, a similar transmission of vibrotactile stimuli across a
combination of mineralised and non-mineralised tissues is also observed in
acoustic perception. Even if sound is also transmitted as propagated vibration
trough different sensory components (Yost, 2000), some inter-modalities
differences apply. Sounds travels along the external ear canal to eventually
impact the tympanic membrane, a flexible structure mainly composed by
connective tissue (Lim, 1995). The central portion of the tympanic membrane,
the umbo, can bend inward and outward as a stiff cone every time a vibration
is detected (Goode et al., 1993) . The umbo is physically connected to the
ossicles and more specifically to the malleus, a mineralised bony structure
(see figure 1.6.). The diffusion of such vibrations through the ossicles first, and
the cochlea later, eventually allows the signal to reach sensory afferents, thus
allowing acoustic perception (Ekdale, 2016).
All in all, nonetheless intraoral touch and sense of hearing share many
features regarding the transmission of sensory signals across different
anatomical components, the mineralised/non mineralised gradient of such
transmission differs across modalities. The sensory transmission of
vibrotactile signals follows a mineralised-to-connective direction when loads
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are applied on teeth. The reversed pattern is observed within the ear canal
where sound waves are first transduced in vibration by the elastic surface of
the tympanic membrane and then transmitted by the mineralised ossicles
complex (see figure 1.6.A).

Figure 2.6.
(A) Mineralised-to-connective gradient in dental
mechanoreception and opposite pattern in acoustic perception. (B)
physiological similarities between hair cells and periodontal ligaments.
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Another common feature that these two sensory modalities share
resides in the structure of the particles that host mechanoreceptors and in the
sensory capacities that can be perceived by such mechanoreceptors. Hair
cells are provided with sterocilia, mechanosensing organelles which are
sensitive to motion of the intra-cochlear fluid (Vollrath et al., 2007). Any time
stereocilia are stretched due to the fluid motion, hair cells discharge thus
generating an afferent signal (Gillespie & Müller, 2009). The same logic
applies to PDL. In the oral cavity, each dental touch is perceived via the
extreme sensitivity of PDLMs to strains and stretches affecting PDLs
(Trulsson, 2007). In conclusion both these mechanoreceptor types are highly
sensitive to external stimuli due to the physical stretch of modality specific
components (see figure 1.6.B).
Consequently, auditory perception and dental mechanoreception share
similar physiological mechanism of perceptual detection and transduction of
sensory signals. This common sensory feature of mechanoreceptors across
anatomically and functionally different body parts (teeth and ear canal), allows
humans to experience heterogeneous experiences through different sensory
modalities.

1.3.7. Sensory capacities of Periodontal Mechanoreceptors (PDLM)
PDLMs are the receptors that allow humans to experience dental
mechanoreception. One of the main functions of PDLMs consists of sensing
the forces applied during mastication and during the occlusion of the two
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dental arches (Türker et al., 2007). Periodontal Mechanoreceptors are
extremely sensitive receptors. As a matter of fact, receptors innervating
healthy teeth are sensitive to passive forces above 0.66N (Grieznis et al.,
2010).
Microneurography is a common method used in cognitive neuroscience
to record the nerve impulse consequent to the stimulation of a given receptor
(Vallbo & Hagbarth, 1968; Vallbo, 2018). Neurophysiology has often used this
technique to classify mechanoreceptors based on their discharge pattern after
stimulation. This tradition, which started from some early studies conducted
almost a century ago (Adrian, 1928), divides mechanoreceptors on the skin in
two main families. When a continuous force is applied on the skin, some
mechanoreceptors show a continuous, long lasting response which covaries
with the length of the tactile stimulations. Other receptors instead show a short
response which is observed only at the onset of the stimulus. These two
families of mechanoreceptors were defined respectively as slowly adapting
and rapidly adapting, in accordance with the degree of adaptation observed in
their response after mechanical stimulation. Later on during the 20th century,
research has demonstrated that such taxonomy well suits human cutaneous
mechanoreceptors (Burgess & Perl, 1973; Johansson & Vallbo, 1983).
However, this classification poorly describes the response properties
of periodontal mechanoreceptors (Trulsson & Johansson, 1996). In fact, a
given periodontal fibre could provide both a slow and a fast adapting response,
depending on the direction of tooth loading. A microneurographic approach
has been used to directly investigate the response properties of PDLMs in
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humans by recording the electrical response of the alveolar mandibular nerve
after mechanical stimulation of specific target teeth (Johansson & Olsson,
1976; Trulsson et al., 1992).
During single-unit recordings of the electrical response of the inferior alveolar
nerve, stimuli were manually delivered via a probe. Several nylon cubes were
mounted on the incisors, canine and first premolar, ipsilaterally to the recording
site. The application of such cubes allowed experimenters to exert loads on
these target teeth using six different points of attack: labial, lingual, mesial,
distal, downward and upward (see figure 1.7.). Single PDLM fibres showed a
preferential response which was direction and tooth dependent (Dong et al.,
1993). Target teeth were mechanically stimulated by a 0.5–1 N force applied
manually by a probe on the nylon cubes. Each PDLM fibre showed a different
response depending on the tooth stimulated. In other words, each fibre has a
receptor bearing tooth, a tooth that if stimulated generates the highest firing
response (Trulsson et al., 1992). Consequently, each PDLM responds
preferentially to the stimulation of a specific tooth. The firing rate progressively
decreases with the stimulation of neighbouring teeth. That implies that the
receptive field of PDLMs often extends over multiple teeth. It has been
estimated that half of PDLMs respond to forces applied on the receptor bearing
tooth and on a group of adjacent teeth. The number of total teeth to which
each PDLM responds can vary between a minimum of two and a maximum of
four teeth (Trulsson, 1993). The majority of fibres has an incisor as receptor
bearing tooth. A smaller number of fibres preferentially responds to the canine.
Only a very limited number of neurons preferentially responds to the
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mechanical stimulation of the premolars. Crucially, all of the afferents located
on a given dental hemiarch preferentially respond to a tooth located on the
same dental hemiarch. However, fibres having central incisors as receptor
bearing tooth also respond to the mechanical stimulation of contralateral
incisors (Trulsson, 2006).

Figure 1.7. Directional sensitivity of PDLM fibres innervating different teeth
(incisors, first premolar, second premolar and first molar). Arrows refer to
afferents showing their strongest firing responses in one of the directions
represented in the horizontal plane and two vertical planes, respectively (A).
Receptive field of a single periodontal mechanoreceptor showing responses
to maintained mechanical stimulation of five teeth, illustrated from a horizontal
and a facial view. The vectors illustrate the receptor’s response to a tooth load
of 250 mN. Dental loads were delivered ipsilaterally and contralaterally to the
recording site (B). Scheme depicting nylon cubes attached to mandibular
target teeth to investigate their tooth and direction dependent response
properties (C) (Adapted from Trulsson et al., 1992).
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Once the relationship between a single fibre and its receptor bearing
tooth was established, further research has investigated the spatial
directionality of PDLMs (Trulsson et al., 1992). Each target tooth was
stimulated in six spatial directions by applying a load on each of the 6 faces of
the cube attached to the tooth. The firing rate of the fibres having different
teeth as receptor bearing teeth was measured. Different fibres having the
same receptor bearing tooth showed a direction dependent firing rate. If a
PDLM was exposed to a non-optimal stimulation condition, and therefore its
receptor bearing tooth was stimulated in a non-preferred direction, the
periodontal afferent rapidly adapted and showed a response only straight after
the onset of a mechanical stimulation. If the stimulation was continuous, this
neuron would fire again only when the force detected changed in its intensity
(Trulsson et al., 1992). On the other hand, when a PDLM was exposed to a
force applied on its preferred point of attack, the observed response pattern
was slowly adapting, and the same fibre kept firing until the end of mechanical
stimulation (Trulsson and Johansson, 1996; Trulsson et al., 1992).
A tooth cluster specific analysis (Johnsen & Trulsson, 2003) shows that
if forces were applied on the horizontal plane, receptors supplying front teeth
and premolars equally responded to stimuli applied in all the directions.
Receptors supplying the molars, however, had a clear distal-lingual directional
preference (Johnsen & Trulsson, 2003). In the vertical plane, about 90% of the
PDLM fibres respond to downward-directed forces, but only a few of them had
a downward direction as the preferential direction of response (Trulsson,
2006). This cluster specificity in the directional tuning of human PDLMs might
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be explained by the role of teeth in feeding tasks and in particular in the
masticatory behaviour. As soon as the food is inserted in the mouth, anterior
teeth are recruited in a complex manipulation of a food morsel. They need to
tear apart the given food intake. The two dental arches are thus implied in an
occlusal movement to bite the food. As a consequence, forces on the vertical
plane are applied. However, with the help of the tongue, the front teeth are
also exposed to forces applied on the horizontal plane. Food needs to be
moved from the front to the back of the mouth to be chewed. Molars thus
receive food after a preliminary processing executed from more mesial teeth
clusters. Food is pushed towards the molar according to a mesial-to-distal
pattern of motion and its often chewed within the mouth cavity proper before
ingestion. In conclusion, the dynamic of food processing within the intraoral
cavity accounts for the direction specific response observed on the neural level
by microneurographic studies (Trulsson, 2006).

1.3.8. Afferent pathways of intra-dental and periodontal fibres
As was pointed out in the previous sections, somatosensory stimuli
applied on dental surfaces are perceived through receptor endings of specific
neurons located either within the dental pulp or in periodontal regions.
Whenever such receptor endings detect a somatosensory event,

they

generate an electrical impulse (Abraira & Ginty, 2013). This signal is then
propagated through a series of neurons to eventually reach specific cortical
sites. Such neurons with receptor endings are called first order neurons as
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they are the first neurons to transmit a somatosensory event-related electrical
signal. These neurons have an essential role as they convey signals perceived
in the periphery of the body (the intraoral cavity) to the central nervous system.
Most of these first-order fibres originating from both the mandibular and
the maxillary dental arches have their main cell body in the trigeminal ganglion,
a group of nerve cells located on the floor of the middle cranial fossa (Sessle
et al., 1986). Electrical signals are then sent to the brainstem where the
second-order neurons of these afferent fibres have their soma. Afferent
pathways followed by intra-dental and periodontal fibres have several
similarities. In fact, most of these fibres (A-beta, A-delta and C fibres) meet
their second order neuron in the brain stem at the level of the pons and all
these fibres then project to the thalamus. Moreover, at the pons level, both
afferent fibres originating from intra-dental and periodontal receptors cross
and ascend the spinal cord contralaterally (Walker, 1990). However, each of
these fibres types reaches the thalamus by following different ascending tracts
(see figure 1.8.).
A-beta fibres ascend to the thalamus via the medial lemniscus whereas
nociceptive A-delta and C fibres reach the thalamus via the spinothalamic
tract. Proprioceptive signals originating from A-alpha receptors follow a slightly
different pathway. Proprioceptive first order neurons have their main cell body
within the brain stem and, more specifically within, the mesencephalic nucleus.
These fibres then project to the trigeminal motor nucleus within the trigeminal
ganglion. This neural organisation is particularly involved in orofacial motor
responses (Linden & Scott, 1989b).
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Figure 1.8. Afferent pathways of intra-dental and periodontal fibres (Adapted
from Haggard & de Boer, 2014).

All dental somatosensory afferent fibres reach third order neurons
within the thalamus. These neurons have their body cell in the ventral
posteromedial (VPM) nucleus of the thalamus. Once the signal has reached
the thalamus it is then sent through further afferent fibres to specific cortical
regions within the central nervous system (please see section 1.4 for further
details on the cortical targets of intra-dental and periodontal afferents).
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1.4. Cortical targets of dental somatosensory
afferents
The cortical destination of all the dental somatosensory afferents is a
set of cortical regions, generally known as the somatosensory cortex. These
regions are involved in the processing of all the bodily somatosensory inputs
coming from all the cutaneous (Borich et al., 2015) and visceral (Mayer, 2011)
parts of the body. The primary somatosensory cortex (SI) is a narrow cortical
area which extends mediolaterally along the posterior edge of the central
sulcus. According to the cytoarchitectural organization of neurons observed by
Brodmann in the cerebral cortex (Brodmann, 1909), the somatosensory cortex
is composed by three different Brodmann's areas: 1, 2, 3a and 3b. Different
Brodmann areas have been shown to preferentially respond to specific
somatosensory submodalities. In particular, area 1 and 3b are primarily tuned
to the perception of cutaneous inputs. Conversely, areas 2 and 3a mainly
receive thalamic inputs originating from receptors located on muscles
(Krubitzer et al., 2004; Pons et al., 1985). Consequently, they have been
associated with the processing of proprioceptive sensory signals (Tomlinson
& Miller, 2016). The secondary somatosensory cortex instead is located
ventrally to SI, lying on the upper margin of the Sylvian fissure (Eickhoff et al.,
2006). The secondary somatosensory cortex (SII) is believed to be involved in
the processing of higher order functions like the integration of basic
somatosensory inputs or the integration of sensory information originating
from the two halves of the body (Chen et al., 2008).
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1.4.1. Evidence from human studies
The current knowledge of the organisation of SI in different subregions
responding to somatosensory stimuli delivered on different regions of the body
has made significantly progress since the early studies led by Penfield (1937).
However, that is not the case for the intraoral cavity (Haggard & de Boer,
2014). Little is known about the specific location of the cortical target of dental
somatosensory stimuli within the primary somatosensory cortex. Most of the
studies in the field have investigated the cortical representation of painful
stimuli applied on dental surfaces. A metanalytic study (Lin et al., 2014) has
observed that six studies have investigated the cortical representation of
dental noxious inputs in a systematic way. Overall, those studies have
addressed two main research questions. On one hand, they investigated
whether dental painful stimuli are processed in a somatotopic, region-specific
fashion within SI. On the other hand, they were also interested in
understanding whether the cortical activation following noxious dental
stimulation is associated with the activation of the “pain matrix”, the cortical
network commonly activated during the perception of painful stimuli on the skin
(Apkarian et al., 2005). All of the studies included in the meta-analysis
confirmed the involvement of cortical regions recruited in the processing of
pain on the skin. The thalamus, insula and the cingulate cortices were
activated after participants’ dentitions were exposed to noxious stimuli.
However, only two studies out of six reported a bilateral activation of SI after
exposition to noxious stimuli. In particular, Weigelt and colleagues (2010)
delivered painful stimulation on the upper left and lower left canines and
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observed a bilateral activation in SI. More specifically, they reported a toothspecific response pattern in the ventral portion of SI. Within that region, two
areas of interest were observed. The first part of this area laid more dorsally
and responded only to painful stimuli applied on the upper left canine. The
second portion laid more ventrally and showed a preferential response for the
stimulation of the lower left canine. The two subregions did also partially
overlap, thus defining a set of voxels responding to noxious stimulation of both
teeth.
A bilateral pattern of activation was confirmed by another study
conducted by Jantsch and colleagues (2005). However, it is worth mentioning
that this study did not compare the cortical activation of painful stimuli received
on different sites of dentition. Rather, the cortical activation of mechanically
delivered painful stimuli on the upper left incisor was compared with the
cortical response to noxious events delivered on the dorsal surface of the
middle finger. All the other four studies reported in the meta-analysis
conducted by Lin and colleagues (2014) reported contradicting evidence
regarding the involvement of somatosensory cortices in the processing of
noxious stimuli. Observed results spanned from evidence supporting lefthemisphere activation to the absence of any significant activation observed in
SI.
Overall, the state of art of the research investigating the cortical target
of intra-dental afferents is still at the early stages and in need of further
evidence. Interestingly, the current knowledge of the cortical targets of
periodontal afferents is even at an earlier stage. Only several pieces of coarse
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and preliminary evidence have been provided to show the organisation of
cortical sites responding to mechanical, non-noxious stimuli. One of the first
studies that directly investigated the cortical processing of mechanical touches
applied on teeth is quite recent and published only less than 15 years ago
(Miyamoto et al., 2006). The group of research wanted to investigate the
architecture of SI by understanding whether specific subregions within SI
respond selectively to mechanical stimulation delivered on intraoral surfaces.
They delivered repeated trains of manually applied stimulation (1Hz) on three
different target regions: the right lower lip, the right maxillary incisor and the
right anterior portion of the tongue (1cm away from its midline). A probe was
used to deliver the stimulation and the tip of the probe was covered with a
material which was specific for each site of stimulation. For instance, in the
case of the teeth, the cylindric probe was covered by a grooved rubber tip.
Results showed a region-specific pattern of activation which followed a
superior-inferior

gradient.

Crucially

activations

were

recorded

only

contralaterally to the stimulation site and consequently, only on the left cortical
hemisphere. In the ventral portion of SI three different areas were activated.
The area located more dorsally responded to the stimulation of the lips. The
most ventral region was tuned to the stimuli received on the tip of the tongue.
The area responding to the stimulation of the right upper incisor instead was
located between the two aforementioned cortical regions, dorsal in respect to
the tongue and ventral compared to the lips. Although the authors claimed that
stimulation was delivered by a selected and trained experimenter, who
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delivered tactile stimulation following acoustic cues, the nature of the
stimulation was manual. Therefore, it might not have been perfectly controlled.
Another study used a more rigorous pattern of stimulation (Ettlin et al.,
2004). Notably, this is the only study that specifically aimed at mapping the
cortical activation of mechanical stimuli received on different tooth clusters. If
Miyamoto and colleagues were interested in the cortical representation of
different intraoral surfaces, Ettlin’s study aimed at a finer mapping of cortical
surfaces sensitive to the mechanical stimulation of different teeth. In order to
achieve this goal, they used custom designed bite splints. In correspondence
of specific target teeth, the splint presented circular holes which allowed
pneumatically driven pistons to mechanically stimulate teeth. 8 target teeth
were selected in this study. For each dental arch, both central incisors,
canines, second premolars and second molars were stimulated. Vibrotactile
trains of stimulation were applied uninterruptedly on target teeth for 9 seconds,
followed by 9 seconds of rest. Stimuli were applied at the frequency of 80Hz
and the maximum force recorded was equal to 4N. Interestingly, they did not
observe any area responding to such stimuli within SI. Stimuli dependent
activations were observed bilaterally only in supplementary motor area and in
the insula. Nonetheless this study followed a specific and elegant design,
stimulation was applied at high frequencies without previous evidence on
which frequency of vibrotactile stimulation can actually be perceived by
PDLMs.
A more recent study (Trulsson et al., 2010), has then investigated
PDLMs response to varying frequencies of vibrotactile mechanical stimulation.
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This psychophysical evidence was corroborated by imaging data acquired with
fMRI to show which cortical activations were observed following vibrotactile
stimulations of the left upper incisor. Only stimulation applied at low frequency
(20 Hz) elicited a significant bilateral activation of activity in primary (SI) and
secondary (SII) somatosensory cortices. Crucially, if the stimulation was
delivered at higher frequencies (50 and 100 Hz), no significant activity was
found in SI or SII (Trulsson et al., 2010).

Figure 1.9. Visual summary of the main human studies investigating the
cortical targets of dental mechanical somatosensory afferents (adapted from
Ettlin et al., 2004; Miyamoto et al., 2006; Trulsson et al., 2010).

All the studies highlighted in this section represent admirable first
attempts of mapping human cortical regions responding to somatosensory
events applied on teeth. Overall, results are contradictory and inconclusive
and that is mainly due to the lack of a strong and uniform paradigm of
stimulation which is also tailored to the sensory capacities that can be
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perceived by dental surfaces. Notably, recent technological developments
have been reached towards the applicability of precise and controlled
stimulations on teeth. In particular, the application of MRI-compatible
computer-controlled mechanical stimulators (Brönnimann et al., 2016; Sereno
& Huang, 2006) has been suggested as a putative method to observe highresolution cortical somatosensory mapping in humans.

1.4.2. Evidence from animal studies
As we observed in the previous section, the current knowledge of the
cortical representation of somatosensory stimuli in humans is still coarse.
Notably, this is not the case for primates’ studies. The reason why the
knowledge of the cortical representation of dental somatosensory stimuli in
primates is thriving is mainly due to methodological reasons. Different
techniques of investigation have indeed been used with primates. Several
studies investigated the response of cortical areas after being exposed to
somatosensory events by recording the firing of single units located in the
primate area 3b. To achieve such goal tungsten microelectrodes were inserted
on target cortical sites (Kaas et al., 2006). This technique has been crucial to
delimitate the receptive fields of single units located in area 3b (Toda & Taoka,
2002; Toda & Taoka 2004). Despite being quite invasive, this procedure has
also been used with humans (Niediek, et al., 2016).
What is unique in the animal research is the application of
electrophysiological mapping in combination with histological tracing (Jain et
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al., 1995). This technique consists in the subdermal injection of anatomic
tracers. Mechanical stimulation is then delivered on the body parts of interest.
The biological markers inserted through injection are then transported from the
receptor endings on the periphery of the body to the cortical targets of the
sensory afferents. After stimulation, monkeys are terminated, and their brains
are dissected. The localisation of the tracers in the brain offers an unequivocal
evidence in support of which cortical areas are responding to the stimulation
of specific body regions. Although there are many structural similarities
between primates’ and humans’ brains (Passingham, 2009), an important
difference subsists. In fact, electrophysiological mapping studies have pointed
out that primates’ area 3b, the primate analogue of the human primary
somatosensory cortex, has a peculiar organisation as one third of this cortical
area responds to tactile stimuli delivered on orofacial surfaces (Iyengar et al.,
2007).
An early electrophysiological study (Jain et al., 2001) showed which
cortical regions of area 3b responded to gentle tapping applied on several
facial and intraoral regions in New World monkeys. They showed multiple
ipsilateral and contralateral representations of the teeth and tongue with quite
a complex, interdigitated topography across areas. In particular, the
representation of contralateral teeth was localised in an inferior portion of area
3b. More ventrally, the representation of stimuli delivered on the contralateral
tongue was observed. Intriguingly, at the rostral extreme of area 3b, two further
representations of ipsilateral teeth and tongue were observed. As per the
contralateral representations, ipsilateral teeth area was more dorsal if
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compared to the ipsilateral tongue area. Those results were replicated by more
recent studies conducted on New World monkeys (Iyengar et al., 2007) and
macaques (Cerkevich et al., 2013). Electrophysiological mapping studies have
also been conducted to analyse the cortico-cortical projection of intraoral
primary intraoral representation with other cortical areas. Connections
between area 3b and other primary somatosensory areas (1,2, and 3a) were
observed. Moreover, area 3b of the macaque was also demonstrated to have
projections leading to secondary somatosensory area, the gustatory cortex
and primary motor and premotor areas (Cerkevich et al., 2014).

Figure 1.10. Somatotopic representation of intraoral structures in New World
monkeys (A, adapted from Kaas et al., 2006) and macaque (B, adapted from
Cerkevich et al., 2013).
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1.5. Altered dental somatosensation
In the previous sections we have analysed the mechanisms underlying
dental somatosensation from the receptor level to the cortical processing of
sensory inputs. In this section, we investigate which factors can interfere in the
canonical

dental

somatosensory

processing,

thus

altering

dental

somatosensory capacities. In other words, we will investigate which intrinsic
or extrinsic factors may have an influence on the nature of the somatosensory
experience that we perceive through dentition. Here we review the state of art
on this topic by clustering these sensory modifying agents in two different
categories: extrinsic and intrinsic agents. More specifically, here we suggest
that extrinsic factors can be further clustered in three sub-clusters, namely
toxic agents, aesthetic agents, dentistry and prosthodontry related agents.

1.5.1. Extrinsic toxic agents
During the past 50 years, the scientific community has been conducting
numerous studies to investigate the negative effect of cigarette smoking (and
thus of nicotine) on general health (Reitsma et al., 2017). All these studies
agree in pointing out that smoking still remains a striking cause of preventable
mortality (Lariscy, 2019). Among all the negative effects of smoking on
different bodily tissues, here we focus on the disrupting influence of nicotine
on dental and periodontal structures. An early study, published more than 70
years ago, was the first one to hypothesize a correlation between smoking
habits and inflammation of periodontal tissues (Pindborg, 1947). Up to date
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research confirms that soft, non-mineralised mucosal tissues, which enwrap
the gums and the entire jaw structures, are highly sensible to a sustained
exposition to nicotine, the main component of tobacco cigarettes (Malhotra et
al., 2010). More specifically, nicotine has been demonstrated to have a
negative influence on the biological substrates that host the nervous afferents
responsible for the detection and the early transmission of dental
somatosensory inputs from the mouth environment to cortical sites (Holliday,
et al., 2019).
Root canal treatments are common practices adopted when nerves and
blood vessels that inhabit the pulpal chamber and the root of the tooth are
affected by bacterial infection and go through a process of necrotic
decomposition (Murray & Saunders, 2006). A study has compared the
incidence of root canal treatments across two groups: cigarette smokers and
never-smokers (individuals who had never smoked during the course of their
lives). A statistically significant difference was observed between the two
groups. In particular, the incidence of root canal treatment was significantly
greater in cigarette smokers if compared to never-smokers. A similar negative
effect of nicotine was observed for periodontal afferents. Teeth extracted from
a sample of cigarettes smokers showed that periodontal ligaments (PDL) had
modified properties if compared to PDLs of never-smokers. In particular,
smokers’ PDLs were reduced in their number, tone and level of attachment to
their target tooth (Gamal & Bayomy, 2002). Although there are no studies, to
our best knowledge, that have directly investigated the effect of smoking on
the

somatosensory

capacities

of

teeth,

we

speculate

that

dental
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somatosensation might be negatively influenced by nicotine and consequent
smoking habits. Smoking may then be considered as one of the main extrinsic
toxic factors that modifies dental somatosensation.
In conclusion, nicotine has a disruptive effect on PDL, along which are
located

PDLMs,

the

sensory

bases

of

dental

mechanoreception.

Consequently, a population of smokers might show altered, and perhaps
diminished, dental somatosensory capacities due to the partial loss and
damage of biological substrates responsible for dental somatosensation.

1.5.2. Dentistry and prosthodontry related extrinsic agents
As we observed in the previous section, externally induced chemical
toxic factors could alter the physical structure of dentition. Therefore, they may
alter its sensory capacities. Dentistry intervention have been demonstrated to
have a role as well in the consequent residual somatosensory capacities of
teeth. Teeth extraction, and root canal treatments are the most common
procedures applied by dentists in oral surgery clinics on an everyday basis
(Adeyemo et al., 2012). The two practices share a common goal which
consists in the removal of some dental components.
Teeth extractions consist in the full removal of a single tooth or multiple
teeth following tooth decay or periodontal diseases (Hull et al., 1997). Root
canal treatments instead deprive a given tooth of its intra-dental support of
nervous afferents and blood to respond to inflammatory lesions involving
either the dental pulp or its root canals. All in all, these procedures can be
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considered as practices of sensory deprivation. Root canal treatments are
designed to remove intra-dental afferents of specific targeted teeth. The
desired outcome is the loss of sensitivity of the given tooth. Even if some cases
of persistent sensitivity after exposition to root canal treatments have been
observed (Nixdorf et al., 2010), these treatments permanently compromise
dental mechanoreception, by dramatically altering the thermoceptive, noxious
and proprioceptive response of the treated tooth. In the case of teeth
extraction, the entire tooth is pulled out from the alveolar socket.
Consequently, both intra-dental and periodontal fibres are affected. If intradental receptors endings are completely removed due to the dental
extractions, not all the periodontal afferents disappear after teeth extraction.
Nonetheless periodontal ligaments are still on site after teeth extraction, they
do not appear to reinnervate other tissue thus strongly undermining the
capacity of perceiving mechanical stimulation from such afferents (Linden &
Scott, 1989).
Further

studies

have

investigated

the

residual

sensory

mechanoreceptive capacities of humans after being exposed to “dental
amputation”. Although patients with implants replacing a previously extracted
tooth could still perceive passively delivered mechanical stimulation, their
passive touch sensibility threshold was significantly higher if compared to the
threshold observed in individuals with natural teeth. In particular, the minimal
force required so as participants could subjectively detect and feel a tactile
sensation on a dental implant was four times higher if compared to the one
required for the stimulation of natural teeth (Grieznis et al., 2010). Evidence in
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support of altered tactile sensitivity in individuals with dental implants
demonstrates not only that the extraction of a tooth alters dental
somatosensation, but also that touches delivered on dentition are directly
sensed by teeth and they are not mediated by soft tissues in the gum due to
passive transmission of pressure through dental structures.

1.5.3. Aesthetic extrinsic agents
Dental treatments are often applied not in response to structural insults
affecting dentition, but in response to aesthetic needs. Veneers and tooth
whitening are noteworthy examples of such aesthetic dental procedures.
Veneers are thin layers of material (most commonly ceramic or porcelain (Pini
et al., 2012)), which are used to restore the aesthetic aspect of misaligned,
discoloured, traumatized or fractured teeth (Vanlıoğlu & Kulak-Özkan, 2014).
Although there are no studies that directly investigated whether dental
somatosensation is altered after the application of veneers , a study has
conducted a pulp vitality test on individuals who underwent the application of
veneers as an aesthetic restorative treatment (Alhekeir et al., 2014). Pulp
vitality test is an exam to diagnose the health of the dental pulp by assessing
the response of the tooth to electrical, thermal and noxious stimuli (Alghaithy
& Qualtrough, 2017). Results showed that most of the teeth examined after
the application of veneers were not sensitive and that sensitivity of the
examined tooth was also directly depending on the material of the veneers
(Alhekeir et al., 2014).
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Tooth whitening is another aesthetic treatment that responds to the
increasing aesthetical demand of whiter and brighter smiles from the general
population (Christensen, 2005). This treatment achieves the desired
recoloration of tooth enamel by applying bleach on dental surfaces (Carey,
2014). Although this practice is commonly desired, the bleaching process has
been demonstrated to have cytotoxic effects on both the dental pulp (Llena et
al., 2019) and PDLs, the physical seat of periodontal mechanoreceptive
afferents (Kinomoto et al., 2001). In conclusion, we could classify these
aesthetic treatments as extrinsic modifying agents of dental somatosensation.
In fact, although there is no direct evidence investigating the effect of such
procedures on the sensory capacities that can be perceived with teeth, both
veneers and tooth whitening have a disruptive effect on the biological
substrates that host both periodontal and intra-dental afferents.

1.5.4 Intrinsic agents
Dental somatosensation can be altered not only by extrinsic toxic
factors like nicotine or dentistry treatments but also by some intrinsic
idiosyncratic factors. In particular, structural changes occurring on dental
organs may have an impact on their perceptive functional role. Dentin
hypersensitivity can be listed as intrinsic modifying agent for dental
somatosensation. Dentin hypersensitivity, most commonly known as tooth
hypersensitivity, is a sharp, first pain-like noxious response that normally
follows abrasion, erosion or, more generally, a dental traumatic event involving
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dental enamel (Davari et al., 2013). Alterations of the integrity of the tooth
enamel significantly increase the permeability and the vulnerability of the
dentin. Consequently, intra-dental fibres (mostly A-delta fibres) are more
easily activated in response to thermal, mechanical and chemical events
impacting

dentition

(Longridge

&

Youngson,

2019).

Consequently,

hypersensitivity acts as an intrinsic modifying agent of dental somatosensation
by altering the baseline response to dental somatosensory events. In
particular, in cases of dental hypersensitivity the thermal or mechanoreceptive
nature of some somatosensory events (e.g. the exposition to a cold drink or
an air puff) could be changed by being perceived as noxious due to the
unconventional permeability of the dentin.

1.6. A taxonomic model for dental somatosensation

The human mouth is a dynamic body surface. Within the mouth milieu
we are continuously exposed to many heterogenous sensations and to a wide
range of activities, some of which are fundamental for survival. A normal
everyday action like drinking can provide us with a very exhaustive example
of the different kind of sensations and activities that humans can experience
within the oral cavity during the everyday life. Here we propose a novel
taxonomy of such intraoral sensations in two main clusters: external and
internal oral sensations. The differentiation proposed here is similar to the
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classification proposed by McGlone and colleagues (2007) to distinguish
discriminative and emotional properties of skin somatosensory experiences.

1.6.1. Externally salient somatosensory experiences
A simple everyday activity as drinking a glass of water can be
decomposed in at least dozens of such external and internal oral
somatosensory experiences. On the first instance, the activity of drinking does
involve multiple somatosensory activities and some of those do not involve the
mouth. They are somatosensory experiences that we can perceive with tactile
receptors located on the skin. In fact, the touch we can experience with each
single finger when we grasp the glass with our hand represents an example of
such skin driven somatosensory experiences. However, as the final goal of
drinking consists in ingesting the water contained inside the glass, after having
grasped the glass with our hand, we perform a joint extension of the triceps
and a flexion of the biceps to abduct the glass towards the oral cavity. The first
contact between the lining mucosa on our lips and the edge of the glass
represents the very first somatosensory sensation we can experience within
the mouth environment when drinking. As the water approaches the lips a new
second somatosensory event occurs. This experience still consists of an
object touching the lips. However, since the lips show high precision in
detecting different textures of external objects touching their surface (Ringel &
Fletcher, 1967), this tactile event evokes a completely new oral
somatosensory experience. As soon as the water enters the vestibulum first
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and the mouth cavity proper later, many more quasi-simultaneous new oral
somatosensory experiences arise. The contact between the water and teeth
represents the first example of proper dental external somatosensations.
The main similarity between the aforementioned oral tactile
experiences is that most of them are mere passive touch events. As Gibson
has pointed out more than half a century ago (1962), the crucial difference
between active and passive touch is that the former involves tactile sensations
generated by the sensory system of the perceiver. However pure passive
sensations are quite rare in our everyday sensory experience. In fact, our oral
sensory experience might contain some level of agency. Haptic touches have
been demonstrated to assume an important role when the mouth environment
comes in contact with external objects (Biswas et al., 2014).
Coming back to our initial drinking example, with the help of the tongue
we can actively generate multiple somatosensory experiences through the
activity of swallowing water with our tongue. The use of the tongue muscles to
push the water towards the pharynx and the stretch of it towards the palate
and the gum to address the flow of the water, solicits multiple self-generated
oral somatosensory experiences. To sum up, all the aforementioned cases are
examples of some vivid oral external sensations that we can experience when
an object comes in contact with our mouth or when we directly move some of
our body parts towards a target intraoral region. Those sensations are
therefore defined external sensations as they inform us about the status of the
external environment. They arise from the direct contact between some
intraoral tissues and another surface (either an object or a body part). As well
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as discriminative touch on the skin (McGlone et al., 2007), oral external touch
subserves a sensory function of discrimination and spatial and temporal
localization by providing essential information for controlling and guiding
exploratory tactile behaviours.

1.6.2. Internally salient somatosensory experiences
However, within our oral cavity we can experience some sensations
which cannot be defined as merely external. For instance, when drinking a
glass of water, we can also hold a conversation with a friend. This multitasking
activity may therefore represent a cause of distraction. As a consequence, the
lack of full control of the hand-to-mouth motion may lead us to follow a slightly
erroneous hand-to-mouth trajectory. As an outcome, we may end up
approaching the water glass not to the lips but on our front teeth. Depending
on the speed of the approaching movement, the contact between the glass
and the tooth may generate a really sharp painful sensation. This event is the
combination of two quasi-simultaneous sensations (Lewin & Moshourab,
2004). At first, we are aware that the glass has come in contact with our
intraoral cavity and that represents an external oral somatosensory
experience. However, straight after the impact between the glass and our teeth
we are also aware of the painful stimulation arising from the impacted tooth.
This sensation has not only a discriminative nature, but it has a strong affective
and protective valence. This tactile experience provides us information which
are not regarding the external environment, yet our own sensory system.
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Consequently, internal oral sensations are defined as tactile sensory
experiences generated within the mouth milieu and providing our sensory
system information about the status of different intraoral tissues.
In addition, internal oral somatosensory experiences are not only
represented by noxious events. For example, returning to our example, the
water we are drinking may be unexpectedly cold. As soon as our mouth comes
in contact with the cold temperature of the water, we may experience a vivid
cold oral somatosensory sensation. This thermal detection represents another
example of internal oral somatosensory experience as it informs us about the
temperature to which some of our intraoral sensory tissues are currently
exposed. A further difference between external and internal intraoral sensory
experiences lays in the source of the tactile event. Whilst external touches may
arise only from the mechanical stimulations of a given intraoral tissue, internal
touches do not necessarily require physical contact as trigger for the
experience. In fact, everybody can relate with the unpleasant sensation of a
tooth ache which may also not arise from the contact of a tooth with another
surface (Renton, 2011). Rather, it is a useful internal intraoral somatosensory
experience which informs us about the status of our dentition (for instance, the
possible occurrence of a dental nerve infection).
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1.6.3. Dental specific features: external versus internal location of the
sensory afferents

The model that we suggest here divides somatosensory experiences in
two main categories: external and internal. In particular, the taxonomy that we
have proposed here is mainly based on the nature of the information that we
can derive from a somatosensory event. Consequently, oral somatosensory
experiences could be external if they inform us about the status of the
environment around us. External experiences are also crucial in sensing any
object that may interact with our mouth. Conversely, we have defined internal
sensory experiences as somatosensory events which inform us about the
structural and functional state of our intraoral organs.
As we have pointed out, this classification of oral somatosensory
experiences mainly mirrors a model proposed to classify somatosensory
experiences perceived with the skin (McGlone et al., 2007). Among the many
oral somatosensory experiences that humans may experience on an everyday
basis, dental somatosensory experiences cover a unique and peculiar role.
What is unique in the case of dental somatosensation is the location-specific
innervation of dentition. In fact, on skin/mucosal surfaces receptors
responsible for the different submodalities of somatosensation are all located
in the dermis and the epidermis (Iggo, 1985). In other words, all cutaneous
sensory receptors are located in the skin, even if their density could depend
on whether a given bodily area is hairy or glabrous (Darby & Frysztak, 2014).
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Figure 1.11. Classification of internal and external oral somatosensory
experiences. Each dental somatosensory experience may be defined as
internal or external in relation to two classifiers: the location of the sensory
afferent and the nature of the sensory information. Everyday dental
somatosensory experiences may be purely internal as toothache (A-delta
afferents are intra-dental, and the nature of the sensory information is internal
as it informs us about the status of our dentition). On the other extreme of the
spectrum we find purely external mechanical sensations. The contact of
external objects with teeth informs us about the state of the external
environment. Crucially these inputs are perceived by PDLM, located externally
to the tooth structure. However, it is worth mentioning that many common
dental somatosensory experiences have hybrid features (e.g. internal sensory
inputs arising from the contact with external objects).
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Dentition instead has a clear region-specific location of the afferent
fibres (please see section 1.3. for further details on the location of different
dental sensory afferent fibres). Intra-dental fibres are located at the core of the
tooth, within the pulpal chamber, and mainly respond to internal
somatosensory events such as noxious or thermal events. On the other hand,
periodontal fibres, located in the periodontium, and therefore outside the
structure of the tooth, are responsible to perceive external somatosensory
event such as the contact with external objects. A new dimension could then
be introduced to specifically define and further classify dental somatosensory
experiences, namely the external or internal location of the afferents. This
model is particularly useful as dentition is the only tissue sensitive to touch in
which the kind of sensory experience (either internal or external) allows us to
predict the location of the afferents and the afferent pathway followed by the
sensory input.

1.7. Beyond dental somatosensation: perceptualrepresentational processing hierarchy
In the previous sections we have described how basic dental
somatosensory stimuli can be perceived at the receptor level and conveyed to
specific cortical targets under canonical and non-canonical conditions. As
described in section 1.5, non-canonical conditions are determined by extrinsic
and intrinsic factors which can interfere with the canonical dental
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somatosensory processing, thus altering dental somatosensory capacities. In
this section we aim to cover the different stages of cognitive processing that
can occur on dental somatosensory inputs. Different cognitive models have
been proposed to describe how the brain can elaborate basic somatosensory
inputs to generate both an higher-level knowledge of the external world and
more general beliefs about our own and others’ bodies (Longo, et al., 2010).
More recently an adaptation of such model has been suggested to explain the
different levels of processing of somatosensory stimuli within the intraoral
cavity (Haggard & de Boer, 2014). Here we focus on the three levels that
characterise the cognitive processing of dental somatosensory information:
dental

somatosensation,

dental

somatoperception

and

dental

somatorepresentation.

1.7.1. Dental somatosensation
The lower level of cognitive processing of dental somatosensory inputs
consists in the primary conscious experience of tactile stimuli applied on dental
surfaces. In other words, we could define dental somatosensation as the
awareness of noxious, thermal, mechanical or proprioceptive stimuli received
on teeth. An example of primary somatosensory awareness is the detection of
the force applied with our finger when tapping a given tooth. In general, we
classify as dental somatosensation the conscious detection of the primary
features of somatosensory stimuli received on teeth. For instance, in the case
of dental mechanoreception, examples of dental somatosensory processing
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are the detection of a tooth load, its point of attack and the direction of motion
in case of dynamic stimulation.

1.7.2. Dental somatoperception
Our brain is an extraordinarily powerful processor of information. In fact,
once primary somatosensory inputs reach the brain, they can be further
processed in order to generate a higher-level kind of information. Dental
somatoperception refers to the integration of multiple primary somatosensory
inputs to generate a complex and comprehensive cognitive model of the
external world. Every time a tactile event is perceived on teeth, individual
somatosensory information of the tactile event can be combined to generate
a model of the object that has just interacted with us. For instance, when
brushing our teeth, we approach our teeth with our toothbrush. By performing
this action, we use a tool (the toothbrush) to apply repeated trains of selftouches. This action consists of several pieces of somatosensory information.
Some examples may be found in the direction of motion at a given time, the
force exerted by the toothbrush on our dentition and the thickness/flexibility of
the toothbrush bristles.
A crucial feature of the somatoperceptive level consists in the
integration of all such individual somatosensory information in order to
generate knowledge on the object which is interacting with us at a given time.
An example of somatoperceptive knowledge may be represented by the
awareness on whether our toothbrush is manual or electric or whether the
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toothbrush is brand new or it has already been used multiple times. Crucially
this combination of information can occur between different receptor types,
and different regions of the receptor surface (Haggard & de Boer, 2014). A
whole body of research has been focusing its attention on how humans create
somatoperceptive

information

after

being

exposed

to

food-related

somatosensory events in the oral cavity. A noteworthy example might arise
from wine tasting. When drinking wine our sensory experience is not only
related to the perception of the wine’s flavour through taste. Indeed, this
sensory experience also includes a group of multiple somatosensory
information. When sipping wine we can taste its properties like body,
astringency (Ma et al., 2016), balance, pricking (Jackson, 2009) temperature
and viscosity (Gawel et al., 2000). The separate perception of all these
independent properties still remains within the oral somatosensation domain.
However, the integration of all such inputs to generate a sense of how the wine
feels like inside our mouth is a pure example of somatoperceptive cognitive
processing. Previous literature has defined the phenomenon of “mouthfeel” as
the combination of multiple somatosensory properties of an object inserted in
the mouth (Niimi et al., 2017; Pickering & Demiglio, 2008). Grabenhorst and
Rolls (2014) have investigated how somatoperceptive mechanisms can
generate a “mouthfeel” during solid food consumption. They observed how the
single properties of different food inserted within the oral cavity can be
combined in order to reach a conscious percept of the texture and fattiness of
a given food item.

P a g e | 102
1.7.3. Dental somatorepresentation
In section 1.6. we observed how dental somatosensory information can
provide us basic information not only about the external world but also about
the status of our intraoral cavity. The combination and the integration of such
information leads us to generate repeated somatoperceptive representations
of our dentition as an object. Consequently, overtime we accumulate multiple
accounts of what our teeth are like as physical objects. We define dental
somatorepresentation as the overall knowledge and the totality of beliefs that
we have about our dentition. The mental representation of what our teeth look
like and what their structural properties are, represents essential defining
features of dental somatorepresentation.
According to the model that we propose here, somatorepresentation is
the highest level of the hierarchical dental somatosensory cognitive
processing. Crucially the dental somatorepresentational domain is the only
one that does not show direct correspondence between a single
somatosensory afferent and the consequent dental representation. Unlike
somatosensation or somatoperception, somatorepresentation is a stored
model about our dentition in general (Haggard & de Boer, 2014). Therefore,
such knowledge is formed over time by the accumulation of basic inputs
received

through

dental

somatosensation.

Examples

of

dental

somatorepresentational knowledge might be the awareness about the number
of elements that compose our set of teeth. The conscious awareness of having
a gap between two given teeth also belongs to this representational level
(Banu et al., 2018). Dental somatorepresentation, as more general
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somatorepresentation of the whole intraoral cavity, mainly arises from
repeated somatosensory events. Although visual information is essential to
build the somatorepresentation of our body (Longo et al., 2010), it plays a
minimal role in dental somatorepresentation. In fact, visual experience of our
dentition is rare and subordinated to tool use (e.g. looking glass).

1.8. A NASCENT perspective on human dentition

1.8.1. A “knowledge gap” for teeth
As we observed in the previous sections, the state of research on the
somatosensory capacities of teeth is still at the early stages. In particular, all
the studies described in this chapter have investigated the sensory capacities
of teeth as mere biological components of the human body. The usual
perspective that has been adopted in the scientific literature so far is mainly
analytical rather than applicative. The lion’s share of the studies published so
far have focussed their attention on the physical properties of somatosensory
events, which can be perceived trough intraoral surfaces. However, only
marginal attention has been dedicated to the implication of these properties
for a neuroscientific account of dental tactile perception. In other words, what
is missing in the study of human dentition is an approach inspired by cognitive
neuroscience.
As we have pointed out teeth are powerful sensory organs and they are
normally exposed to complex somatosensory stimuli. Stimuli might be in
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motion or be applied on different positions of the tooth. To understand how
these stimuli are perceived and thus processed at the cortical level, this line of
research could be enriched by applying techniques that are normally used in
neuroscience. In particular, the application of psychophysical methods might
be helpful to shed a renewed light on the sensory capacities of teeth. Further
knowledge about the sensory capacities of teeth observed at the behavioural
level might be essential to generate a controlled paradigm of teeth stimulation
to investigate the cortical representation of teeth within SI. Crucially, as we
have explored in previous sections, among all the somatosensory
submodalities, very little attention has been dedicated to the study of dental
mechanoreception. In fact, the majority of the studies of the field, often led by
dentists, have focused their attention on the thermoceptive and nociceptive
capacities of teeth to obtain new insight for the dental clinical practice.

1.8.2. Aim of the thesis: a NASCENT project
The main scope of this thesis consists of investigating the role of
intraoral surfaces in tactile perception. In particular the spotlight will be
primarily placed on the role of teeth as powerful sensory organs sensitive to
touch. The whole dental sensory experience will be analysed in this thesis,
from the detection of sensory signals at the receptors level to the elaboration
of such stimuli within specific regions of the central nervous system. In order
to achieve this goal several innovations in method and novel findings will be
reported to advance the scientific understanding on the role of dentition in
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tactile perception. In other words, this report describes a NASCENT
(Neuroscientific Approach to Study Capacities, Experience and Neural bases
of Teeth) perspective to study the sensory properties of teeth.
As the acronym NASCENT suggests, this approach has three main
focuses of interest. In the first instance, it aims to apply psychophysical
methods to uncover what are the sensory capacities that be detected and
transduced by teeth. The second focus of this approach aims at understanding
how such a richness of sensory inputs perceived within the mouth environment
can be processed and elaborated by our brain in order to generate oral
awareness or, in other words, the complex perception of the mouth
environment. Lastly, this approach leads to a better understanding on where
sensory information received within the mouth milieu, are processes at the
cortical level.

1.8.3. How to reach a NASCENT perspective on teeth: thesis overview
The three main focuses of this NASCENT approach will be described
in different chapters of this thesis. In chapter 2 a new behavioural paradigm
is proposed. This method has allowed us to further investigate the sensory
capacities that can perceived by PDLMs. In chapter 3 we investigate how
dental somatosensory experiences can interact to generate dental
somatorepresentation. The plastic, experience-dependent nature of this
higher-level representation will be described in detail through the results of 6
separate experiments. In chapter 4 we introduce a new paradigm to
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investigate the cortical representation of teeth in response to passively
delivered mechanical stimuli. Through different experiments we show the
cortical representation of different intraoral surfaces (teeth and tongue). More
specifically, we further investigate the topography of the cortical representation
of dentition. In chapter 5 we observe the tooth-cluster-specific activation of
the dental cortical area in response to more ecological, haptic mechanical
touches. Finally, in chapter 6, we describe the multisensory response
properties of the dental cortical area.
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Chapter 2
Dental somatosensation:
Psychophysical evidence of static and dynamic
spatial perception with teeth

2.0. Summary of the chapter
How do we perceive space through touch? The lion’s share of
neuroscience research on touch has addressed this question by exploring the
skin’s sensitivity to spatial properties of tactile stimuli on the fingertips.
However, the mouth is one of the most densely innervated parts of the body.
Several sensory receptors transmit touch in the mouth to the brain.
Nevertheless, despite its sensory richness, somatosensation in the mouth
remains poorly understood. Intriguingly, it is not clear whether stimulation on
the teeth can produce the same kind of spatial perceptions as stimulation on
the skin.
The

present

study

aims

to

investigate

whether

Periodontal

Mechanoreceptors (PDLMs), can sense spatial features of tactile stimuli
delivered on dentition, in addition to their established role in sensing force
applied to teeth. Across 5 different experiments we addressed 3 separate
research questions. Firstly, we investigated whether PDLMs exert a role in the
perception of the spatial position of static loads applied on different dental
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locations. Secondly, we aimed at understanding whether the categorical
perceptual segmentation observed across cutaneous bodily region is also a
defining feature of dental somatosensation. Lastly, we uncovered whether
PDLMs can sense and transduce properties of dynamic, moving stimuli
impacting targeted dental surfaces.

2.1. Introduction
During the last two decades, the state of art of neuroscientific research
on tactile perception has been rapidly progressing. Response properties of
mechanoreceptors located in the skin have been widely studied throughout
the years, ranging from the detection of the spatial position of a load exerted
on the skin (Bell-Krotoski et al, 1993), to the direction discrimination of a
moving object impacting a given cutaneous surface (Norrsell et al., 2001).
Cutaneous spatial tactile perception is now a consolidated concept in the
scientific literature (Badde & Heed, 2016), as well as the perceptive bias that
characterise it. The human body is not perceived as a continuous sheet
(Longo et al., 2015; Longo & Haggard, 2011; Mancini et al., 2011). Rather, it
is perceived as categorically segmented into discrete components, thus
affecting spatial perception of touches exerted across different body sites
(Knight et al., 2014). Bodily joints (e.g. the wrist) act as physical boundaries of
such segmentation (de Vignemont et al., 2009). A recent study has confirmed
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that this perceptual segmentation is not idiosyncratic to the hand, but also
affects other cutaneous body regions (Longo, 2017).
Although the vast majority of previous studies has shown a strong bias
in focussing their interest on the perceptive properties of cutaneous body
regions, human skin is not the only body regions sensitive to touch. Several
non-cutaneous body regions are sensitive to touch and a notable example is
represented by the case of dentition (see section 1.1.1).
As well as cutaneous regions of the body, dentition is exposed to a
myriad of mechanical stimuli every day, both static and in motion. For instance,
at every stage of mastication food is processed with a specific set of teeth and
then transferred across multiple tooth clusters (Hatch et al., 2001; Kwok et al.,
2004) towards the oropharyngeal region for swallowing (Hiiemae & Palmer,
1999). As shown in chapter 1, humans can sense the force of a load applied
on a given dental surface with PDLMs, periodontal sensory afferents extremely
sensitive to the mechanical properties of an intraoral tactile stimulation
(Trulsson, 1993). A study has demonstrated that PDLMs have a strong
directional sensitivity towards mechanical forces (Trulsson et al., 1992). In this
study, a nylon cube was attached to the facial surface of a target tooth and
forces were applied on the tooth by loading a constant point of attack across
trials, located in the centre of one of the six free faces of the cube.
Consequently, the tooth profile drawn by this study only describes how teeth
respond to mechanical and not to spatial properties of forces.
All in all, while such evidence represents a milestone towards a
comprehensive account of dental mechanoreception, the current state of art
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is still coarse, especially if compared with the knowledge we currently have
about somatosensation on the skin. In particular, it is not yet clear whether
spatial tactile perception is a defining feature of human teeth as sensory
organs. Not only it is not clear whether humans can perceive the spatial
features of static and moving stimuli impacting dentition, but also it is still yet
unknown whether a putative account of spatial tactile perception with teeth is
dominated by the same bias observed in cutaneous spatial tactile perception.
Position perception on teeth could follow either a linear or a categorical
trend (Goldstone & Hendrickson, 2010). According to the linear account,
position perception would be precise everywhere across dentition, within and
between teeth (see figure 2.1.A).

Figure 2.1. Visual representation of the two possible trends that position
perception with teeth might follow. If position perception with teeth followed a
linear trend (A), precision would be high both within and between teeth.
According to a categorical account (B), systematic biases in perception would
be observed. For instance, position perception could be accurate across
different regions of dentition, with poor spatial acuity within individual teeth.
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On the other hand, if position perception on teeth followed a categorical
trend, we would observe some systematic biases in the perceived perception
of touches delivered across different sites of dentition. For instance, in parallel
with the perceptual segmentation observed on cutaneous regions of the body,
humans might show high accuracy in detecting when touches were delivered
on different regions of dentition, with poor spatial acuity in the discrimination
of the spatial position of different touches applied within the same tooth.
Crucially evidence in support of the categorical account would reflect that
dentition is perceived as segmented and mentally represented in different
categories. According to a presumptive categorical account, each category
would correspond to a specific region of dentition (e.g. a single tooth, see
figure 2.1.B).
The present study addressed all the aforementioned knowledge gaps
and was based on three main research questions. The first aim of the current
study consisted of investigating whether teeth can sense and transduce spatial
properties of static touches exerted on dental surfaces. The second aim of this
study was to understand whether the perceptual segmentation observed
between cutaneous bodily regions is also a defining feature of dental
somatosensation. The third aim of this study consisted of investigating whether
PDLMs can sense and transduce properties of dynamic, moving stimuli
impacting targeted dental surfaces.
We addressed the first aim of the current study throughout experiments
1-3. In particular, we investigated whether humans can sense the spatial
position of light mechanical touches exerted on their central maxillary incisors.
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In experiment 1 and 2 we explored whether PDLMs can sense the spatial
properties of tactile events impacting the horizontal axis of the facial surface
of the two central maxillary incisors (experiment 1) and the vertical axis of the
facial surface of a target maxillary central incisor (experiment 2). In experiment
3 we investigated spatial perception of touches delivered along the incisal
surface of the two central maxillary incisors. Since in both experiments 1 and
3 multiple teeth were stimulated, that allowed us to test whether there was any
evidence of perceptual categorical segmentation across different regions of
dentition, thus addressing the second main aim of the study.
In experiment 4 we further addressed the first two aims of the current
study by investigating whether spatial perception, the putative perceptual
segmentation observed across different dental regions and the size estimation
of target regions of dentition are modified by the presence of space between
adjacent teeth.
Ultimately, in experiment 5 we addressed the third main aim of this
study by exploring how teeth respond when exposed to ecological, dynamic,
moving stimuli across targeted dental regions. More specifically, we tested
whether humans can perceive the direction of motion of linear stimuli applied
on both the orthogonal axes of the facial surface of their central maxillary
incisors.
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2.2. Materials and Methods

2.2.1. Participants
After providing written informed consent, 64 neurologically healthy
participants were recruited to take part in 5 different experiments (37 females,
aged 18-38 years of age). As this study aimed at uncovering some basic
properties of human dental somatosensation, any internal or external
modifying agent for dental somatosensation was considered an exclusion
criterion, thus compromising participation to the study (see section 1.5. for
further

details

on

modifying

agents

for

dental

somatosensation).

Consequently, all the participants recruited for this study reported not to be
smokers, not to suffer from tooth hypersensitivity, not to have history of
previous traumatic teeth injuries and not to have received any aesthetic,
orthodontic or prosthodontic dental treatment during the last year before the
study. This study was conducted in accordance with principles proposed in the
Declaration of Helsinki and was approved by the UCL research ethic
committee.

2.2.2. A NASCENT apparatus for tactile dental stimulation
In all the five experiments, participants received gentle and non-noxious
stimulation on some target dental surfaces. In order to deliver such precise
position and force-controlled stimulation we developed a new apparatus.
Three linear stage mechanical arms (Zaber A-LSQ150B and X-LSQ150B,
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Zaber Technologies ®, Vancouver, Canada) were connected so as they could
share data and power through a daisy chain. The so-called daisy chain
structure was then connected to a laptop via a USB port. Each linear stage
consisted of a moving platform with 150mm total travel space, 0.000303 mm/s
speed resolution and 0.49609375 µm spatial precision. We used Matlab
R2016b (The MathWorks, Natick, MA) to control the linear stages and keep
the moving speed of each linear stage fixed (and equal to 2 mm/s) across
experiments. Figure 2.2. shows a 3D model of the mechanical arm. The linear
stage (A) could be moved back and forth along the x axis. A similar logic
applied to the device (B) which could be moved along the z axis and the device
(C) which could perform linear motion along the y axis. Attached to the C
device, there was a wooden stick and at its tip a specific probe was mounted
(D). The three linear stages were assembled in a daisy chain to allow the
wooden stick and thus the probe (D), to be moved along all the 3D orthogonal
axes.
The probe was the only part of the mechanical arm that directly
stimulated dental surfaces. The probe was composed by materials compatible
with the mouth environment. In experiments 1,2 and 5 we used disposable
dental flosses (Wisdom Clean Between Interdental Brushes, Wisdom
Toothbrushes Limited ®, Suffolk, UK). The tip of this dental floss was flexible
and covered by soft rubber. This material granted the gentle and non-noxious
nature of the tactile stimulation delivered on teeth. However, the high flexibility
of the dental flosses was not ideal for the stimulation of all the dental surfaces
(see section 2.2.5. for further details). As a consequence, in experiments 3
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and 4 a different material was selected to respond to this mechanical need
while also granting a non-painful nature of tactile stimulation. More specifically,
in experiments 3 and 4, teeth were stroked by a common disposable toothpick.
All the dental flosses and the toothpicks used across different experiments had
an external diameter of 1mm. Consequently, the region of contact between a
target tooth and the mechanical arm was always kept constant across
experiments.

Figure 2.2. Mechanical arm used to deliver gentle and non-painful stimulation
on targeted dental surfaces across experiments 1-5. The combination of three
linear stage devices (A, B and C) allowed the probe (D) to be moved along all
the orthogonal 3D axes.
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As mentioned above, all the tactile stimulations were non-painful and
consisted of gentle touches applied at a constant speed (2 mm/s) and pressure
(<2N). To further control that the pressure exerted on teeth across trials was
delivered according to the initial design plan (<2N), in experiment 4 we
implemented a pressure recording system. In this experiment, a single disc
load cell (Load Cell – 50 kg, Disc (TAS606), SparkFun Electronics ®, Boulder
Colorado, US) was inserted between the wooden stick and the mouth
compatible probe. Every time the probe impacted a dental surface, the load
exerted on the target tooth was detected and recorded. The load cell device
was then connected to a load cell amplifier (SparkFun Load Cell AmplifierHX711, SparkFun Electronics ®, Boulder Colorado, US) and managed by a
microcontroller (Arduino Mega 2560 Rev3, Arduino ®, Monza, Italy). Individual
data obtained from the online pressure recording system in experiment 4 are
reported as supplementary information (see Appendix A).
All in all, the mechanical arm was demonstrated to be safe for dental
stimulation as we could control both speed and pressure applied on teeth. To
guarantee the precision of stimuli location across trials, we controlled and
standardised the starting position of the mechanical arm before each trial
across participants. This procedure allowed us to control for participants’
potential head motion across trials. By monitoring head motion, we also made
sure that the pressure exerted on different dental locations was comparable
and not mismatched due to the motion of dentition across trials. In each trial,
after the tactile stimulation was delivered, the mechanical arm was
programmed to stop in a standardised starting position to allow the
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experimenter to check the alignment between the mechanical arm and each
participant. The standardised starting position consisted of the probe being
located 2mm away (along the proximo distal axis) from the mesial edge of the
horizontal midline of the right maxillary incisor. The progression between
consequent tactile stimulations was prompted manually by the experimenter
for each trial, after checking that the probe was in the expected standardised
starting position.

2.2.3. Position perception with teeth: static and dynamic dental
somatosensory capacities across dental surfaces
In this study we investigated which spatial features of a tactile
stimulation could be sensed and transduced by human teeth. To achieve such
goal, we designed 5 experiments across which we manipulated two main
aspects of the tactile stimulation: the mode of stroking (static or dynamic) and
the target dental surface (facial or incisal).
In relation to the mode of stimulation we had two main goals. Firstly, we
wanted to investigate whether our teeth can discriminate the spatial position
of static loads delivered on different locations along a given surface of a target
tooth. Consequently, in experiments 1, 2, 3 and 4 participants performed
dental position perception tasks. In these tasks, participants received static,
punctiform stimuli on their dental surfaces. After each trial, participants were
then prompted to judge the perceived position of the dental load they had just
received.
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Figure 2.3. Static and dynamic tactile stimulation delivered on different dental
surfaces (facial or incisal) across five separate experiments.

Secondly, we aimed at uncovering whether teeth can also sense and
transduce complex properties of mechanical stimuli impacting their surface. In
fact, during our everyday life, our intraoral cavity and its dentition are more
likely to be exposed to dynamic rather than to static stimuli. Food moving
across different tooth clusters during mastication or a toothbrush stroking our
teeth during a routine oral hygiene session are notable examples of common
moving stimuli to which our teeth are exposed on an everyday basis.
Therefore, in experiment 5 participants received linear stimuli in motion on
specific regions of their dentition.
The second dimension we manipulated across experiments is
represented by the dental site that was stimulated. Both the facial
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(experiments 1,2, 4 and 5) and incisal surface (experiments 3 and 4) were then
stimulated in different experiments. In this way we could not only investigate
the properties of spatial dental mechanoreception, but we could also
understand whether such properties varied across different dental surfaces.

2.2.4. Experiments 1 and 2: Position perception of static stimuli delivered
on the facial dental surface
In experiment 1 (N=10, 4 females, mean age ± SD: 24.9 ± 1.5 years) we
investigated whether humans can perceive the spatial position of different
stimuli delivered on different locations of the facial surface of their central
maxillary incisors. Participants were invited to sit in front of a table and place
their hands on top of the table. Further instructions invited them to rest their
chin on a chinrest while keeping their dental arches close together. Crucially,
participants were also asked to keep their head as still as possible. In front of
the chinrest was placed a mechanical arm (see section 2.2.2. for further
details). The mechanical arm was used to deliver static and punctiform tactile
stimulation across the whole testing session. The probe of the mechanical
arm, which directly stimulated participants’ dental surfaces, was a sterilised
disposable dental floss. Across the total length of the testing session,
participants wore sterilised, disposable polycarbonate c-shape lip retractors
(C-Shape Cheek retractors Mouth Lip Opener, Amazon, UK). As the focus of
this

experiment

consisted

of

uncovering

the

properties

of

dental

mechanoreception, these devices were implemented to prevent accidental
stimulation of other intraoral surfaces (e.g. lips). The size of the lip retractor
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(small: 96x70x20mm, medium: 120x80x20mm or large 135x90x20mm) was
adapted for each participant to allow comfort during testing.
Each trial consisted of a punctiform static stimulation delivered on one
out of 8 possible target positions along the horizontal midline of the facial
surface of two central maxillary incisors. Each stimulation was delivered with
a controlled force (<2N) and a constant approaching speed to the tooth
(2mm/s). The length in time of the contact between the probe of the
mechanical arm and the dental surface was constant across trials and always
equal to 1s. For each participant, each target point was stimulated 10 times,
for a total of 80 trials of tactile stimulation. The order of trials was randomised
for each participant. Due to the possible fatigue effect derived by wearing the
lip retractor, a break was scheduled after 40 trials. Additional breaks were
conceded in case of necessity. The eight target positions were equidistant (2
mm away from each other) and laid along the horizontal midline of participants’
upper central incisors, 4 on the left upper incisor (target points 5-8) and 4 on
the right upper incisor (target points 1-4). Stimulations were centred on the
dentition’s midline and thus on the demarcation line between the two central
incisors. Consequently, due to their position, in close proximity to the mesial
edge of a maxillary central incisor, target points 3-6 were defined as mesial.
Similarly, target points 1,2,7 and 8 were defined as distal, due to their proximity
to the distal edge of the maxillary incisor. The more mesial target position on
the left maxillary incisor (target point 5) lay 1mm away from the inter-incisors’
demarcation line. The same logic applied on the right maxillary incisor, with
the most right mesial stimulus (target point 4) being applied 1 mm away from
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the aforementioned demarcation line. Figure 2.3. shows an overview of the
target points used in this experiment and figure 2.4. shows a numbered visual
depiction of the target points used in experiment 1.
During the stimulation time participants wore headphones playing white
noise and a blindfold to avoid the effect of either acoustic or visual cues on the
tactile perception task. At the end of each trial, the experimenter removed the
blindfold from participant’s eyes to allow them to express a position judgment
on the stimulation they had just received. After each trial, a computer monitor
placed by the mechanical arm displayed a question “Where did you perceive
the touch?” and a horizontal line (640pixel (169.3mm)) along which there was
a movable cursor. The position of the text and the line on the screen were fixed
across participants, with the line always appearing at the centre of the screen
and the string of text displayed on top of it. The thickness of the line was always
fixed and equal to 11.3 pixel (3mm). Participants were instructed that the line
mirrored the horizontal midline of their maxillary central incisors, with the left
edge of the line representing the distal side of their left maxillary incisor and
the right side of the line representing the distal side of their right central upper
incisor. Participants were then instructed to move the mouse placed on the
table in front of them to position the cursor along the line and to click in
correspondence of the point of the line that better represented the location of
the perceived touch on teeth. Position judgments were not time constrained
and the appearing position of the cursor after each stimulation on the line was
randomly determined in each trial. A one-dimensional line (and not a veridical
image of teeth) has been used as a response method to minimise the amount
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of anatomical cues provided to each participant. An image of veridical teeth
has an intrinsic landmark (the inter-incisors’ demarcation line), which may
provide participants an additional cue for their position judgment across
different teeth.
To our best knowledge this is the first experiment to investigate the
spatial sensory capacities of human teeth. Therefore, in the absence of any
established estimate, the effect size was estimated from a pilot experiment
(N=16). In the pilot, every aspect of the method was comparable to experiment
1. As this study aims at understanding whether there are any systematic
biases in tactile perception with teeth we tested for perceptual discontinuity
between inter-dental and intra-dental touches received on the 8 target points
(t(15)=3.483, p=0.003, see section 2.2.8. for further details on this analysis)
and we observed an effect size of dz = 1.07. For sample size calculation we
assumed a two-tailed 5% type I error rate and 80% power. The power
calculation, conducted with G*Power (Faul et al., 2007), suggested that 9
participants were required to demonstrate the effect. However, we chose a
minimum sample size of 10.
In experiment 2 (N = 10, 9 females, mean age ± SD: 24.0 ± 1.1 years),
participants were required to judge the position of stimuli delivered across the
vertical midline of the facial surface of a target central maxillary incisor. Half of
the sample was tested on the left central incisor and the other half was tested
on the right central incisor. The vertical orientation of the stimuli did not allow
stimulation of contiguous target teeth on the same dental arch. Thus, all the
stimulations were delivered on one single target tooth. Consistent with
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experiment 1, in which each incisor was stimulated on 4 possible target points,
in this experiment we defined 4 possible target points of stimulation, with target
point 4 one being close to the apex of the tooth and target point 1 being close
to the incisal surface of the tooth. The distance between adjacent target teeth
was kept constant (2mm). Stimuli laid along the vertical facial midline and were
centred on the facial surface of the target maxillary incisor. Consequently,
each of the central target points laid 1mm away from the centre of participants’
target tooth. The response method for the position judgment was adapted for
the vertical axis. In fact, the line with the cursor was displayed with a vertical
orientation. Participants were then instructed that the line represented the
length of their target central maxillary incisor, from the apex to the incisal
surface. All the other aspects of the method were identical to experiment 1.

2.2.5. Experiment 3: Position perception of static stimuli delivered on
incisal dental surfaces
In experiment 3 (N = 10, 8 females, mean age ± SD: 22.1 ± 1.4 years)
participants received static stimulations on a different dental surface: the
incisal surface of their central maxillary incisors. As in experiment 1, all the
target points were equidistant (2mm away from each other) and centred on the
horizontal midline of participants’ central maxillary incisors. Consequently, the
two more mesial stimuli both laid 1 mm away from the inter-incisors’
demarcation line. In order to stimulate the incisal surface of teeth, participants
were required to keep their mouth open. This procedure allowed the
mechanical arm’s probe to easily reach the desired dental surface. In order to
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prevent occlusal motion and the fatigue effect due to the maintenance of an
open mouth position during testing, participants were required to wear flexible
bite blocks (Helpie bite block, Medrian Healthcare ®, Joensuu, Finland). Bite
blocks are intraoral wearable devices that are worn between the two dental
arches and keep the mouth open by approximately 3 to 4 cm beyond its resting
position. The bite blocks used in this experiment included a tongue holder
which allowed normal swallowing. Different bite blocks’ sizes were used to
properly fit participants’ mouths.
Since we stimulated the incisal surfaces of maxillary central incisors,
the probe of the mechanical arm approached the tooth with an upward pattern
of motion. Dental flosses which were used in experiments 1 and 2 were not
rigid enough to deliver this kind of tooth load without being flexed.
Consequently, in this experiment we selected another material as probe of the
mechanical arm. Common toothpicks, compatible with the mouth environment,
and comparable to the dental flosses for their external diameter (1mm), were
used to stimulate teeth. This choice was due to their higher level of internal
rigidity and resistance to flexibility. All the other aspects of the method were
equal to experiment 1.

2.2.6. Experiment 4: The effect of diastema on dental somatosensation
and somatorepresentation
The main aim of this experiment consisted of investigating whether the
presence of a naturally occurring gap between the central maxillary incisors
(diastema)
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individuals

could

have
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effect

on

dental
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somatosensation and somatorepresentation. Consequently, two groups of
subjects were recruited to take part in this experiment. 10 Participants were
recruited to be part of the diastema group (5 females, mean age ± SD:
22.8 ± 2.3 years) and another 10 participants were recruited to be part of the
control group (4 females, mean age ± SD: 22.5 ± 3.2 years). Participants of
both groups met all the inclusion criteria listed in section 2.2.1. In addition, a
further inclusion criterion was needed to be part of the diastema group. All the
participants that volunteered to be part of the diastema group presented a
maxillary midline diastema between their maxillary central incisors. The width
of the inter-dental space ranged between 1mm and 5mm (mean width ± SD:
1.8 ± 1.2mm) in this group. In line with the clinical definition of maxillary midline
diastema (Keene, 1963; Umanah et al., 2015), we considered as diastemata
only distinctive gaps between the two upper incisors which were wider than
0.5mm. Therefore, only participants with a diastema wider than 0.5mm were
then recruited to take part of the diastema group.
Participants belonging to both groups performed four experimental
tasks: facial position perception task, incisal position perception task, visual
incisors size estimation task and visual incisors distance estimation task. The
first two tasks were used to investigate the somatosensory position perception
capacities of teeth across different groups (diastema and control). These two
tasks were respectively equal in all the method’s aspects to Experiment 1 and
Experiment 3. Two further tasks were adopted to investigate how
somatosensory stimuli are combined in order to generate knowledge
regarding the dimension of teeth (see section 1.7.3.).
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In the visual incisors size estimation task participants judged whether a
visually presented line on a monitor was more slender than a particular portion
of their dentition. This metric task is an adapted version of the line length task
suggested by Longo and Haggard (2012). In this task a comparative 2-AFC
paradigm (two alternative forced choice) was used. There were two blocks of
49 trials each. In one block (Block A), participants judged the width of a target
central maxillary incisor. Half of the participants judged the width of their left
central maxillary incisor and the other half judged the right maxillary incisor. In
the other block (Block B), participants judged their total incisors’ width, which
we defined as the distance between the distal sides of the two central maxillary
incisors. The order of the blocks was randomised across participants. In both
the blocks, the line displayed on the monitor represented the actual width in
mm of the target region of dentition (either an incisor or the incisors’ width)
modified by a specific factor. In each block seven width modifier factors were
used (-6,-4,-2,0,2,4,6mm). Since the number of trials per block was equally
split across different width conditions, participants were presented with a line
as wide as their target region of dentition in only one seventh of the total trials
per block. Consecutive trials were separated by a 500ms blank screen. The
order of the trials per blocks was randomised for each participant.
The proportion of “no” responses to the experimental question
investigating whether the line presented on the monitor was perceived as
being more slender than a target tooth (Block A) or than the incisors’ width
(Block B) was computed for each line presented on the screen for each
participant. Logistic functions were fit to each participant’s response profile for
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each block with a maximum likelihood procedure (Wichmann & Hill, 2001)
using the Palamedes Toolbox (Prins & Kingdom, 2018) in MATLAB R2018a
(The MathWorks, Natick, MA). Goodness of fit was assessed with R2 values.
For each participant we calculated the point of subjective equality (PSE). PSE
were determined as the point the psychometric function crossed the 50% mark
on the y-axis. This point denotes the line length for which a participant was
equally likely to judge it wider or more slender than their target incisor (Block
A) or the incisor’s width (Block B). PSE values were thus used as a measure
of perceptual bias in the estimation of the size of target regions of dentition.
PSE values significantly greater than zero indicate that participants show a
systematic bias and that the target incisor (block A) or the incisor’s width (block
b) are perceived as being wider than they actually are. PSE values significantly
less than zero provide evidence in support of the opposite trend.
The visual incisors distance estimation task was a single trial task in
which participants were visually presented with a 640pixel line on a screen. As
in experiments 1,2 and 3, participants were instructed that the line represented
the distance between the two distal sides of their central maxillary incisors.
Two moving cursors appeared sequentially along the line to allow participants
to express the perceived position of the mesial sides of both their incisors.
Participants were instructed that the first cursor they could see and move
represented the left edge of their left incisor. They could observe and control
the other cursor to express the perceived position of the mesial side of the
right incisor only after judging the position of the mesial edge of the left incisor.
The appearing position of both the cursors was randomised for each
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participant. Finally, during both the visual incisors size estimation task and the
visual incisors distance estimation task we prevented participants to use haptic
exploration of their teeth with other intraoral tissues (e.g. tongue or lips) as
source of additional somatosensory clues. Consequently, participants were
required to wear a lip retractor and a bite block during the whole testing time.

2.2.7. Experiment 5: Perception of dynamic properties of stimuli applied
on facial dental surfaces
14 participants took part in experiment 5 (7 females, mean age ± SD:
25.0 ± 1.2 years). To our best knowledge this was the first experiment to
examine motion perception on dental surfaces. Therefore, in the absence of
any established estimate of the effect size, we based power calculation on
pilot data (N = 8). With an observed effect size of dz = 0.72, α = .05, and β =
.8, the analysis resulted in N = 14. During the testing session, all participants
sat in front of a table and placed their chin on a chinrest. Participants were
invited to keep their dental arches close together while also trying to stay as
still as possible with their head. During each trial, a mechanical arm (see
section 2.2.2.) was used to deliver dynamic stimuli on the facial surface of the
central maxillary incisors. A lip-retractor was used to avoid undesired
stimulation of the lips during testing (see section 2.2.3.). Half of the sample
received the tactile stimulation on the facial surface of their right central
maxillary incisor. The other half of the participants was stimulated on the facial
surface of their left central maxillary incisor. Each trail consisted of a 5mm
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linear stimulus delivered along the midline of the facial surface of the target
maxillary incisor.
The task was organised in two blocks: the vertical and the horizontal
block. The order of the blocks was randomised for each participant. Each block
consisted of 40 total trials. In the vertical block participants received linear
stimuli which were centred across the vertical midline of the target maxillary
incisor. Among the 40 trials, half of the stimuli were delivered with a downward
pattern of motion. The other half had the reverse upward pattern. During each
trial, participants were instructed to wear a blindfold and headphones playing
white noise to reduce the effect of visual and acoustic clues on their
performance. At the end of each trial the experimenter removed the blindfold
from participants’ eyes to allow them to express their directional judgement. In
particular, participants were required to judge the direction of motion of the
linear stimulus by answering the question “Was the stimulus moving
downward?”. Participants were allowed to express their dichotomous yes/no
answer by pressing two different buttons on a keyboard. In the horizontal block
the linear stimuli were centred across the horizontal midline of the facial
surface of the target maxillary incisor. The direction of the stimuli was leftward
in half of the trials and rightward in the other half. Finally, the question
presented to participants after each trial was adapted for the horizontal axis
(“Was the stimulus moving rightward?”). Other aspects of the method in the
horizontal block were equal to the vertical block.
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2.2.8. Data analysis
In the position perception tasks we measured the perceived position of
touches delivered on dental surfaces. After each trial, participants judged the
perceived position of tactile stimuli received on teeth by positioning a cursor
along a visually presented line on a monitor. Participants were instructed that
the line represented the distance between the distal sides of both their central
maxillary incisors (Expt. 1, 3 and 4) or the length of the target maxillary incisor
(Expt. 2). In experiments 1,3 and 4 each point on the line was computed as a
percentage of the total line width, with 0% being at the left edge and 100%
being at the right edge of the line. In experiment 2, 100% corresponded to the
top point of the line and 0% corresponded to the extreme bottom of the line.
We defined perceived position of touch (PPT) as the position along the line,
expressed as a percentage of overall line length, at which participants placed
the cursor after stimulation. Their response is thus 1:1 isomorphic with the
perceived spatial position of each tactile stimulus on teeth.
The perceived position of each tactile stimulus represented the
observed performance of each participant. We standardised the spatial
position on which tactile stimuli were delivered on different dental surfaces by
centring the 8 target points along the facial horizontal (Expt. 1 and 4), facial
vertical (Expt. 2) or incisal (Expt. 3 and 4) midline of the stimulated dental
surface. We calculated the optimal perception of touch (OPT) defined as the
percentage of the line which exactly corresponded to the position of the target
point on teeth. OPT scores reflect the ideal performance in position perception
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tasks. In experiments 1,3 and 4 we calculated the OPT for each target point
as follows:

𝑂𝑃𝑇$ =

(𝑖( + 𝑑+ ) ∗ 100
𝐼(

(1)

with iw being the width (in mm) of a single maxillary central incisor, dd being
the distance (in mm) between a given target point and the inter-incisors’
demarcation line and Iw being the incisors’ width (the distance in mm between
the distal sides of the two central maxillary incisors). Since the value of iw
varied across participants, OPT values for each target points were
idiosyncratic and computed for each participant.
In Experiment 2 a single tooth was stimulated along the vertical midline
of its facial surface. Consequently, the formula to calculate OPTs for each
target point was adapted as follows:

𝑂𝑃𝑇1 =

((𝑖2 /2) + 𝑑5 ) ∗ 100
𝑖2

(2)

Il corresponded to the length of the stimulated incisor (in mm), whereas dc
corresponded to the distance (in mm) between a given target point and the
centre of the facial-vertical midline.
In experiments 1,3 and 4 the ability of a participant to localise touches
impacting target locations across the two central maxillary incisors was
assessed for each participant by modelling mean PPT values for each of the
8 target points as a function of their correspondent OPT values using a leastsquares linear regression. The slope of the regression line was used as our
main measure of precision in participant’s localisation ability (please see Miller
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et al., 2018 for a similar data analysis approach). To assess whether
performance was ‘near ideal’, we used a one-sample t-test to compare the
slopes of the regression lines to 1 (that is, the slope of the equality line). To
check whether localisation ability varied across regions of dentition we also
compared to 1 the slope of the regression line computed for the target points
laying on each individual central maxillary incisor (1-4, right maxillary incisor;
5-8, left maxillary incisor) and between the mesial edges of the two maxillary
central incisors (target points 4-5). Given that in experiment 2 only one
maxillary central incisor was stimulated, in this experiment we modelled mean
PPT values for each of the 4 target points as a function of their correspondent
OPT values using a least-squares linear regression. The slope of the
regression line was then compared to the slope of the equality line using a
one-sample t-test. All statistical tests were two-sided.
Finally, for each target point we obtained individual residual scores (r),
computed as the difference between PPT and OPT.
𝑟 = 𝑃𝑃𝑇 − 𝑂𝑃𝑇

(3)

r scores directly reflected the bias in perceived position of touch with
respect to the true stimulus location of participants in the position perception
tasks. The more observed r values for each target point differed from zero, the
more the spatial localisation of touches on teeth was biased.
We then estimated Constant Errors (CE) to investigate whether
systematic biases characterised the localisation judgement of participants
along different dental surfaces (horizontal midline of the facial surface of
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maxillary central incisors, Expt. 1 and 4; vertical midline of the facial surface
of maxillary central incisors, Expt. 2; incisal surface of maxillary central
incisors, Expt. 3 and 4). CE were computed by comparing average residuals
observed for each participant in each target point to zero (null bias) using onesample t-tests. All statistical tests were two-sided (see Mancini et al., 2011 for
a similar approach).
In experiments 1,3 and 4 either one of two teeth could be stimulated on
each trial. The 8 target points were equally distributed along the two central
maxillary incisors. In experiments 1 and 3 all target points were equidistant
and positioned 2mm away from each other. In experiment 4 the same logic
applied for the control group. It is worth noticing that both the control group in
experiment 4 and all the participants recruited in experiments 1 and 3 did not
show any physical gap between their maxillary central incisors. Consequently,
the two mesial target points lay on two different teeth and each of them lay 1
mm away from the mesial edge of the incisor. However, in the diastema group
recruited to take part in experiment 4, the distance between mesial target
points varied as a function of the width of each individual subject’s diastema.
All the other target points were equidistant and positioned 2mm from each
other.
To check whether there was any evidence of discontinuity in perception
among continuous target points (4 and 5) laying on different teeth we applied
the following approach. For each participant, we measured the difference
between the average residuals across trials obtained for the two mesial target
points (r5 and r4) as follows:
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∆ : = 𝑟; − 𝑟<

(4)

Secondly, we computed the average sum of the differences between
all the other couples (n=6) of adjacent average distal residuals across trials (r1,
r2, r3, r6, r7, r8). Square brackets have been inserted to visually separate
residuals of the two maxillary central incisors.

∆ +=

∑[(𝑟? − 𝑟@ ) + (𝑟A − 𝑟? ) + (𝑟< − 𝑟A )] + [(𝑟C − 𝑟; ) + (𝑟D − 𝑟C ) + (𝑟E − 𝑟D )]
𝑛

(5)

Any difference between ∆m and ∆d observed across participants would
provide evidence of perceptual categorical segmentation. In particular, that
would indicate that the distance between two adjacent target points is
perceived in a different way, depending on whether the two target points lay
on the same tooth or on different teeth and thus crossing the inter-incisors’
demarcation line (experiments 1-3 and experiment 4, control group) or the
physical gap between the two incisors (experiment 4, diastema group).
Interestingly, in both cases mesial target points lay on two different sides of
the body midline.
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Figure 2.4.Position perception judgment in experiments 1 and 4. The black
line displayed on the monitor corresponds to the incisors’ width of each
participant. Whenever a tactile stimulus is delivered on a target point (green
circle), each participant positions the cursor along the line on the monitor to
express their perceived position of touch (PPT). For each target point, the
difference between PPT and the optimal perception of touch (OPT) is
represented by the residual score (r). The computing process for OPT, PPT
and r scores is comparable for the vertical facial (Expt.2) and the incisal (Expt.
3 and 4) dental surfaces. (B) Approach used across experiments to test for
categorical segmentation in the perception of continuous target points across
different regions of dentition. PPTs, OPTs and residuals are shown for each
target point.
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2.3. Results

2.3.1. Experiment 1: Position perception of static stimuli delivered on
the horizontal axis of the facial surface of central maxillary incisors
In experiment 1 a one-way repeated measures ANOVA was computed
to investigate whether the spatial position of a load exerted along the
horizontal midline of the facial surface of the two central maxillary incisors had
an effect on the individual residual scores obtained for each target point. We
defined the factor spatial position as having 8 levels since stimuli could be
applied on eight different spatial positions. Results showed a significant main
effect of spatial position (F(1,7)=15.860, p<.001, ηp²=.638).
In order to assess precision in localisation judgments we compared the
slope of the regression line (see section 2.2.8. for further details) across all
target points to ideal performance (slope =1). We observed no significant
difference between the two slopes (mean slope = .962 ± .085; one-sample ttest versus ideal: p=.196), reflecting a near-ideal performance. The same
pattern of results was observed within each individual tooth (all p >.111). The
slope of the regression line between the two mesial target points showed a
modest, trend-level difference from the ideal performance (mean slope = 1.044
± .062; one-sample t-test versus ideal: p=.049).
The analysis of CE (see section 2.2.8. for further details), highlighted
that systematic biases in tactile localisation judgement were observed for distal
target points of the two central incisors (target points 1,2 and 8, all p<.001). A
modest evidence in support of a similar trend was observed also in the distal
target point 7 (t(9)=-2.321, p=.045). No evidence was found in support of

P a g e | 138
systematic biases for all mesial target points (all p>.110), apart from the mesial
target point 5 (t(9)=3.035, p=.014).
To test for categorical discontinuity across different teeth we compared
the averaged residuals across mesial and distal points across participants (∆m
and ∆d, see section 2.2.8. for further details). We observed a statistically
significant difference between ∆m and ∆d (t(9)=-4.478, p=0.001), with a positive
average ∆m (M=8.664, SD=±9.143) and a negative average value of ∆d (M=5.44, SD=±1.099) across participants.

2.3.2. Experiment 2: Position perception of static stimuli delivered
along the vertical axis of the facial surface of central maxillary incisors
In experiment 2, a one-way repeated measures ANOVA was computed
to investigate whether the spatial position of a dental load exerted along the
vertical midline of the facial surface of a target central maxillary incisor had an
effect on the individual residual scores obtained for each target point. We
observed a significant main effect of spatial position (F(1,3)=71.203, p<.001,
ηp²=.888). In addition, the slope of the regression line across the 4 target
points was significantly different from 1 (mean slope = .864 ± .168; one-sample
t-test versus ideal: p=.031).
Constant Errors (CE) were observed along the vertical midline of the
facial surface of the target maxillary central incisors for target points 1,2 and 4
(all p<.017) but not for target point 3 (t(9)=-1.081, p=.307).
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2.3.3. Experiment 3: Position perception of static stimuli delivered on
the incisal surface of central maxillary incisors
A further one-way repeated measures ANOVA was computed on the
average residual scores observed for each target point in experiment 3. We
defined the spatial position as factor with 8 levels as in this experiment teeth
could be stimulated across 8 different locations along the incisal midline of
both the central maxillary incisors. Our data showed a significant main effect
of spatial position (F(1,7)=48.301, p<.001, ηp²=.843). Localisation judgments
were demonstrated to be significantly different from ideal performance in both
individual teeth and across all the 8 target points (all p>.006). However, we
observed no significant difference when comparing the slope of the line
between the two mesial target points to one (mean slope = .983 ± .045; onesample t-test versus ideal: p=.282), reflecting a near-ideal performance.
The analysis of CE highlighted that systematic biases in tactile
localisation judgement were observed for all target points (all p<.010), apart
from the two mesial target points 4 and 5 (all p>.220).
A significant difference was observed between average ∆m and ∆d
(t(9)=-3.477, p=0.006), with a near-zero average ∆m (M=-0.978, SD=±4.704)
and a negative average value of ∆d

(M=-7.363, SD=±2.411) across

participants.
Paired post-hoc t-test (two tailed) were conducted and corrected with
the Benjamini and Hochberg corrections for multiple comparison (False
discovery rates, Benjamini and Hochberg 1995) to further investigate the
significant main effects of spatial position observed in experiments 1-3 and are
reported in table 2.1.
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Figure 2.5. Results of the position perception tasks across the horizontal
(Experiment 1, A) and vertical (Experiment 2, B) axis of the facial surface of
central maxillary incisors. Position perception across different location of the
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incisal surface of the incisal surface of central maxillary incisors (Experiment
3, C). Error bars show the standard error of the mean. Nonetheless analyses
were conducted on residual scores (r), for visualisation purposes here we
report the perceived position of touch (PPT) and the optimal perception of
touch (OPT) for each target point.

Table 2.1. Pairwise comparisons computed in experiments 1-4. For each
comparison in each experiment, we report critical p values and corrected p
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values with Benjamini and Hochberg correction at a false discovery rate of
0.05. Significant results are presented in bold.

2.3.4. Experiment 4: Position perception and teeth size estimation
across experimental groups
To analyse the effect of the presence of diastema, the dental surface
and the target point stimulated on the individual residual scores obtained for
each target point, we computed a three-way mixed ANOVA. The spatial
position of touch (8 levels) and dental surface (incisal vs facial) were defined
as within-subjects factor and diastema (present vs absent) was defined as
between-subjects factor. Data showed a significant main effect of spatial
position (F(1,18)=25.016, p<.001, ηp²=.582). Both the main effects of dental
surface (F(1,18)=.709, p=.411,ηp²=.036) and diastema group (F(1,18)=3.370,
p=.083, ηp²=.158) were not statistically significant. A weak interaction was
observed between dental surface and diastema (F(1,18)=4.491, p=.048,
ηp²=.200). All the other two-way and three-way interactions were not
statistically significant (all p>.749).
To further investigate the interaction between diastema and dental
surface, we used simple effects analysis (Howell, 1997) to compare the
residual scores between incisal and facial dental surfaces for each
experimental group (diastema and control). More intriguingly, when observing
the residual scores obtained for the facial surfaces, we observed differences
between the performance of the diastema and the control group (t(18) =
-2.475, p= .023, two-tailed). This difference was not observed when
considering the performance observed on the position perception task for the
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incisal surface (t(18) = -1.084, p= .293, two-tailed). No differences where
observed among the residuals observed across position tasks (facial and
incisal) within both groups (all p>.075). Paired post-hoc t-test with Benjamini
and Hochberg corrections (two tailed) were conducted to further investigate
the significant main effect of spatial position. Results are reported in table 2.1.
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Figure 2.6. Results of the position perception tasks across groups (diastema
and control) for the facial (A) and incisal (B) dental surface. Nonetheless
analyses were conducted on residual scores (r), for visualisation purposes
here we report the perceived position of touch (PPT) and the optimal
perception of touch (OPT) for each target point. Please note that if OPTs are
distributed linearly for the control group, that is not always the case for the
diastema group. In fact, the slope of the line changes between mesial points
4 and 5 due to the idiosyncratic distance between such target points caused
by the presence of diastema. Error bars show the standard error of the mean.

In order to assess precision in localisation judgments we compared the
slope of the regression line across all target points to ideal performance (slope
=1) for both the dental surfaces (facial and incisal) in both groups (diastema
and controls). In the control group we observed near ideal performance in the
localisation performance in both the facial (mean slope = .991 ± .064; onesample t-test versus ideal: p=.687) and the incisal surface (mean slope =.987
± .078; one-sample t-test versus ideal: p=.621). The same trend held true
within each individual tooth for both the dental surfaces (all p >.186). The slope
of the regression line between the two mesial target points was different to the
ideal performance only in the facial surface (mean slope = 1.090 ± .044; onesample t-test versus ideal: p<.001), but not in the incisal surface (mean slope
= 1.039 ± .072; one-sample t-test versus ideal: p=.123). In the diastema group,
the analysis of the localisation performance on the facial surface showed that
the slope of the regression line was significantly different from ideal across all
the 8 target points (mean slope =.932 ± .047; one-sample t-test versus ideal:
p=.001) and within the left (mean slope = .922 ± .066; one-sample t-test versus
ideal: p=.005) but not the right (mean slope = 1.010 ± .025; one-sample t-test
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versus ideal: p=.898) maxillary central incisor. Modest evidence in support of
the same trend was observed for the incisal surface (all p>.046). Lastly, the
slope of the regression line between the two mesial target points was not
statistically different from the ideal performance for both the dental surfaces
(all p>.558).
In the Diastema group we observed evidence is support of systematic
biases (CE) in distal points 1,7 and 8 across both the facial and the incisal
dental surfaces (all p<.013). Additionally, evidence in support of a constant
error was also observed for the distal point 2 on the incisal surface (t(9)=3.303,
p=.009). No CEs were observed in the Diastema group for all the remaining
target points across both the facial and the incisal dental surface (all p>.056).
In the control group CEs were observed for all the distal points (1,2,7 and 8)
and for the mesial target point 5 across both the dental surfaces (all p<.021).
No evidence in support of other systematic biases in localisation judgment
were observed for all the remaining mesial target points in the control group
(all p>.111).
To test for categorical discontinuity of the differential residuals across
mesial and distal points, along different surfaces and between different groups
we ran a three-way mixed ANOVA. The two within factors were the dental
surface (facial and incisal) and the differential (∆m vs. ∆d, see section 2.2.8. for
further details). We also defined diastema as a between-groups factor (present
or absent). We observed a statistically significant main effect of differential
(F(1,18)=36.939, p<.001, ηp²=.672). Other main effects and interactions were
all not statistically significant (all p>.197).
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In the visual incisors size estimation task, the psychometric curves of
all participants had good fit to the data in both blocks across groups (mean R2:
0.87; range: 0.71–1, see figure 2.7.).

Figure 2.7. Group-level psychophysical curves for each task (Task A, size
estimation of a single incisor: blue; Task B, size estimation of the incisors’
width: red) and for each experimental group (A: Diastema group; B: Control
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group). The dashed lines indicate the point of subjective equality (PSE) for
each curve.

The presence of a bias in size estimation of both a single target incisor
and the incisor’s width for both experimental groups was assessed with a onesample t-test comparing PSE values against zero. PSE values did not differ
from zero in both tasks across groups (Diastema and Controls, all p>.364),
reflecting the absence of systematic biases in size estimation across all
conditions.
Finally, to analyse the results obtained in the visual incisors distance
estimation task, for each participant we computed the magnitude of the Interdental Width Overestimation (IWO) as follows:
𝐼𝑊𝑂 = 𝑝( − 𝑎(

(6)

For each participant, pw reflects the perceived width (in mm) between the
mesial edges of the two central maxillary incisors and aw reflects the actual
width (in mm) between the mesial edges of the two central maxillary incisors.
We thus compared IWO values between groups (diastema and control). The
average IWO was higher in the diastema group (M=11.905, SD=±5.948) if
compared to the control group (M=4.709, SD=±5.501, t(18) = 2.664, p=.007,
two-tailed).
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Figure 2.8. Average Inter-dental Width Overestimation (IWO) values across
groups (diastema and control). Error bars show the standard error of the mean.

2.3.5. Experiment 5: Detection of motion direction
Motion direction accuracy scores were calculated for tactile stimuli
delivered along both orthogonal axes of the facial surface of a target central
maxillary incisor. A higher accuracy in the direction of motion detection was
observed for the horizontal axis (M=91.785, SD=±5.83) if compared to the
vertical one (M=71.96, SD=±15.93), (t(13)= -5.793, p<0.001). Altogether these
findings support an anisotropy between orthogonal axes of the maxillary
incisor in the perception of direction of motion of a linear tactile stimulus.
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Figure 2.9. Average accuracy in the direction of motion detection task. Error
bars show the standard error of the mean.

2.4. Discussion

2.4.1. The tooth as a spatially tuned sensory organ: static sensitivity
In experiments 1-3 we addressed the first main research question of
the current study, which aimed at investigating whether humans can sense the
spatial position of light mechanical touches exerted on their central maxillary
incisors. The use of a NASCENT apparatus with a novel paradigm of
computer-controlled mechanical stimulation allowed us to deliver position and
force-controlled, static, punctiform stimuli along the horizontal midline of both
the central maxillary incisors. The significant main effect of spatial position
across experiments 1-3 provided a first evidence in support of spatial
perception with teeth across different dental surfaces. We thus demonstrated
that PDLMs, in addition to their established role in sensing forces applied to
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teeth (Trulsson & Johansson, 1996), can sense the spatial features of tactile
stimuli delivered on dentition.
The analysis of regression slopes was conducted to further investigate
precision of tactile sensitivity across different dental surfaces (horizontal and
vertical midline of the facial surface of maxillary central incisors, Expt. 1 and
2; incisal surface, Expt. 3). Crucially, significant anatomical differences occur
across different dental surfaces. The incisal surface has a line-like shape and
it mainly extends along the horizontal axis (Bhuvaneswaran, 2010).
Conversely, the facial aspect of teeth has a planar surface which can extend
over both the 2D axes. Our results suggest that position perception with teeth
is a phenomenon which is valid on different dental surfaces (incisal and facial),
along both the orthogonal axes (horizontal and vertical). However, differences
in sensitivity were observed across different surfaces. Our results pointed out
that performance is near-ideal both overall and within each individual tooth but
not across different incisors along the facial surface of the two central maxillary
incisors. Evidence in support of the opposite pattern were observed for the
incisal surface. Although the ANOVA and post-hoc pairwise comparisons
provided evidence in support of tactile sensitivity, performance along the
vertical axis was not near ideal as it was along the horizontal axis. Overall
these results support greater localisation sensitivity along the horizontal axis
than the vertical axis of front teeth. It is worth mentioning that such anisotropy
in position perception has also been observed both on the palmar and dorsal
regions of the hand and on the forehead (Longo et al., 2015; Fiori and Longo,
2018).
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The constant error analysis revealed that systematic biases affect
position

perception

on

teeth.

Intriguingly,

average

residuals

were

systematically different from zero on distal but not mesial target points across
experiments 1-3. If positive residuals were observed in distal target points of
the left central maxillary incisors, negative residuals emerged on distal points
of the right central incisor. This trend indicates that sensitivity at distal edges
of central incisors is biased and touches are perceived as compressed to the
centre of each individual tooth. In other words, distal touches (but not mesial
touches) are perceived as shifted towards the centre of each individual tooth.
Notably, this trend has been observed along both orthogonal axes of the facial
surface as well as on the incisal surface of teeth.
A particular aspect of the design selected for experiments 1 and 3
allowed us to also test for the second main research question that undermined
the current study. The eight target points were always centred on either the
facial (experiment 1) or the incisal (experiment 3) surface of the central
maxillary incisors. Target points were equally distributed across the surface of
the two target teeth, with 4 target points per incisor. It is worth mentioning that
the same inter-points distance (2mm) could separate two target points laying
either on the same tooth or on adjacent teeth (target points 4 and 5, see figure
2.3. for a visual representation of target points along the facial surface of
teeth). In both experiments 1 and 3, we considered each couple of adjacent
target points and we computed the difference between the residual scores
observed among the two adjacent points. Such analysis was useful to
investigate whether perceptual segmentation across body parts, a
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consolidated property of cutaneous touch (de Vignemont et al., 2009; Longo,
2017), also applies when tactile stimuli are sensed and transduced by
periodontal afferents (PDLMs). In both dental surfaces (experiments 1 and 3),
a statistical difference emerged when comparing interdental points (∆m) and
intra-dental points (∆d). In experiment 1, sensitivity dramatically decreased in
close proximity of dentition’s significant boundaries (i.e. the inter-incisors
demarcation line), thus suggesting that tactile stimuli are perceived as shifted
towards the centre of the tooth when delivered in close proximity to a
significant boundary in dentition. However, in experiment 3 we did not find a
direct evidence in support of such pattern.
The between-groups design of experiment 4 allowed us to reach
several goals. Firstly, in experiment 4 all participants performed position tasks
on both the facial and the incisal dental surface. That allowed us to test the
spatial perception of tactile stimuli across different dental surfaces on the same
sample of participants. Secondly, the between-groups design of this
experiment allowed us to test whether the presence of physical space between
adjacent regions of dentition had an effect on spatial perception with teeth.
Lastly, we could investigate whether our data provided any evidence in support
of perceptual segmentation of dentition across groups. Results observed in
the position tasks (both facial and incisal) in experiment 4 strongly replicated
the results observed in the previous set of experiments (1-3). Crucially, the
significant main effect of spatial position and the non-significant effect of dental
surface provided a striking evidence in support of equally strong spatial
capacities across different dental surfaces. The non-significant main effect of
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diastema suggested that such spatial dental capacities are not altered by the
presence of diastema.
The analysis of regression slopes in the control group confirmed the
pattern of results observed in Experiment 1 for the facial surface. For the
incisal surface, localisation judgements were demonstrated to be near ideal
not only across mesial points of different teeth, but also overall and within each
individual tooth. In the diastema group the same trend was observed across
both dental surfaces: sensitivity was near ideal only within one single tooth
(the left) and between interdental mesial target points. In line with the results
emerged in the simple effect analysis, sensitivity on the facial surface differs
between groups. If controls show near ideal performance both overall and at
the tooth level, individuals with diastema show near ideal performance across
different teeth and on one single tooth (the left). We speculate that such
difference could be due to the effect of a putative cognitive model of dentition
in position perception. During our everyday life, the visual experience of our
dentition is overall scarce. However, visual experience of the facial aspect of
teeth is way more frequent if compared to the incisal aspect. We could easily
see facial dental surfaces in smiles, and we could easily check our own by
using a looking glass. Conversely, visual inspection of the incisal surface of
maxillary incisors requires more complicated and less naturalistic movements.
It is worth noticing that differences in perception across groups are observed
only for the facial but not for the incisal dental surface. A putative cognitive
model of dentition could store a mental representation of the facial aspect of
the spatial position of different elements of dentition within the oral cavity. Such
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model could then influence the near ideal performance observed within each
tooth in the control group. A putative cognitive model of dentition in individuals
with diastema might also hold information regarding the gap between maxillary
incisors. Such top-down input might then grant precision in localisation
judgments on either side of the gap. Due to the saliency of the gap in the
cognitive model, sensitivity may then be not close to ideal along the facial
surface of both teeth. Finally, Constant Error analysis, confirmed the pattern
of results observed in Experiments 1 and 3, with distal touches being
perceived as shifted towards the centre on different dental surfaces across
both groups.
All in all, the performance of diastema group in localisation judgements
shows evidence in support of high tactile sensitivity on mesial target points
and near ideal performance across interdental points 4 and 5, both on the
facial and the incisal dental surface. This suggests that individuals with midline
diastema are aware of the gap between their incisors, and therefore they take
the existence of diastema into account when judging the spatial position of
tactile events impacting dentition. Crucially, there is no obvious afferent
information from the PDLMs which can carry this information. Rather, people
seem to use a somatorepresentational ‘tooth image’ sort of knowledge about
the positions of teeth relative to each other to perform the localisation task.
Individuals

with

midline

diastema

seem

to

proficiently

combine

somatosensation and somatorepresentation information during position
estimation with teeth. To the best of our knowledge, this is the first study to
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directly suggest a representation of dentition, akin to the classical ‘body
image’.
Furthermore, the analysis of the ANOVA conducted on the differences
between residuals among intra-dental and inter-dental sites across
experimental groups confirmed the pattern of results emerged in experiment
1. Strikingly, in both the experimental groups the magnitude of ∆m was higher
than ∆d for both the incisal and the facial surface. It is important to notice that
in experiment 4 the distance between target points 4 and 5 varied across
groups. In the control groups it was fixed across participant and always equal
to the distance between all the other pairs of target points (2mm). In the
diastema group, such distance varied idiosyncratically as a function of the
individual width of the diastema.
To sum up, these results offer an additional evidence in support of the
categorical account of tactile perception across salient body demarcation
lines. Previous studies (de Vignemont et al., 2009; Knight et al., 2014; Longo
et al., 2015; Longo & Morcom, 2016; Mattioni & Longo, 2014) have often
investigated such effect by delivering tactile stimuli across the wrist, an
imaginary demarcation line which helps us in representing our body in different
segments. Here, in line with the main literature on spatial categorisation
(Huttenlocker et al, 1994) we support such findings across definite regions of
dentition. Notably, modulations of inter-dental space (i.e. diastema) do not
affect such perceptual segmentation.
In experiment 4 participants performed 2 additional tasks which did not
involve any tactile stimulation. Rather, in these tasks we investigated the
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estimated size of target regions of dentitions across groups. The focus of
interest in these tasks was partially shifted and directed towards a more
complex cognitive process, which we described in chapter 1 as dental
somatorepresentation (see section 1.7.3). Somatorepresentation is a stored
model about our dentition in general and is independent of any single
stimulation or sensation. This model is generated over time by the
accumulation of basic inputs received through dental somatosensation.
Consequently, in the somatorepresentational domain there is no direct
correspondence between a single somatosensory afferent signal and
consequent cognitive processing (Longo & Haggard, 2010).
Participants’ performance in the visual incisors size estimation showed no
evidence in support of systematic biases in width estimation of both a single
incisor and the incisors’ width across both groups. In other words, humans can
correctly estimate the width of different elements of dentition and the presence
of diastema does not influence this judgment. Rather, when diastema is
present, it is taken into account in a presumptive mental model of dentition.
Midline diastema is a salient feature of dentition which affects the
boundary between adjacent regions of dentition. The performance observed
in the visual incisors distance estimation size task provided a direct evidence
in support of the overestimation of the boundary across adjacent teeth. This
appears to be a somatorepresentational analogue of the inter-dental
discontinuity in the response curve when estimating the position of a touch on
the teeth. In fact, both groups showed an interdental width overestimation
effect (IWO) when judging the distance between the mesial edges of their
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central upper incisors. Such results are again in line with studies which
investigated the size of the representation of cutaneous regions (Longo &
Haggard, 2012). Crucially the magnitude of IWO was greater in the diastema
group if compared to the control group. This suggests that the internal model
of dentition used for size estimation includes information about the diastema.
Taken together, the results of both tactile and visual estimation tasks in
Experiment 4 add important pieces of knowledge to the NASCENT theory of
dental somatosensation. Localisation tasks point out that perception of
touches on teeth is possible, with greater sensitivity along the horizontal axis.
Tactile localisation on teeth is not exempt from biases. In fact, stimuli delivered
on distal regions of each tooth are perceived as originating from the centre of
each tooth. The interplay between tactile perception with teeth and a putative
cognitive model of dentition allows humans to perceive each tooth as a single
discrete unite by taking into account the boundary between adjacent teeth
when localising touches. The same applies in case a physical gap (diastema)
separates two contiguous teeth. Lastly, in absence of physical stimulation,
humans can refer to a dental somatorepresentational model to correctly
estimate the size of physical elements of dentition (as shown in the visual
incisors size estimation task) as well as any possible gap between continuous
teeth (as shown in the visual incisors distance estimation size task).
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2.4.2. Is position perception with teeth linear or categorical?
At a first glance, the combination of the results of the ANOVAs investigating
residuals across spatial positions and the results of the differential analysis,
comparing average ∆m and ∆d, might seem quite convoluted and difficult to
achieve. The former suggests that people can correctly estimate the position
of touches delivered on dentition, thus suggesting that position perception with
teeth might be linearly organised. A different scenario occurs when analysing
the latter, where the presence of a bias in position perception in close proximity
to significant demarcation lines of dentition seem to suggest that a categorical
account might well explain the mechanisms underlying position perception
with teeth. In other words, what do these findings suggest? Is position
perception with teeth linear or categorical?
In figure 2.1. of this chapter we have presented two possible accounts
which might describe position perception with teeth. Our results suggest that
none of these accounts suffice in fully explaining the spatial response profile
of teeth by itself. Rather, a combination of the two accounts seems to apply
(see figure 2.10.C). People can accurately detect the position of touches within
a single tooth. However, some biases have also been observed. In fact, stimuli
delivered on distal regions of each tooth are perceived as originating from the
centre of each tooth. Similarly, stimuli delivered close to salient borders
between adjacent regions of dentition are perceived as shifted towards the
centre of the tooth. Overall, we can summarise that position perception with
teeth follows a linear trend within a single tooth, which is categorically biased
between teeth.
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Figure 2.10. Different putative explanatory accounts for position perception
with teeth. Neither a completely linear (A) nor a purely categorical (B) account
fully explain the mechanisms underlying position perception with teeth. Rather
a combination of the two (C) fully takes into account the observed spatial
capacities of teeth and the observed bias observed for stimuli delivered in
close proximity of interdental-demarcation lines.

It is worth noticing that the two maxillary central incisors lay on either
sides of the body midline. Consequently, we cannot exclude that the observed
categorical perception effect across individual teeth might be confounded with
a potential categorical perception effect between the left and the right dental
hemiarch. However, central maxillary incisors were selected as target teeth for
the tactile stimulation as they have a quasi-flat facial surface and extensive
facial and incisal surfaces. No other tooth cluster would have allowed the noninvasive stimulation of four target points on both the incisal and facial surface
of the same tooth.
Taken together, the results collected in experiments 1-4 suggest that
the touches are not equally perceived throughout dentition. Tactile stimuli
applied on distal surfaces of teeth are perceived as shifted toward the centre
of the tooth. The same applies if the they are delivered in proximity to the
interdental demarcation line which separates two adjacent teeth. We can
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conclude that each tooth is perceived as a distinct unit, categorically
segmented from its dental neighbours. This perceptual segmentation of teeth,
which is also a distinctive feature of other regions of the body (de Vignemont
et al., 2009), suggests that individual tooth boundaries have high perceptual
relevance. Notably, the position perception across such boundaries is not
influenced by the presence of extra space between teeth (Experiment 4).
Similarly to the skin (Mancini et al., 2011) position sensing on teeth
relies on a distorted mental representation of dentition. Such representation
consists in a modular model of dentition which accurately accounts for the size
of single teeth. The physical salience of the boundary between contiguous
elements of dentition is represented in this model and it is translated in an
overestimation bias of the interdental space. The presence of additional space
separating adjacent teeth (diastema) is then reflected in the exacerbation of
such overestimation bias.
Spatial perception with teeth is a biological advantage which is reflected
on several intraoral behaviours. For instance, spatial perception with teeth
might contribute to the control of intraoral food position during mastication
(Malek, 1955). More generally, we speculate that teeth might act as subsidiary
feedback organs with a position control role on objects interacting with
dentition. Humans benefit of such presumptive spatial awareness of teeth not
only during feeding behaviour, but also when producing speech. Both anterior
(Ungvári et al., 2007) and posterior (Kanayama & Mizokami, 1993) teeth exert
a key role in dental and labiodental consonants production (Johnson & Sandy,
1999). The classic theory attributes to the sensory motor control of the tongue
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the whole responsibility for the outcome of speech production. In other words,
the tongue has traditionally been conceived as fully responsible of sensing
which teeth to approach in order to proficiently produce dental and labiodental
consonants (Mefferd, 2016). Here we suggest that the position sensing
capacity of teeth might have a subsidiary role in such process. Consequently,
the cognitive control of the tongue position on dentition might rely on a synergic
combination of sensory signals arising from both the tongue and teeth. Further
research is needed to deepen our knowledge on the role of this presumptive
tongue-teeth position control system during speech production. Progress
towards this line of research might be useful not only to shed a renewed light
on the mechanisms underlying intraoral sensory motor control, but also for the
development of novel treatments for speech disorders.

2.4.3. The tooth as a spatially tuned sensory organ: dynamic sensitivity
The common aspect that combines experiment 1-4 with previous
research on the sensory capacities of teeth (Trulsson et al., 1992), consists
in the application of static, punctiform forces on dental surfaces. Experiments
1-4 have set an innovative direction of research by investigating position
sensing with teeth for the first time. However, the spatial processing of
properties of tactile stimuli involves not only position detection across body
sites, but it also involves discrimination of moving stimuli along the body
surface (Pack & Bensmaia, 2015).

Moving stimuli impacting the body, and

dentition in particular, are more likely to affect us during our daily routine. They
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can thus be defined as more ecological. The pattern of motion followed by food
during mastication across dentition or a toothbrush stroking the enamel of
teeth represent some relevant examples on that regard. In experiment 5 we
provided the first evidence that human PDLMs can sense and transduce
information regarding the direction of motion of stimuli across dentition.
In this experiment we observed that PDLMs not only encode for the
features of a single static dental load (experiments 1-4), but they are also
capable of storing perceptual codes coming from subsequent loads
(experiment 5). The combination of single perceptual codes in multiple
complex signals inform us about the force applied (Trulsson & Johansson,
1996) and the spatial extent of this moving force across dental surfaces. This
represent a key capacity of teeth, which has an evolutionary advantage. By
using this capacity, we can not only be aware of our oral surfaces, but we can
also control the force of the stimuli applied. In case a sudden harmful stimulus
is applied on a tooth, we can not only perceive its force to prevent self-harm,
but we can also discriminate the spatial extent of it while it moves across our
oral surfaces.
Experiment 5 highlighted an anisotropic effect in the discrimination of
motion direction, with accuracy scores significantly higher for stimuli delivered
along the horizontal axis of the facial surface of teeth. A specialised perception
of dynamic features of the stimuli (direction of motion) represents a feature
that combines the sensory capacities of both teeth and skin (Berglund et al.,
2013). In addition, we speculate that a better direction discrimination
performance along the horizontal axis could be due to the nature of sensory
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experience to which teeth are exposed during everyday life. Within the mouth
milieu, motion stimuli are more likely to be delivered on the horizontal axis
rather than on the vertical axis. During haptic exploration of dentition with
tongue we more often slide the tip of the tongue across the lingual surface of
multiple teeth, thus following a horizontal pattern of motion. We speculate that
self-exploration of dentition offers more relevant information if the tongue is
moved along dentition instead of along the vertical axis of each single tooth.
Moving the tongue across dentition represents a useful other than
frequent practice which humans execute while eating. The horizontal bias
observed in direction perception of motion of teeth might represent an
advantageous source of information during the feeding behaviour. Mastication
is a process which involves multiple teeth cluster (Hatch et al., 2001; Kwok et
al., 2004). At every stage of mastication food is processed with a specific set
of teeth and then transferred towards the oropharyngeal region for swallowing
(Hiiemae & Palmer, 1999). Crucially, this process follows a front-to-back,
horizontal pattern of motion. This practice allows us to check the status of the
mastication process by a continuous monitoring of food motion across different
teeth types. In conclusion the horizontal bias in direction perception along
teeth might be explained by the behavioural relevance and the more common
occurrence of motion along this axis.
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Chapter 3
Dental somatorepresentation:
Perceived position and sense of ownership
for the teeth

3.0. Summary of the chapter
In this chapter we investigate how basic somatosensory inputs are
integrated to generate a mental representation of the location of the mouth in
space. We report 5 experiments using a novel dental model illusion (DMI) that
investigates the neural representation of mouth position. When participants
used their right index finger to touch the teeth of an unseen dental model in
synchrony with the experimenter's tactile stimulation of the participant's own
teeth, participants felt that the position of their own teeth was shifted towards
the dental model and stated that their right index finger was touching their
actual teeth. This result replicated across four experiments and provides an
oral analogue to the rubber hand illusion. Synchrony between the two tactile
motions was a necessary condition to elicit DMI (Experiment 3). DMI was
moderately affected by manipulating the macrogeometric or microgeometric
tactile properties of the dental model, suggesting cognitive images of one's
own oral morphology play a modest role (Experiments 4 and 5).
Neuropsychological theories often stress that hand‐to‐mouth movement
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emerges early in development or may even be innate. Our research suggests
that general, bottom‐up principles of multisensory plasticity suffice to provide
spatial representation of the egocentric core, including mouth position.

3.1. Introduction
Moving the hand to the mouth is a basic and primitive motor action,
essential for feeding, and thus for survival. This action obviously requires an
accurate representation of the position in space of the mouth relative to the
hand, implying a form of oral bodily awareness. An important tradition in
developmental psychology suggests that the perceived position of the mouth
may be specified by a fixed body schema acquired before birth, since accurate
hand to mouth coordination emerges early in infancy (by 5 months of age,
(Lew & Butterworth, 1997). Indeed, some hand-to-mouth behaviours are
observed in utero, in the 14th–22nd week gestational period (Zoia et al., 2013).
Notions of innate representation are bolstered by evidence from clinical
neurology of phantom sensation in patients affected by congenital amelia, the
complete absence of the skeletal parts of a limb at birth (Brugger et al., 2000;
Melzack et al., 1997; Saadah & Melzack, 1994).
Alternative views suggest that correlation between experiences of
sensory inputs from the mouth and manual action touches could generate a
use-dependent representation of the position of the mouth in space. Most
previous studies of the perceived spatial position of bodily parts have
investigated the position of the hand relative to the body (Proske & Gandevia,
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2012). Remarkably few studies have investigated the perceived position of
relatively immobile body parts, such as the abdomen, chest, and head. Indeed,
most discussions of proprioception and body awareness assume that such
parts represent a fixed egocenter, used as a reference for defining the
positions of more mobile parts, such as hands and feet. As a result, little is
known about how perceived spatial position of the mouth is generated, and
whether it is fixed or plastic, despite the developmental and evolutionary
primacy of the hand-to-mouth movement. This chapter reports an attempt to
fill that knowledge gap.
Tactile illusions have been extensively used in order to study how
interactions between multiple sensory inputs produce bodily awareness. In
particular, the Rubber Hand illusion (RHI; Botvinick & Cohen, 1998)
investigates how the three-way correlation between vision, touch, and
proprioception underlies the feeling that one’s body is one’s own. In the RHI,
visual input showing stroking of the rubber hand captures the perceived
location of synchronised stroking on the participant’s hand, by a process of
visual-proprioceptive adaptation. This produces a mislocalisation of the
participant’s hand toward the location of the rubber hand. The shift in the
perceived position of one’s own hand toward the visual percept due to the
visual-tactile correlation provides a useful quantitative proxy for the illusion
that the rubber hand is one’s own.
Several studies using the ‘rubber hand illusion’ have suggested that the
perceived position of hands (Tsakiris & Haggard, 2005), legs (Crea et al.,
2015), stump (Ehrsson et al., 2008), tongue (Michel et al., 2014) or even the
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whole body (Hoort et al., 2011) can be adapted by such correlated
multisensory experiences. Visual feedback of the body parts is a common
feature across all the studies mentioned above, and visual input often
dominates bodily awareness (Cardini et al., 2013; Fotopoulou et al., 2011;
Hagura et al., 2012). However, people nevertheless feel a sense of ownership
with respect to body parts that are not normally seen, such as the back, the
neck (Tipper et al., 1998) and the oral cavity (Fujii et al., 2011). Thus, the sense
of one’s own body is not defined only by visual experience, although visual
inputs often dominate bodily awareness.
Nonvisual paradigms for studying ownership have been proposed,
based on a self-touch version of the rubber hand illusion. In one
implementation, the blindfolded participant uses their right hand to stroke a left
rubber hand positioned close to their midline. At the same time, the
experimenter strokes the participant’s left hand, which lies on the table in front
of the left shoulder (Ehrsson et al., 2005, figure 1). The synchronised tactile
and proprioceptive input adapts the perceived position of the left hand,
resulting in the familiar “proprioceptive drift” in which the left hand is perceived
as shifted towards where the left rubber hand is self-stroked, rather than where
the participant’s left hand actually is. In addition, participants report a feeling
of ownership with respect to the rubber hand (Ehrsson et al., 2005). This
tactile-proprioceptive method is suitable for probing the sense of ownership
over body parts that are not normally seen. However, to our knowledge, it has
been used only to study perception of limb position, and not of other body
parts (Aimola Davies et al., 2013).
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Here we applied tactile, nonvisual stimulation to manipulate body
ownership with respect to the upper teeth. Our main research question
consists

in

investigating

whether

synchronous

tactile-proprioceptive

experience could induce plasticity in representation of the teeth. Two reasons
motivate focussing on the teeth and mouth in studying body ownership: these
structures are not experienced visually, yet they are often considered part of
a human egocenter, or stable reference point within the body representation
(Alsmith & Longo, 2014). Finally, the mouth has often been considered as a
fixed, even innate element of body representation (Slater, 1999). The idea of
innate representation underlying bodily experience receives support from
reports of phantom pain in persons with congenital absence of a limb
(Melzack, 1990; Gallagher et al., 1998). However, other studies have
highlighted the role of sensory experience in body representation by showing
that blind individuals have a less dynamic multisensory representation of their
own limbs. (Nava et al., 2014; Petkova et al., 2012).
The hand to mouth movement is often described as an innate
sensorimotor primitive, because it appears immediately after, or even before
birth. Moreover, the hand to mouth action appears both well-formed and goaldirected, in contrast to babbling movements of neonates (Butterworth &
Hopkins, 1988; Gallagher, 2006). This movement would then be the archetype
or starting-point for all other skilled actions, and indeed for wider cognition
(Piaget, 1952). Clearly, hand-to-mouth movements require an accurate spatial
representation of the position of the mouth. This view would imply that
experience dependent plasticity of spatial representation, which is so
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characteristic of the brain’s hand representation, should be entirely absent for
the mouth.
To investigate this hypothesis, we designed several independent
experiments to investigate multiple research questions. We first investigated
whether correlated tactile and proprioceptive experience is sufficient to elicit
changes in the perceived location and sense of ownership with respect to the
teeth and the mouth. Accordingly, we manipulated the spatial and temporal
aspects of tactile stimulation in Experiment 1 and 2, and spatial aspects only
in Experiment 3. Second, we investigated whether mouth stimulation causes
experience-dependent modulation of the mouth only or also of other body
parts. Consequently, in experiments 1 and 3 we asked participants to judge
the perceived position of both stimulated and adjacent non-stimulated body
parts. Last, we wanted to understand to what extent top-down knowledge
(Tsakiris & Haggard, 2005) about the morphology of one’s own teeth influence
any experience-dependent plasticity effects. To address this research
question, we modified the microgeometric (experiment 4) and macrogeometric
aspects (experiment 5) of the dental model used during tactile stimulation.

3.2. Materials and Methods

3.2.1. Participants
In total 48 volunteers (33 female, aged 18-39 years of age) were
recruited from the Institute of Cognitive Neuroscience subject data pool for six
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separate experiments. All the participants gave their informed written consent
prior to participation and they were naïve as regarding to the actual purpose
of the experiment. All the volunteers recruited were healthy adults without
neurological

or

psychiatric

history,

non-smokers,

without

dental

hypersensitivity, history of previous traumatic teeth injuries, or any dental
treatments during the preceding year. Experimental design and procedure
were conducted in accordance with principles proposed in the Declaration of
Helsinki and were approved by the UCL research ethics committee.

3.2.2. The Dental Model illusion (DMI)
In experiments 1-5 the dental model illusion paradigm was used as an
explicit measure to study proprioception and the sense of teeth ownership. In
each experimental session, participants rested their arms on the table, and
their head on a chinrest. Participants were then blindfolded to eliminate any
visual input and remained blindfold throughout the experiment. Participants
were told that during each trial, the experimenter would passively guide the
participant’s right index finger to touch and move across their own central and
lateral maxillary incisors. Each trial was composed of four phases: pre-test
position estimation, tactile stimulation, post-test position estimation and a
questionnaire (see figure 1). A pre-test estimate of the position of the maxillary
central incisors was obtained, as follows.
Participants were instructed to judge the position of their maxillary
central incisors (Experiments 1, 2, 3, 4 and 5) and, as a second control
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judgement, in experiments 1 and 3 only, of the tip of their nose, by projecting
a parasagittal line from the tooth/nose to a wooden board placed 5 cm in front
of their face in the fronto-parallel plane. Markers on the table, located 5 cm
away from the chinrest helped the experimenter to make sure that the board
was placed in the same position across trials.

Figure 3.1. Structure of a single trial of the Dental Model Illusion (DMI)
paradigm. Each trial comprises four phases: pre-test perceived position
estimation of teeth, tactile stimulation, post-test perceived position estimation
of teeth and questionnaire. In the tactile stimulation there are two stroking
conditions: Synchronous and Asynchronous. During the synchronous
condition the experimenter guides the participant’s right index finger to slide
over the facial surface of the maxillary central and lateral incisors of a dental
model placed 8 cm beneath the chinrest. Simultaneously, the experimenter
touches with their index finger the facial surface of the participant’s central and
lateral maxillary incisors. The direction of the two touches is identical. During
the asynchronous condition there is a 1s delay in between the two touches,
and the direction of the two touches is therefore different.

They were asked to point with their left index finger to the position on
the board immediately in front of the location of the designated body part. This
task is directly based on pointing tasks measuring limb (Jola et. al, 2011;
Longo & Haggard, 2010) and face (Mora et al., 2018) position sense. The
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endpoint of each pointing movement on the board was measured with a ruler
by the experimenter. In experiments 1 and 3 the order of nose/teeth pointing
trials was randomised across trials.
At the end of the pre-test pointing phase, the board to which participants
pointed was removed and the tactile stimulation of participant’s teeth started.
Both the participant and the experimenter wore identical sterile latex-free
gloves on their right hands to make the tactile feel of the two hands as similar
as possible (Ehrsson et al., 2005). Before each tactile stimulation, the
experimenter applied a repetitive supination/pronation movement to the
participant’s right forearm, to reset proprioceptive drift and minimise carryover
between trials (Kapandji, 2001; Kwon et al., 2013; Sanes and Evarts, 1984;
Kisner & Colby, 2002). The tactile stimulation phase of each trial lasted 60s,
and consisted of two gentle stroking movements, as follows. One movement
involved participant-to-model touch. The experimenter guided the participant’s
right index finger to slide over the facial surface of the central and lateral
maxillary incisors of a dental model made of plaster placed beneath the
chinrest. The distance between the participant’s maxillary incisors and the
incisors of the dental model was 8 cm. The other movement involved
experimenter-to-participant touch. The experimenter slid his own index finger
over participant’s central and lateral maxillary incisors. At the end of each
stroke the experimenter’s finger was removed from participant’s teeth to return
to the starting point through air. The same applied for the participant’s index
finger. The stroking direction, from left to right or right to left, was randomised.
The pressure and velocity exerted for the two touches was kept as constant
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as possible by the experimenter. The dental model used for the stimulation
was the same for each participant (see figure 2). After stimulation, participants
made a post-test estimation of the position of both their central maxillary
incisors (Experiments 1, 2, 3, 4 and 5) and nose (Experiments 1 and 3). The
procedure applied was identical to the one used for the pre-test estimate.
At the end of each trial, participants completed a ‘Dental Model Illusion
Questionnaire’. This questionnaire, based on the one used by Botvinick and
Cohen (1998) was composed of five statements referring to their perceptual
experiences during stimulation, each rated on a 7 point scale (see Appendix
B for a full list of the statements used in the Dental Model Illusion
Questionnaire). Only the first statement, ‘I felt as if I was touching my teeth
with my right index finger’ was designed to correspond to the illusion. The other
four statements (see figure 1) were unrelated to the illusion. They were used
as control statements for suggestibility. A list of all the statements of the DMI
questionnaire can be found in the supporting information section (Appendix
B).

3.2.3. Experiments 1, 2 and 3: spatio-temporal pattern of tactile
stimulation across body parts
We first investigated whether the effect of the DMI is local and specific
to the stimulated teeth or if it extends also to other body parts. For this reason,
in both experiment 1 and 3, baseline pretest judgment prior to stimulation and
posttest judgment after stimulation were obtained not only for the central
maxillary incisors but also for the tip of the nose. These experiments also

P a g e | 175
aimed to understand the forms of stroking that elicit the dental model illusion.
Experiment 2 was a manipulation check to investigate whether the DMI is
sensitive to the specific parameters of stroking in the asynchronous and
synchronous conditions.

Figure 3.2. Dental models of the maxillary dental arch used in the DMI
paradigm. Plaster dental model with a complete set of teeth and texture
comparable with the human dentition (A), plaster dental model with central
and lateral incisors covered with “spiky” Velcro (Sellotape ®, United Kingdom)
(B), plaster dental model with the right central incisor removed (C).

In experiment 1, participants (N=8, 6 females, mean age ± SD: 22.9 ± 1.6
years) experienced 9 trials of synchronous and 9 trials of asynchronous
stroking. In the absence of any previous experiments on the perceived position
of the mouth, we had no established estimate of effect size. Therefore, the
effect size was estimated from a pilot experiment (N=66) conducted during a
public science demonstration held at Tate Modern, London in April 2017. In
the pilot, we observed a drift towards the model in the perceived position of
the maxillary central incisors due to synchronous stroking of teeth, with a
Cohen’s dz of 1.27. For sample size calculation we assumed a two-tailed 5%
type I error rate and 80% power. The pilot did not involve any asynchronous
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stroking condition, whereas the key effect in the experimental studies was the
difference in drift between synchronous and asynchronous conditions. Pilot
testing consisted of three phases: pre-test position estimation, 60s of
synchronous tactile stimulation and post-test position estimation. The
procedure used during these three phases was identical to Experiments 1-5.
The power calculation, conducted with G*Power (Faul et al., 2007), suggested
that 7 participants were required to demonstrate the effect. However, we chose
a minimum sample size of 8. As in previous RHI studies, our experimental
design compared synchronous and asynchronous stroking conditions. In the
synchronous stroking condition, each stimulation cycle lasted 4 s (Frequency
=.25 Hz). First, the participant’s teeth and the dental model were stroked
simultaneously, and with the same direction of motion (see figure 3.A). The
stroke lasted for 1 s. This was followed by 1 s rest without stimulation, during
which the experimenter’s finger was removed from the participant’s teeth, and
the participant’s finger was removed from the dental model. Next, the stroking
was repeated in the reverse direction, again lasting 1 s. This was followed by
a further 1 s with no stimulation, after which the cycle was repeated.
In the asynchronous condition each stimulation cycle lasted 8 s
(Frequency =.125 Hz), and consisted of eight phases, as follows. The
experimenter stroked the participant’s teeth (1 s), rest with no stimulation (1
s), the participant stroked the model (1 s), rest with no stimulation (1 s), the
experimenter stroked the participant’s teeth in the reverse direction (1 s), rest
with no stimulation (1 s), the participant stroked the model in the reverse
direction (1 s), rest with no stimulation. This arrangement was preferred
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because it made the asynchrony highly perceptually salient. The order of
synchronous/asynchronous trials was randomised across the experiment for
each participant. However, given that stroking always lasted for a fixed period
of 60 s, it resulted in more overall stimulation during the synchronous than the
asynchronous condition.
Experiment 2 (N=8, 6 females, mean age ± SD: 23 ± 2.9 years) used a
different form of asynchronous stimulation, which exactly balanced the overall
amount of tactile input across the different stroking conditions. To do this, the
frequency of stimulation used in the asynchronous condition was equal to the
frequency used in the synchronous condition. Both the synchronous and the
asynchronous stimulation cycles lasted 4s. This goal was achieved by
removing the 1 s rest between successive touches in the asynchronous
conditions (see figure 3.B). All the other aspects of the method were equal to
experiment 1.
Participants in experiments 1 and 2 gave their consent to be filmed
during testing. Frame-by-frame analysis of the video record allowed us to
verify the timings of manual stimulation. For both the experiments, 10 trials of
asynchronous stroking condition were randomly selected. Within each
randomly selected trial, a random cycle of stimulation was selected, and two
random consecutive touches were then randomly identified. We therefore
calculated the inter-movement delay as the delay in time between the offset
of the first randomly selected touch and the onset of the next. In experiment 1
the average of the 10 inter-movement delays was equal to .978 ± .060 s,
whereas in experiment 2 it was equal to .173 ± .185s. This analysis confirms
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that manual stimulation in experiments 1 and 2 broadly followed the design
plan. In experiment 3 (N=8, 6 females, mean age ± SD: 21.7 ± 2 years) only the
spatial congruency/incongruency of stroking were manipulated. The
frequency of stimulation was equal across stroking conditions, and stroking
was always temporally synchronous. The direction of motion on participant’s
teeth and the dental model was modulated so that the two simultaneous
stroking directions were either spatially congruent (same direction of stroking
motion on the participant’s teeth and the dental model) or spatially incongruent
(opposite directions: see figure 3.C). The order of the trials was randomised
across the experiment for each participant. We performed 9 trials in each
condition. The methods otherwise resembled experiment 1.
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Figure 3.3. Structure of the tactile stimulation phase of the DMI paradigm
across experiments. In experiments 1,4 and 5 the overall amount of tactile
inputs across different stroking conditions was different. In the synchronous
condition each cycle lasted 4s (Frequency .25Hz). In the asynchronous
condition each cycle lasted 8 s (Frequency .125Hz). This arrangement was
preferred because it made the asynchrony highly perceptually salient for the
participant and helped the experimenter to deliver the most accurate stroke
timing possible (A). In experiment 2 the length of a stimulation cycle was equal
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to 4s in both the stroking conditions (Frequency .25Hz) (B). In experiment 3
the length of a stimulation cycle was equal to 4s in both the stroking conditions
(Frequency .25Hz). However, in this experiment only the spatial aspects of the
stroking factor were manipulated (C).

3.2.4. Experiments 4, 5 and 6: perceptual processes involved in the DMI
In the second group of studies (experiments 4,5 and 6) the compatibility
between the somatosensory experiences received on the participant’s teeth
and those received on their right index finger was modulated (see figure 4).
Microgeometric

incompatibility

(experiment

4)

and

macrogeometric

incompatibility (experiment 5) were studied in order to investigate the relative
importance of bottom-up and top-down processes for the DMI. To achieve this,
the dental model that participants touched during the DMI paradigm was
modified either in its microgeometric texture (experiment 4) or in its
macrogeometric structure (experiment 5), to have morphological properties
that differed from the participant’s own teeth. In experiment 4 (N=8, 6 females,
mean age ± SD: 21.4 ± 1.4 years) the texture of the dental model was modified
across trials. In the incompatible microgeometric condition (10 trials), the facial
surface of the central and lateral maxillary incisors of the dental model touched
by participants was covered with “spiky” Velcro (Sellotape ®, United Kingdom)
(see figure 2.B).
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Figure 3.4. Variations of the compatibility between the somatosensory
experiences of participant’s teeth and those on the right index finger:
Microgeometric and macrogeometric compatibility (A and B, Expts. 1,2 and
3), microgeometric incompatibility (C, Expt. 4) and macrogeometric
incompatibility (D, Expt. 5).

Therefore, the rough texture of the teeth that the participants felt with their right
index fingers was inconsistent with the mechanical events generated by the
experimenter stroking the participants’ own teeth, which had a much smoother
surface. In the compatible microgeometric condition (10 trials), the dental
model was as in Experiment 1 (see figure 2.A). Throughout the length of the
whole experiment, participants wore headphones playing white noise to avoid
the influence of acoustic clues to texture during the DMI paradigm. Other
details of the method were as Experiment 1.
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In experiment 5 (N=8, 5 females, mean age ± SD: 23.2 ± 2.3 years) the
number of teeth in the dental model was manipulated across trials. In the
incompatible macrogeometric condition (10 trials), the right maxillary incisor of
the dental model was removed (see figure 2.C). In the compatible
macrogeometric condition (10 trials), the dental model was intact (see figure
2.A). Other aspects of the methods were the same as in Experiment 1.
Experiment 6 (N=8, 4 females, mean age ± SD: 26.4 ± 5.8 years) was a
manipulation check to investigate whether participants could discriminate the
presence of Velcro on a dental model with their right index finger, thus
underscoring the potential relevance of experiment 4. Each participant was
invited to sit on a chair placed in front of a table. A total of 40 trials were tested.
During each trial, participants were blindfolded and they were asked to wear
headphones playing white noise, to avoid the use of any visual or acoustic
clues to perform the task. In each trial, participant’s right index finger was
guided by the experimenter to touch the central and the lateral maxillary
incisors of two different dental models placed on the table. Each touch lasted
2 s. After the stimulation period, the two dental models were removed from the
table and the participant was instructed to remove the blindfold. Participants
were then asked to judge whether the textures of the two dental models were
the same or different, by pressing a button on a keyboard. Each model could
have either a normal (see figure 2.A) or a modified texture (see figure 2.B) as
in experiment 4, with the models being manipulated independently. The order
of trials was randomised for each participant.
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3.2.5. Data analysis
On each trial, a pretest baseline judgment prior to stimulation and a
posttest judgment after stimulation were obtained for the maxillary incisors
(Experiments 1-5), and for the tip of the nose (Experiment 1 and 3). We tested
whether tactile stimulation of the DMI paradigm could elicit any change in the
perceived position of the body parts aforementioned. We therefore calculated
judgement errors as the difference between the real and the perceived position
of the body parts of interest. Judgment errors were computed for both the
pretest and the posttest judgments. By proprioceptive drift (Tsakiris &
Haggard, 2005), we refer to the difference between the posttest and the
pretest judgment errors, with positive drift indicating a drift towards the dental
model. This measure has been widely used in the literature on bodily
awareness to indicate the strength of multisensory illusions (Longo & Haggard,
2012; Tsakiris & Haggard, 2005). However, some studies have noted that this
measure can dissociate from explicit reports, and have therefore recommend
caution when using it (Abdulkarim & Ehrsson, 2016; Rohde et al., 2011).

3.3. Results

3.3.1. Proprioceptive Drift
Several ANOVAs were computed on the proprioceptive drift in
experiments 1, 3, 4 and 5 Results of the ANOVAs are summarised in table 1
and figure 5.
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Figure 3.5. Figure 5. Box plots showing the proprioceptive drift across
different stroking conditions in Experiments 1-5. Each single-subject value
corresponds to the proprioceptive drift toward the dental model (in cm). In all
the box-plots lower and upper box boundaries represent 25th and 75th
percentiles respectively and the line inside box shows the median. *p < .05,
**p < .01.

In experiment 1, a 2x2 repeated measures ANOVA was computed to
investigate the effect of spatio-temporal tactile stimulation (synchronous vs.
asynchronous) on the proprioceptive drift in different body parts (maxillary
central incisors vs. nose). In experiment 3, a 2x2 repeated measures ANOVA
was performed to investigate the effect of spatial tactile stimulation (congruent
vs. incongruent) on the proprioceptive drift in different body parts (maxillary
central incisors vs. nose). Lastly, two further ANOVAs were computed to
investigate the effect of microgeometry (Expt. 4, compatible vs. incompatible)
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and macrogeometry (Expt. 5, compatible vs. incompatible) on the
proprioceptive drift across different stroking conditions (synchronous vs.
asynchronous).
Experiment 1 showed a significant interaction between the stroking
condition and the body part judged (see table). To further investigate this
interaction, we used simple effects analysis (Howell, 1997) to compare the
proprioceptive drift between synchronous and asynchronous conditions for
each body part. Differences between synchronous and asynchronous
conditions were significant only when participants were asked to estimate the
position of their maxillary central incisors (t(7) = 2.609, p= .035, two-tailed) and
not when they were asked to estimate the position of their nose (t(7) = .404,
p= .698, two-tailed).
In experiment 2, we observed a difference in the proprioceptive drift
between synchronous and asynchronous stroking conditions (t(7)=3.566,
p=.009, two-tailed). No significant interactions were observed in the ANOVAs
computed in experiments 3,4 and 5. In addition to classical frequentist
statistics, Bayesian repeated measures ANOVAs and Bayesian paired
samples t-tests were also computed on the proprioceptive drift. Results of
these analyses are reported as supporting information.

P a g e | 186
Source of Variation

df

Effect size
2

F Test

p level

(ηp )

Experiment 1
Spatio-temporal
pattern of stimulation

Experiment 3
Spatial pattern of
stimulation

Stroking

1

.387

4.417

.074

Body part

1

.112

.881

.379

Stroking x Body part

1

.526

7.758

.027

Stroking

1

.004

.031

.866

Body part

1

.054

.399

.548

Stroking x Body part

1

.187

1.615

.244

1

.878

50.341

<.001

1

.004

.030

.868

1

.001

.006

.941

1

.593

10.181

.015

1

.785

25.523

.001

1

.351

3.788

.093

Stroking
Experiment 4
Microgeometry
Microgeometric
modulations

Stroking x
Microgeometry

Stroking
Experiment 5
Macrogeometry
Macrogeometric
modulations

Stroking x
Macrogeometry

Table 3.1. Summary table reporting the results of the ANOVAs computed on
the proprioceptive drift in Experiments 1, 3, 4 and 5. Significant results are
presented in bold.
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3.3.2. Sense of teeth ownership
All data were assessed for normality using the Shapiro–Wilk test
(p > 0.05), and the appropriate non-parametric tests were applied when one or
more of the corresponding data sets failed to meet the criteria for normal
distribution. More specifically, questionnaire data in experiments 1, 3 and 5
were not normally distributed. In these cases, we ran both parametric and nonparametric tests, and found similar patterns of significance. Parametric tests
are more commonly used for factorial designs such as ours

(Mircioiu &

Atkinson, 2017), we report the parametric tests in the paper, and nonparametric tests for experiments 1, 3 and 5 in supporting information (see
Appendix B). To analyse the effect of the DMI on the sense of ownership for
teeth we compared the rating expressed by participants on the first statement
and on the averaged rating given for statements 2-5 of the DMI questionnaire
between synchronous and asynchronous conditions. Figure 6 summarises the
main results of the effect of the DMI on the sense of teeth ownership.
In experiment 1 this difference was significant for statement 1
(t(7)=5.082, p=.001, two-tailed), suggesting that participants were more likely
to believe they were touching their own teeth after synchronous stimulation.
No differences were found for the average of the other four statements (t(7)=1.409, p= .201, two-tailed).
In experiment 2 the difference in rating between stroking conditions was
significant for statement 1 (t(7)=4.378, p=.003, two-tailed), but not for the
average of the other four statements (t(7)=.338, p=.745, two-tailed).
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In experiment 3 questionnaire ratings did not show statistically significant
differences across stroking conditions (all p values > .207). Consequently,
neither the sense of teeth ownership nor participants’ suggestibility were
modulated across different stroking conditions.

Figure 3.6. Box plots showing the rating to the statements of the Dental Model
Illusion Questionnaire obtained in experiments 1-5. Each single-subject value
corresponds to the rating to the given DMI questionnaire’s statement. In all the
box-plots lower and upper box boundaries represent 25th and 75th percentiles
respectively and the line inside box shows the median. *p < .05, **p < .01.
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Source of Variation

df

Effect size
2

F Test

p level

(ηp )
Statement 1
“I felt as if I was
touching my teeth
with my right index
finger”

Statement 2-5

Stroking

1

.668

14.114

.007

Microgeometry

1

.375

4.197

.080

Stroking x
Microgeometry

1

.063

.468

.516

Stroking

1

.113

.888

.377

1

.049

.363

.566

1

.045

.326

.586

Microgeometry
Averaged
rating

Stroking x
Microgeometry

Table 3.2. Summary table reporting the results of the ANOVAs computed on
the rating given by participants to the first statement and to the average of
statements 2-5 of the DMI questionnaire in Experiment 4. Significant results
are presented in bold.

To analyse the results of the Dental Model Illusion questionnaire observed in
experiment 4 and 5, four 2x2 repeated measure ANOVAs were computed on
the rating given to the first statements of the questionnaire and on the average
rating expressed for statements 2-5. In experiment 4 all the ANOVAs had as
factors the microgeometry of the dental model used during each trial
(compatible vs. incompatible) and the condition of stroking (synchronous vs.
asynchronous). Results of the ANOVAs are summarised in table 2. In
experiment 5 all the ANOVAs had as factors the macrogeometry of the dental
model used during each trial (compatible vs. incompatible) and the condition
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of stroking (synchronous vs. asynchronous). Results of the ANOVAs are
summarised in table 3.
Source of Variation

df

Effect size
2

F Test

p level

(ηp )
Statement 1
“I felt as if I was
touching my teeth
with my right index
finger”

Stroking

1

.815

30.903

.001

Macrogeometry

1

.513

7.365

.030

Stroking x
Macrogeometry

1

.328

3.424

.107

1

.096

.740

.418

1

.658

13.462

.008

1

.605

10.704

.014

Stroking
Statement 2-5

Macrogeometry

Averaged
rating

Stroking x
Macrogeometry

Table 3.3. Summary table reporting the results of the ANOVAs computed on
the rating given by participants to the first statement and to the average of
statements 2-5 of the DMI questionnaire in Experiment 5. Significant results
are presented in bold.

A simple effects analysis was conducted to further investigate the significant
interaction observed in the ANOVA computed on the averaged rating of
statements 2-5 in experiment 5. Data showed that when the mode of stroking
was synchronous, the averaged rating expressed to the control statements for
suggestibility was higher when the dental model used during the DMI paradigm
was macrogeometrically incompatible (t(7)=4.325, p=.003, two-tailed). That
was not the case after asynchronous stimulation (t(7)=1.728, p=.127, twotailed).
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In addition to classical frequentist statistics, Bayesian repeated measures
ANOVAs and Bayesian paired samples t-tests were also on the rating for the
DMI questionnaire’s statements in experiments 1-5. Results of these analyses
are reported as supporting information (see Appendix B).

3.3.3. Experiment 6: Velcro discrimination with the right index finger
In experiment 6 we calculated the mean percentage of accuracy in the
detection of the difference in texture of two dental models participants touched
with their right index finger. The observed mean accuracy across our sample
was 93.75 % with a standard deviation of 11.288%. We performed a one
sample t-test to compare the observed accuracy with the accuracy that would
be observed at chance level (50%). We concluded that the mean accuracy
observed in our sample was statistically different from chance level
(t(7)=18.520, p<.001), suggesting that participants were able to detect the
presence of Velcro when touching a dental model with their right index finger.

3.3.4. Overall effect size
To summarize the effect of mode of stroking on both the proprioceptive
drift and the sense of teeth ownership, we also computed the magnitude of the
DMI effect in experiments 1,2, 4 and 5 on the pooled data across experiments,
taking the difference between synchronous and asynchronous condition drifts
as an estimate of DMI effect size. In Fig. 7, we report the confidence intervals
and the probability density of the pooled data across experiments. Data are
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shown separately for the two key stroking conditions (synchronous and
asynchronous) on the proprioceptive drift (Figure 7.A), on the rating expressed
to the first statement of the DMI questionnaire (Figure 7.B) and on the
averaged rating expressed to statements 2-5 (Figure 7.C). Mean confidence
intervals (CI) of this DMI effect for each experiment separately, as well as for
the pooled data across experiments are summarised in figure 7.D.
Furthermore, several pooled ANOVAs were conducted across the 32 total
participants in experiments 1,2,4 and 5 (see figure 8.A). Data were pooled
across experiments with factors of stroking (synchronous VS asynchronous)
and experiment number (Exp. 1, 2, 4 and 5, between subjects). Other
experiment-specific factors (such as the body part stimulated (Experiment 1)
or the microgeometric/macrogeometric compatibility between the dental model
and participants’ dentition (experiments 4 and 5) were suppressed. The first
ANOVA was computed on the proprioceptive drift. The main effect of stroking
was statistically significant (F(1,28)=48.712, p<.001, ηp²=.635). Nor the main
effect of experiment (F(3,28)=.543, p=.657, ηp² = .055 ), neither the interaction
of these two factors were statistically significant ( F(3, 28) =.636, p=.598,
ηp² = .064 ).
Finally, 2 further pooled ANOVAs were conducted. One was performed
on the rating to the first statement of the questionnaire and the second one on
the pooled rating to statements 2-5 across the same 32 total participants (see
figure 8.B and 8.C). In the ANOVA performed on the rating to the first
statement only the main effect of stroking (F(1,28) =87.549, p<.001, ηp²=.758)
was statistically significant. Neither the main effect of experiment (F(3,28)
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=.493, p=.690, ηp² =.050), nor the interaction of these two factors were
statistically significant (F(3,28) =1.967, p=.142, ηp² =.174). On the other hand,
in the ANOVA performed on the pooled ratings to statements 2-5, the main
effect of stroking was not statistically significant (F(1,28) =2.062, p=.162, ηp²
=0.069). In addition, nor the main effect of experiment (F(3,28) =1.681, p=.194,
ηp²=.153 ), neither the interaction of these two factors were statistically
significant (F(3,28) =.951, p=.430, ηp² =.092).
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Figure 3.7. Raincloud plot (Allen et al., 2018) of the pooled data across
experiments (N=32), for the two stroking conditions: asynchronous and
synchronous. Each single-subject value corresponds to the proprioceptive drift
toward the dental model (in cm). Positive values correspond to a drift in the
perceived position of the maxillary incisor toward the dental model. The half
violin plot depicts the probability density of the data at different values and
contains 95% confidence intervals of the mean for the two conditions (A).
Raincloud plot of the pooled data across experiments (N=32), for the two
stroking conditions: asynchronous and synchronous. Each single-subject
value corresponds to the rating to the first statement of the DMI questionnaire.
The half violin plot depicts the probability density of the data at different values
and contains 95% confidence intervals of the mean for the two conditions (B).
Raincloud plot of the pooled data across experiments (N=32), for the two
stroking conditions: asynchronous and synchronous. Each single-subject
value corresponds to the pooled rating of statements 2-5 of the DMI
questionnaire. The half violin plot depicts the probability density of the data at
different values and contains 95% confidence intervals of the mean for the two
conditions (C). 95% confidence intervals of the difference between the two
stroking conditions. Positive values correspond to a larger DMI effect for
synchronous vs. asynchronous stroking condition. The differential DMI
stroking effect is plotted for each experiment (N = 8), as well as the pooled
data across experiments (N = 32) (D).
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Figure 3.8. 2x3 pooled ANOVAs computed with stroking as within-subject
factor and experiment as a between-subject factor on the proprioceptive drift
(A) on the rating given to the first statement of the DMI questionnaire (B) and
on the pooled rating of statements 2-5 (C). Each single-subject value
corresponds to the proprioceptive drift toward the dental model (in cm) (A) and
to the rating to the given DMI questionnaire’s statement (B and C). In all the
box-plots lower and upper box boundaries represent 25th and 75th percentiles
respectively and the line inside box shows the median. *p < .05, **p < .01.

3.4. General Discussion

We have performed the first experiments, to our knowledge, on the
representation of one’s teeth, using a modified version of a popular
somatosensory illusion: the Dental Model Illusion. In experiment 1, we
stimulated participant’s teeth and a dental model either synchronously or
asynchronously, and with or without spatial congruence. When participants
touched a dental model and their own teeth were stroked at the same time
(experiment 1), we found an altered sense of body ownership in a qualitative
questionnaire measure, and a shift in the perceived position of the participant’s
own teeth towards the location where they had touched the dental model.
Experiment 2 showed that these same modulations in the proprioceptive drift
and sense of teeth ownership were again observed when the overall amount
of stimulation was exactly balanced between synchronous and asynchronous
conditions. The temporal rather than the spatial aspect of the manipulations
seemed most important, since no modulation of the sense of teeth ownership
or teeth proprioception emerged in experiment 3 in which we manipulated

P a g e | 196
spatial congruence but not temporal synchrony (experiment 3). Costantini and
Haggard (2007) showed that spatial incongruency of up to 30° between the
orientation of viewed and felt stroking movements did not abolish the RHI.
Importantly, in their study the participant’s hand was out of sight, so the
incongruency may simply have been undetected. Our findings, in the case of
teeth stimulation, again suggest that synchronised sensory inputs can cause
illusions of bodily awareness even when the spatial features of the two sensory
inputs differ. Altogether these findings suggest the DMI, like the somatic rubber
hand illusion (Aimola Davies et al., 2013), is relatively robust to purely spatial
incongruencies. Consequently, the mere synchronisation of tactile stimulation
appears to be not only a necessary, but also a sufficient condition in order to
produce changes in the spatial localisation and in the sense of ownership of
teeth. This pattern of results suggests a dominant role of intersensory temporal
synchrony in this, as in other manipulations of ownership (Tsakiris & Haggard,
2005). However, caution is required in interpreting these data as the Bayesian
ANOVAs conducted in Experiment 3 provide only moderate evidence in
support of the null hypothesis, namely that proprioceptive drift and subjective
rating to statement 1 of the DMI questionnaire are independent of purely
spatial modulation of the stroking stimulation.
We found clear body-part specificity in the dental model illusion.
Synchronous self-touch caused a displacement in the perceived position of
the teeth, but not in the perceived position of the nose. These effects
amounted to a local, tooth-specific proprioceptive drift. During our DMI
paradigm participants believed they were touching their own teeth. However,
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the dental model they actually touched was located 8 cm below their actual
teeth. Consequently, during the DMI, people experience a downward shift in
the spatial position of their own teeth. In many studies of bodily awareness,
altered representation of a single body segment induces a more general
update of body representation, in order to preserve its overall coherence
(Lackner, 1988). For example, the “Phantom Nose Illusion” (Hirstein and
Ramachandran, 1998) depends on the correlation between two tactile events.
One touch is delivered by the experimenter’s finger on the participant’s nose.
The other touch consists in the participant’s finger touching the nose of another
subject placed just in front of them. As the two touches are synchronous, the
participant experiences a subjective sensation of nose elongation. We did not
find evidence for this kind of coherence-preserving transfer between linked
body parts in the DMI. Rather, a modular organisation (Haggard & Wolpert,
2005) was found, in which local distortions in body representation might be
inconsistent with representation of nearby body parts. For example, item 3 of
the DMI questionnaire specifically investigated whether DMI could induce a
perceived elongation of teeth by asking participants whether they perceived
their teeth to be modified in their size after tactile illusion. In principle the
different spatial locations of the afferent information from the participant’s teeth
and from their fingertip could be reconciled if the teeth were perceived as
longer than their true length (de Vignemont et. al, 2005). As experiments 1-5
show, the average rating given to this statement did not differ between
synchronous and asynchronous conditions. Consequently, the perceived
position of the teeth was influenced by DMI, but the size of the teeth was not.
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This result suggests that local inconsistencies are tolerated when multisensory
stimulation drives plastic adaptations of body representation. The perceived
position of the upper incisors changed, without any comparable change in the
perceived position of the nose – despite the fixed anatomical relation between
these

two

body

parts.

Interestingly,

the

receptors

that

underlie

mechanosensitivity of the teeth are located on periodontal ligaments, which
attach the root of the tooth to the alveolar bone (Trulsson & Johansson, 1996;
Trulsson & Johansson, 2002). Thus, the perceived position of the teeth is
directly linked, at receptor level, to the perceived position of the upper jaw
itself. However, the perceived position of the nose appeared to be handled
separately.

Tactile illusions have been used widely in neuroscientific literature to study the
processes behind multisensory integration and bodily awareness. The
interplay between vision, touch, and proprioception has have been a key focus
of interest (Botvinick & Cohen, 1998; Ehrsson et al., 2005; Tsakiris & Haggard,
2005). Scientific evidence is divided over whether correlation between
multisensory inputs is sufficient for attribution of body parts. On the one hand,
Armel and Ramachandran (2003) argue that the RHI illusion is the result of a
mere bottom-up perceptual learning. According to their view, the combination
of time-correlated sensory inputs is a sufficient condition to update
proprioception and body ownership. For example, they found that people could
develop a weak RHI effect when a tabletop was stroked in synchrony with their
own hand. However, caution is required in interpreting these data as other
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studies did not find any reliable illusion for non-body objects (Tsakiris et al.,
2010). In fact, Tsakiris and Haggard (2005) found stronger proprioceptive
drifts when viewing synchronous stroking of a rubber hand, compared to an
inanimate object. They argued that a “top-down” representation, that the
stroked object was plausibly hand-like, was relevant to the RHI. In the same
way, our dental model was plausibly like the participants’ own dentition.
However, the DMI differs from the RHI in two main respects. Firstly, it does
not involve visual inputs, which dominate touch and proprioception in many
multisensory paradigms, not only the RHI (Ernst & Banks, 2002). Secondly the
DMI involves sensory inputs to body parts that cannot move independently.
The maxillary incisors are attached to the skull via the jaw. They may thus
have a fixed position relative to the putative human egocenter (Barbeito & Ono,
1979). The role of top-down information in bodily illusions for such fixed body
parts has not previously been studied, to our knowledge. Experiment 4 and 5
aimed to explore the influence of top down and bottom up processes in the
DMI.
In order to study these effects, the microgeometric compatibility of the
tooth surface (experiment 4) and the macrogeometric compatibility of the
dentition morphology (Experiment 5) in the plaster model were altered, to
induce conflict between the somatosensory experiences arising on the
participant’s own teeth and from their right index finger’s stroking of the dental
teeth model. In particular, in experiment 4 we compared a synchronous and
asynchronous pattern of stimulation using two different types of dental models.
In one the texture of central and lateral incisors was modified by covering them
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with rigid Velcro. The texture of the other was unmodified and equal to the one
used in experiment 1,2 and 3. A control experiment (experiment 6)
demonstrated that this texture modification was perceptually evident to
participants. Explicit and implicit (proprioceptive) measures showed no
differences between these two microgeometric experiences. Bayesian
analysis confirmed that the best model of the proprioceptive drift did not
include a main effect of microgeometry. On the other hand, Bayes factor
analysis shows that microgeometry is included in the most explanatory model
of teeth ownership. However, this analysis provides moderate evidence
against the exclusion of microgeometry in a model of proprioception and teeth
ownership. We conclude that surface texture (Yoshioka & Zhou, 2009) is not
a major modulator of tooth ownership. These findings are in line with the RHI
literature, which shows that RHI does not depend on conceptual interpretation
of tactile sensations (Schütz-Bosbach et al., 2009). People commonly sample
the surface texture of the teeth with the tongue, particularly after eating,
drinking or sleeping. However, our results indicate that these textural aspects
exert only a minimal influence on the representation of the teeth themselves.
We speculate that microgeometric textural modulations are attributed to
external stimuli, such as food particles, that adhere to the tooth surface, rather
than to one’s own body.
Macrogeometric haptic perception of object shape requires extensive
somatosensory processing, subsequent to simple somatosensory encoding
(O’Sullivan et al.,1994). Therefore, experiment 5 sought to investigate the
effects of macrogeometric similarity on the DMI. We replicated the trend from
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experiments 1, 2 and 4, with stronger proprioceptive drift in synchronous
conditions. Interestingly, the changes due to synchronous stroking showed a
tendency to depend on the structure of the dental model. When the dental
model used in the paradigm had a missing incisor, proprioception (but not the
explicit judgements of teeth ownership) showed a trend towards a reduced
DMI. Bayesian analysis showed that macrogeometry played a role in
explaining both proprioceptive drift and explicit judgements of teeth ownership.
This suggests some top-down influence of a cognitive dental model that
includes macrogeometric features. The comparison of an internal model of our
participants’ complete dentition, and the finger’s tactile experience of a tooth
missing from the model would produce a conflict, so that what is felt on the
teeth and with the finger no longer matches. The interaction between
macrogeometry and synchrony achieved only trend-level significance, so
caution is required in interpreting this result, particularly given the small
number of participants. On the other hand, the direction of the interaction could
be clearly predicted by previous studies of RHI. Lastly, no differences in rating
emerged between stroking conditions for the average of the control statements
for suggestibility. In conclusion, we find a modest evidence for a top - down,
macrogeometric component of the DMI. We found no convincing evidence that
a prior representation of tooth surface texture contributes to the sense of
ownership with respect to one’s own teeth. Conversely, we found moderate
evidence that a macrogeometric model of dentition morphology could
contribute to the sense of one’s own teeth. We plan to replicate this latter result
in further studies. Many people remember the strange and vivid experience of
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exploring with their tongue the gap left after a tooth falls out or is removed. Our
results suggest interesting opportunities for longitudinal studies on updating
internal models of one’s own body before and after tooth loss.
The relative positions of some body parts are fixed (e.g., nose and
eyes), while the relative positions of other body parts vary frequently (e.g.,
hands and eyes). The head is often considered as the stable centroid of bodily
experience (Alsmith & Longo, 2014). The experiments reported in this article
challenge this model by showing that the perceived position of teeth is not
stable but is subject to rapid plastic change through experience. The position
of the mouth in space is thus plastic, experience-dependent and continuously
updated based on sensory inputs. The hand-to-mouth movement is critically
important for feeding, and thus for survival. It has long been considered a
motor primitive (Graziano, 2006; Rizzolatti & Arbib, 1998) and an innate motor
pattern (Butterworth & Hopkins, 1988). For example, these movements occur
in utero, as early as the 14th–22nd week of gestational period (Zoia et al.,
2013). However, moving the hand to the mouth presupposes a representation
of where the mouth is in space. Nativist theories presumably consider this a
privileged spatial datum, which may be innately specified. Our research casts
doubt on such views, since we show that the perceived position of the mouth
is readily modified by current sensorimotor experiences. We speculate that
infants, and perhaps foetuses, may learn the position of their own mouth, and
build a hand-to-mouth body model, by trial-and-error (Farah, 1998, Schillaci &
Hafner, 2011).
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On this view, the DMI might simply reflect Bayesian integration between
the signals generated on the two sensory surfaces (the teeth, stimulated by
the experimenter) and the finger (stimulated by its movement across the dental
model). In RHI, the proprioceptive drift is interpreted in terms of the high
weighting given to vision of hand position. In DMI, by analogy, the drift towards
the model would indicate a high weighting for the information generated by the
haptic exploration of the model by the participant’s guided finger movement.
We speculate that experience of feeling the dental model as part of one’s own
body arises as a result of adaptation of teeth position information by finger
position information. Where might this adaptation occur? The secondary
somatosensory cortices seem to maintain an on-line representation of the
body (Press et al., 2008; Tsakiris et al., 2007a ; Tsakiris et al., 2007b), and are
thus a plausible candidate. Posterior parietal cortices might also contribute. In
fact, activity in these regions correlates with proprioceptive drift observed after
RHI (Brozzoli, et al., 2012). This area also plays a critical role in representing
spatial relations between body-parts (Buxbaum & Coslett, 2001). Lastly,
premotor cortices could potentially be involved in DMI. Indeed, the strength of
self-touch illusions has been shown to correlate with the activity in these
regions (Ehrsson, 2005).
Somatosensory impairments occur in about half of stroke cases.
Autotopagnosia is a disorder of the body schema characterized by an inability
to localize and orient different parts of the body in space (Buxbaum & Coslett,
2001; Felician et al., 2003; Gainotti et al., 1976). In particular, information
about the relative position of one body part with respect to another seems to
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be lost. The representation of mouth position, and the ability to bring the hand
to the mouth, are essential for feeding, and thus for independent living.
Difficulties with independent feeding activities are often attributed to motor
weakness, in both pediatric (van den Engel-Hoek et al., 2015) and geriatric
populations (Ahmed & Haboubi, 2010). However, we speculate that poor
spatial representation of mouth position may also play a role. Self-feeding
behaviour is one of the first skills to deteriorate in Alzheimer’s-type dementia
(LeClerc et al., 1998). Feeding apraxia is common in advanced stages of the
disease and, as a result, patients are unable to self-feed. Assisted or tube
feeding are the most common solutions adopted in these cases (Hanson et al,
2011). A fairly recent study has shown that self-touch can modulate
impairments in the localisation of body parts in space while enhancing the
sense of body ownership (van Stralen et al., 2011). We have shown that
humans can continuously update the position of their mouth in space through
tactile inputs. This principle might be used as a core feature of a putative novel
neuropsychological treatment to reinstate the representation of the mouth and
of its spatial relations with other body parts. We speculate that patients
exposed to multisensory, multi-effector oral stimulation might show an
enhancement in functional hand to mouth movements. This might potentially
enhance oral proprioception and ownership, with consequent improvements
in self-feeding, and thus in quality of life.
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Chapter 4

A NASCENT method to identify
somatosensory maps of intraoral surfaces

4.0. Summary of the chapter
Although the oral cavity is one of the most innervated areas of the body,
surprisingly little is known about its cortical representation in humans.
Electrophysiological mapping of somatosensory areas in primates has shown
a complex, interdigitated topography across areas. Human fMRI studies are
very challenging due in part to the difficulties in consistently stimulating
intraoral areas, particularly the teeth. Here we suggest a novel paradigm to
deliver a computer-controlled mechanical non-noxious tactile stimulation on
the centre of the facial surface of teeth. In particular, the use of customdesigned gumshields allowed the delivery of distinct, dissipation-free stimuli
on the facial surface of teeth. In the current fMRI study, we present 3 main
separate experiments as well as a preliminary experiment which was designed
to investigate the optimal stimulation parameters to adopt when mechanically
stimulating teeth. In the three main experiments, we aimed at a fine-grained
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and purely stimulation-driven mapping of intraoral tissues, particularly the
teeth and tongue.

4.1. Introduction
As we have described in the introduction of this thesis (see Chapter 1,
section 1.1.8. for further details), this report describes a NASCENT
(Neuroscientific Approach to Study Capacities, Experience and Neural bases
of Teeth) perspective to study the sensory properties of human teeth. In this
chapter we investigate one of the core aspects of this approach. In particular,
we introduce a novel method to investigate which cortical regions respond to
the mechanical stimulation of dental surfaces. In other words, here we focus
on periodontal afferents (PDLMs), in relation to their cortical targets. In chapter
2 we have investigated their spatial capacities; in this chapter we focus on the
cortical organisation of such afferents. The main research question that
motivates this study aims at uncovering whether different regions of dentition
have a somatotopic, mouth-region-specific cortical representation.
The cortical arrangement of sensory inputs received within the oral
cavity still remains a topic of debate. The classic approach used in previous
mapping studies consisted of measuring the cortical response depending to
the execution of motor tasks involving the mouth. Particular attention has been
dedicated to the motor representation of the tongue (Corfield et al., 1999; Fesl
et al., 2003; Lotze et al., 2000; Riecker et al., 2000; Stippich et al., 2002) and
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lips (Gerardin et al., 2003; Hanakawa et al., 2005; Lotze et al., 2000). One
study (Hesselmann et al., 2004) investigated the neural representation of both
lips and tongue by asking participants to perform repeated self-paced
symmetrical lips pursing and horizontal tongue excursions. The experiment
followed a block design which alternated the motor execution of one of the two
tasks with 30 seconds of rest. The cortical organization described by the team
of research shows that the preferential activation consequent to the execution
of lip pursing lay superior to the response elicited by the tongue motor task.
Both activations were observed in the ventral portion of the central sulcus.
A later fMRI study (Meier et al.,

2008) investigated the complete

progression of the representation of multiple body parts along the motor areas
within the pre central gyrus. The motor tasks that participants performed in this
experiment involved the whole body. In relation to the oral cavity, lips pursing,
and tongue protrusion were still used as preferred motor tasks. The observed
results were in line with the topography observed by Hesselmann and
colleagues (2004). Similar findings were observed in a more recent study only
in relation to the location of the preferential activation consequent to motor
performance executed with the tongue (Grabski, Lamalle, & Sato, 2012).
However, no significant difference in the cortical activation was observed
between jaw lowering and lips pursing.
Another line of research has investigated the intraoral and laryngeal
representation by asking participants to produce repeated articulatory
movements (Brown et al., 2009; Brown et al., 2008). More recently, Carey et
al., (2017) used tongue contact with multiple articulators during syllable
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production to map out a more fine-grained dorsal-to-ventral somatotopic
gradient from lips to velum. However, due to the constraints of natural speech,
multiple bilateral oral surfaces were necessarily simultaneously stimulated,
thereby making precise mapping of different sensory surfaces impossible.
Overall the common feature among these studies is the use of motor
tasks to map the cortical representation of intraoral surfaces. However, this
approach is not exempt from methodological limitations. First, although
participants can be trained prior to the MRI session and the use of foam
padding can limit the amount of motion, tongue or lip movement might still
cause concomitant head motion and thus consequent motion artifacts (Hajnal
et al., 1994; Marquart et al., 2000). Moreover, the execution of motor tasks
recruiting intraoral organs (i.e. tongue and/or lips) can generate artifacts due
to changes of the shim of the magnetic field. As a consequence the signal
amplitude of the motion-dependent activation can be diminished (Yetkin et al.,
1996). In addition, this approach does not allow the investigation of the neural
representation of powerful sensory organs which cannot be moved
independently without motion of the whole skull. A notable case is represented
by maxillary dentition.
Only a few studies have attempted the mapping of dental regions by
using an experimental paradigm involving passive stimulation. The observed
results were sparse and often contradictory due to a low coherence in the
choice of the apparatus used to deliver stimulation on target intraoral surfaces
(Ettlin et al., 2004; Miyamoto et al., 2006a; Trulsson et al., 2010). High inter-
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study variability was also observed when defining the physical parameters of
mechanical stimulation (e.g. the frequency of stimulation).
On one hand, manual, low frequency (1 Hz) mechanical stimulation of
lip, tongue and maxillary incisors has been demonstrated to elicit a toothregion-specific pattern of activation in SI (Miyamoto et al., 2006). On the other
hand, the use of computer controlled, vibrotactile trains of mechanical
stimulation delivered on selected target teeth did not provide evidence of
stimulation-dependent activation in SI or SII (Ettlin et al., 2004). Interestingly,
a high frequency of stimulation was adopted in this study (80HZ). Moreover,
vibrotactile trains of stimulation were applied uninterruptedly on each target
tooth for 9 seconds, followed by 9seconds of rest. A more recent study
(Trulsson et al., 2010), has directly investigated the effect of the tactile
stimulation frequency on the pattern of neural activation observed in primary
somatosensory cortices (SI and SII). Results showed that significant bilateral
activation in somatosensory cortices was observed only at low frequencies
(<20N).
In general, not only the choice of stimulation-parameter (e.g. frequency)
was not consistent across previous studies, but such choice was not always
calibrated on the response properties of periodontal afferents (PDLMs). Single
units recording studies have highlighted the hybrid adaptive response
properties of PDLMs (Trulsson & Johansson, 1996). When a load is exerted
on a given tooth, each afferent PDLM fibre responds in a different way. The
discharge behaviour of each PDLM fibre is dependent on the force applied on
the tooth and, in particular, on the direction of tooth loading (Trulsson et al.,
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1992). If a dental load is applied on the preferred direction of loading of a
PDLM, this fibre discharges with a slowly adapting pattern. The adaptive
behaviour is instead rapid if the tooth load perceived by a given PDLM is not
exerted along the preferred direction of that fibre (Trulsson et al., 1992).
In the present study, we present the first systematic framework for
studying the cortical representation of dentition thus enriching the current
knowledge on the intraoral somatotopy. Since one of the main problems
related to the study of neural underpinnings of dental mechanoreception
consists in defining a standardised stimulation methodology, here we suggest
a novel approach which uses computer-controlled pneumatic trains of passive
stimulation by also taking into account the presumptive rapidly adapting
response properties of sensory afferents for stimuli not tuned to their preferred
response direction.
In a preliminary experiment (Experiment 0) we investigated what
parameters of mechanical stimulation are necessary to elicit a strong and
consistent pattern of stimulus-dependent cortical activation. After defining the
optimal stimulation parameters on the basis of empirical neural data, we
conducted three main experiments.
Experiment 1 investigated whether computer-controlled mechanical
stimulation exerted on different intraoral regions can elicit a preferential cortical
response which is specific for different intraoral regions (the tongue and
maxillary teeth). In experiment 2 we shifted the focus of interest primarily on
dentition by investigating whether the two dental arches (maxillary and
mandibular) have a distinct topographical representation at the neural level.
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Lastly, in Experiment 3 we addressed a further property of the putative cortical
dental area. In particular, we tested for the presence of a fine-grained toothtype-specific neural representation of human teeth.

4.2. Materials and Methods

4.2.1. Participants
A total of 5 participants (2 females, mean age ± SD: 28.2 ± 2.5 years)
volunteered to take part in Experiment 1. Due to the use of individually tailormade materials during testing (see section 4.2.2. for further details), the same
participants agreed to participate to experiments 2 and 3. Four additional
subjects were recruited to take part in both experiments 2 and 3. However,
one of the newly recruited participants for experiments 2 and 3 withdrew from
the study. Consequently, the final sample of both experiments 2 and 3
consisted of 8 participants (3 females, mean age ± SD: 30.1 ± 3.5 years). All
the participants gave their informed written consent prior to participation. All
the volunteers recruited were healthy adults without neurological or psychiatric
history, non-smokers, without dental hypersensitivity or history of previous
traumatic teeth injuries, or any dental treatments during the preceding year.
Experimental design and procedure were conducted in accordance with
principles proposed in the Declaration of Helsinki and were approved by the
University College of London research ethics committee.
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4.2.2. A NASCENT MRI-compatible apparatus to map human dentition
As we have pointed out in the first chapter of this thesis, the status of
research on the neural bases of dental somatosensation is still at an early
stage. Technical developments in neuroscience have made MRI-compatible
computer-controlled pneumatic stimulation of body surfaces feasible (Huang
& Sereno, 2007) while also suggesting its applicability to the mapping of dental
surfaces (Brönnimann et al., 2016). Although Brönnimann’s apparatus has
been designed to deliver controlled tactile stimulation on teeth, it mainly allows
for controlled, quantitative sensory testing by using air puff stimuli at graded
temperatures. Given that the aim of this study was to investigate the neural
underpinnings of dental somatosensation, rather than dental thermoception,
we adopted a different method.
In this study we used pressure-controlled airpuff stimuli to uncover the
cortical representation of the intraoral cavity in humans. The apparatus that
we used to deliver air puffs on teeth was composed by the following
components: a portable stimulus computer, an air canister (Oxygen Cylinder
Industrial Grade, BOC, Linde Group ©, London, United Kingdom), a pneumatic
control module (Huang & Sereno, 2007), a Data Acquisition Box (DAQ USB6361

X

series,

National

Instruments,

Austin,

Texas),

8

polytetrafluoroethylene (PTFE) tubes (TYGON, Gobain performance plastics,
Charny, France) and custom-designed gumshields (see section 4.2.3.). Figure
4.1. shows a detailed scheme of all the components of the pneumatic air puff
stimulator used in the current study.
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Figure 4.1. Pneumatic air puff stimulator used throughout experiments 0-3. A
portable stimulus computer (1) controlled each air valve of the pneumatic
controlled module (4) via a DAQ box (2). When a valve was activated, the air
flow started and compressed air was propagated from the air canister (3)
through plastic tubes (5) to either a gumshield (6, Expt. 1-3) or another target
intraoral surface (7, Expt.1).

The pneumatic control module was controlled with Matlab R2015b,
which was installed on the stimulus computer. The connection between the
stimulus computer and the pneumatic control module was made possible by
the DAQ box. The pneumatic control module consisted of an array of 8
solenoid air valves (“S” Series Valve; Numatics Inc., Highland, MI). The eight
valves were connected in a circuit which could decode eight-bit TransitorTranslator Logic (TTL). Repeated trains of TTL pulses were sent from the
stimulus computer to control the pneumatic control module. Such pulses
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allowed the activation and deactivation of the air valves. The pneumatic control
module was connected to the air canister which contained compressed air.
Pneumatic tube fitting connectors were attached to each valve and granted a
safe and dissipation-free connection between a PTFE tube and a given valve.
Every time a solenoid valve was activated, the air flow was enabled.
Consequently, the air was allowed to propagate from the air canister through
the plastic tube connected to the activated valve. Each PTFE tube was then
connected to a tailor-made gumshield to allow the delivery of the air puff
stimulation on a target intraoral location (see section 4.2.3. for further details).
Given their ferromagnetic nature, most of the components of the apparatus
were kept outside the scanner room, in the adjacent scanner control room.
Only the PTFE tubes and the gumshields were allowed in the scanner room
through a waveguide.
PTFE was selected as the material for our tubes after a preliminary
piloting session. Different materials were utilised during the piloting session
(e.g. thermoplastic). We have noticed that the rigidity of PTFE tubes
represents an advantage against stimulation-dependent modification of the
tubes. More specifically, when the air flowed through soft thermoplastic tubes,
their structure was modified by the pressure exerted by the compressed air.
The change in the tube structure lagged over time thus suggesting that
compressed air stimulation has too disruptive of an effect on softer tubes’ (e.g.
thermoplastic) hysteresis. To avoid that the air flow (and thus the final air
pressure exerted on teeth) was altered by tubes’ structure modifications, more
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rigid PTFE tubes were used instead. In fact, the air flow through PTFE tubes
did not have any disruptive effect on the tubes’ hysteresis.

4.2.3. MRI compatible gumshields
Controlled tactile stimulation of teeth with MRI compatible devices is not
a trivial task. The non-noxious and computer-controlled nature of the stimulus
was made possible by using a pneumatic air puff stimulator (see section 4.2.2).
In order to achieve somatotopic mapping of intraoral surfaces, we needed
precise and highly localised stimulation (Medina & Coslett, 2010). The use of
custom-designed 3D-printed mouthguards perfectly matched this need
(Impact Gumshields, Dublin, Ireland).
A mouthguard is a device which is placed inside the mouth to reduce
orofacial injuries (Newsome et al., 2001). Mouthguards are normally used in
contact sports such as football or boxing. By covering the complete dentition
and part of the gingiva, gumshields safeguard the intraoral cavity from
deflection and noxious forces (Parker, et al., 2017). In parallel with the main
use of gumshields in the sport industry, in this study we used gumshields to
safeguard the dissipation of the air puff stimulation across dentition, thus
delivering localised stimuli on teeth.
Each gumshield was 3D printed by using a bespoke mouth-compatible
material. For each participant, two gumshields were obtained, one for each
dental arch. Both the mandibular and the maxillary mouthpieces had 8 internal
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channels. The starting point of each channel was located at the front side of
the gumshield (see figure 4.2. for a 3D model of the mouthguards used in this
study). In this location each channel was connected and matched with one of
the 8 PTFE tubes of the pneumatic air puff stimulator (see section 4.2.2.). The
ending point of each intra-gumshield channel led to the centre of the facial
surface of a target tooth. Specific target teeth were independently selected in
experiments 1-3 (see figure 4.6.). The internal diameter of each channel was
fixed and always equal to 2mm, thus granting a uniform pattern of tactile
stimulation across different teeth. Given that the diameter of the intragumshield channel was equal to 2mm and the pressure of the air within the air
canister was constant and always equal to 7bar, we could calculate the actual
pressure of the stimulation exerted on teeth which was equal to 2.198N. In
short, each intra-gumshield tube led the compressed air from the plastic tube
to the facial surface of each target tooth. A clamping mechanism in the front
part of each gumshield assured a secure connection between the tubes and
the mouthguard (see figure 4.2). To allow stable fitting during stimulation,
mouthguards were customised and individually produced for each single
participant based on their dental scans. Individual dental scans for both dental
arches were acquired by using an intraoral scanner. This device allows noninvasive, accurate and direct capturing of the topography of human dentition
(Mangano et al., 2017).
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Figure 4.2. (A) 3D model of a mouthguard for the mandibular arch of
participant’s 1 dentition (modelled in metallic colour in the picture). (B) Sagittal
section of the mandibular gumshield and the underlying dental scan. The
sagittal section clearly shows two intra-dental channels (2) and (4). In
particular, this figure shows how an intra-gumshield channel (2) connects the
centre of the facial surface of a target tooth (the central mandibular incisor in
the figure (3, in blue)) to the front side of the gumshield (1), where a PTFE
tube connects the gumshield to the pneumatic air puff stimulator. Mouthguard
for the mandibular arch of participant’s 1 dentition: front (C) and posterior view
(D). The front view shows the clamping mechanism (5) that assured a secure
connection between the tubes and the mouthguard. Each tube was inserted
and fixed in one of the 8 cavities which can be seen on the front side of the
clamping mechanism.
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4.3. Experiment 0

4.3.1. Duty cycle and frequency parameters for intraoral pneumatic
stimulation
As mentioned in the introduction of the present chapter, the pneumatic
mechanical stimulation of intraoral surfaces required a careful selection of the
parameters to use during stimulation. More specifically the frequency and the
duty cycle parameters needed to be identified. We define duty cycle the
fraction of the whole stimulation time (trial) in which an active stimulation is
delivered on target dental surfaces. If the stimulation is continuous, the duty
cycle is 100%, thus reflecting that in a given trial the mechanical stimulation is
delivered for the whole stimulation time. An example of continuous stimulation
is offered by the stimulation pattern used in Ettlin’s paradigm. Each trial lasted
9 seconds and during that time the vibrotactile stimulation was exerted
continuously on target surfaces. Given that continuous stimulation did not
provide evidence of stimulus-dependent activation in SI and SII, we decided
to opt for a pattern of stimulation which consisted of periodic alternation of
active stimulation (ON) and lack of physical stimulation (OFF, see figure 4.3.
for further details). In the case of pneumatic mechanical stimulation, active
stimulation (ON) represented the amount of airpuff stimulation delivered during
a given trial. Conversely, OFF time corresponded to the amount of rest per
trial.
Other than the duration in time of airpuffs (reflected by the duty cycle),
we also independently manipulated the frequency of stimulation. It is worth
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mentioning that the frequency parameter does not always coincide with the
duty cycle. Frequency is often expressed in number of cycles per seconds, or
Hz. In the case of pneumatic dental stimulation, the length of the cycle is
determined by the sum of ON time and OFF time in each trial. Crucially, stimuli
with an equal cycle length (e.g. 600ms), and thus an equal frequency, might
be characterised by different duty cycles (either 33.33% (ON=200ms,
OFF=400) or 25% (ON=150ms, OFF=450)).
We designed experiment 0 as a preliminary experiment to investigate
which duty cycle and frequency of stimulation would drive greatest preferential
cortical activation, and, presumably, therefore discharge behaviour of PDLM.

Figure 4.3. Continuous and periodic duty cycles. When duty cycle is
continuous (see Ettlin et al., 2004 for an example) stimulation is constantly
delivered on a target tooth during each trial. If the duty cycle is periodic, the
stimulation is delivered only during specific time windows (ON) and that is
paired with intervals of no stimulation (OFF).
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4.3.2. Experimental procedure
In experiment 0, one single participant (participant 1 in experiments 13) lay supine in the scanner bed with their head surrounded by foam paddings
to reduce head movement. The subject was asked to wear earplugs
throughout the length of the whole experiment. This procedure was used to
protect their ears from the acoustic noise produced during functional magnetic
resonance imaging (Ravicz & Melcher, 2001a). In addition, the use of earplugs
prevented the participant from using acoustic clues to generate a predictive
model of the stimulation.
The participant was instructed that during scanning time they would
receive non-noxious mechanical stimulation on the centre of the facial surface
of four maxillary target teeth (bilateral canines and bilateral first molars, see
figure 4.6.). The participant was invited to wear a custom-designed
mouthguard for the maxillary dental arch during the whole testing time (see
section 4.2.3.). A pneumatic air puff stimulator (see section 4.2.2.) was used
to deliver stimulation during the experiment. The experiment followed a block
design. During each run (see section 4.2.7), 24 blocks of variable length (1014s) were delivered. Occasional resting baseline blocks (10s each) were
inserted after every 6 blocks of stimulation. We designed 8 different conditions
defined by different parameters of duty cycle and frequency. Each condition
was repeated three times in each run. Duty cycles and frequency parameters
used in each condition are reported in table 4.1. In every block, each target
tooth was stimulated for two seconds with condition-specific duty cycle and
frequency parameters. The order of teeth stimulation was randomly
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determined for each block. The subject was instructed to keep their eyes
closed during all the scanning series.

LOW FREQUENCIES

HIGH FREQUENCIES

500

500

DUTY
CYCLE
(%)
50

200

600

25

1.25

100

300

25

2.5

200

400

33.33

1.67

100

200

33.33

3.33

150

450

25

1.67

50

100

33.33

6.67

ON OFF
(ms) (ms)

Frequency
(Hz)

1

150

Frequency
(Hz)

300

DUTY
CYCLE
(%)
33.33

ON OFF
(ms) (ms)

2.22

Table 4.1. ON and OFF time, duty cycle and frequency parameters used in
the 8 experimental conditions of experiment 0.

4.3.3. Data acquisition and data analysis
Echoplanar images were acquired using a Siemens Avanto 1.5T MRI
scanner with a 32-channel head coil. In experiment 0 the participant undertook
5

functional

runs

(CMRR

Multiband

EPI

(https://www.cmrr.umn.edu/multiband/), 322 volumes/run, TR =1000ms, TE =
55ms, 2.3 mm isotropic resolution, 30 axial slices, acceleration factor 4 with
'leak block' (Cauley et al., 2014)). Structural images were acquired for each
subject by using a MPRAGE sequence (TR = 7100 ms, TE = 3.09 ms, 1mm
isotropic resolution). The T1-weighted MPRAGE structural scan (Mugler &
Brookeman, 1990; Wang et al., 2014) was used to reconstruct the individual
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cortical

surface

by

using

the

FreeSurfer

program

“recon-all”

(https://surfer.nmr.mgh.harvard.edu/).
General Linear Model (GLM) analyses were conducted to investigate
the magnitude of the pneumatic air puff stimulus-dependent activations across
different cortical regions. In the absence of any previous estimate of the exact
cortical location of dental somatosensory maps in humans, no ROIs were
defined a priori and a whole-brain approach was used instead. GLM analyses
were carried out using FSL version 6.0.0 (FMRIB’s software Library; Oxford
Centre

for

Functional

Magnetic

Resonance

Imaging

of

the

Brain; http://www.fmrib.ox.ac.uk/fsl/). Before running GLM analyses, all the
images were pre-processed. Firstly, for each functional dataset, the tool
“fsl_motion_outlier” was used to identify timepoints with a significantly large
amount of motion. A confound matrix including the volume number of all such
timepoints was used in the main GLM analysis to minimize the effect of such
motion-corrupted datapoints. The default threshold was used to identify these
outlier volumes (the 75th percentile+1.5 times the Inter-Quartile Range).
Secondly, functional images were aligned and corrected for between-scan
head movements using the AFNI (Analysis of Functional NeuroImages)
program “3dvolreg” (https://afni.nimh.nih.gov). To achieve this, an alignment
volume was identified. By default, the alignment volume selected was the
middle timepoint of the first functional sequence that each subject undertook.
In case such volume was motion-corrupted, the closest time point in the same
scan which was not motion-corrupted was selected as the alignment volume.
Functional-to-high-resolution alignment was achieved by registering each run
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to the high-resolution structural scan by using the FreeSurfer program
“bbregister” (https://surfer.nmr.mgh.harvard.edu/). The alignment was then
manually controlled and refined with manual blink comparison using an
adaptation of Freesurfer’s TkRegister implemented in csurf.
GLM first-level analysis was conducted on each individual functional
run using the FEAT tool (FMRI Expert Analysis Tool v6.00). Co-registration
was applied to the align scan defined in the pre-processing stage. No spatial
smoothing was performed during statistical analyses. To combine all the
individual functional runs, a higher-level analysis was conducted using FEAT.

Figure 4.4. Pipeline showing the data analysis procedure used in experiment
0. For each analysis, both the tool used, and the scope of such analysis are
identified and shortly described.
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4.3.4. Procedures for intraoral labelling in experiment 0
To test whether the cortical response of primary somatosensory
cortices (SI, including area 3b) was dependent on the different patterns of
stimulation frequency and duty cycles we used the following procedure. In the
absence of any established definition of a teeth representation area within the
primary somatosensory cortex, we identified, morphed and labelled a region
of interest (ROI) (see figure 4.5.) based on previous studies which mapped
facial and intraoral regions (Huang et al., 2012; Huang & Sereno, 2007;
Sereno & Huang, 2006). Using the FreeSurfer command “mri_label2vol” the
label was initially converted into a binary mask into the functional volume, thus
allowing the alignment of the label with each echoplanar functional image.

LH

RH

1 Hz [50%]

MEAN
2.34781

STD
2.18458

MEAN
2.41483

STD
1.93034

1.25 Hz [25%]

1.99657

1.90322

2.03661

1.55513

1.67 Hz [33.33%]

1.89125

1.77935

2.04291

1.53703

1.67 Hz [25%]

2.28755

1.76312

2.18466

1.67958

2.22 Hz [33.33%]

1.64175

1.72069

1.69790

1.48045

2.5 Hz [25%]

2.44854

1.97416

2.34381

1.79668

3.33 Hz [33.33%]

1.72331

1.72097

1.81125

1.55513

6.67 Hz [33.33%]

2.03094

1.67735

2.05122

1.59312

Table 4.2. Mean Z-averages and Standard deviations obtained in the
sampling of activated voxels within the ROI for each of the 8 conditions in both
hemispheres (Frequency Hz [duty cycle %]).
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In the main GLM analysis 8 contrasts (one for each frequency and duty
cycle condition) were computed and the cortical activity consequent to
mechanical stimulation of the maxillary dental arch was compared with a nostimulation baseline. For each contrast, the AFNI program “3dmaskave” was
used to extract all the activated voxels within the previously defined region of
interest. The sampling procedure proceeded with 4 sampling cycles, starting
at the border between white matter and pial surface and applying the sampling
procedure by steps of 20% of the total pial surface thickness. Mean Zaverages and Standard deviations obtained for each contrast in this analysis
are reported in table 4.2.

4.3.5. Results: Frequency and duty-cycle-dependent cortical activations
In experiment 0 we investigated whether different combinations of
frequency of pneumatic stimulation and duty cycle have an effect on the
stimulus-dependent cortical responses. Overall, a visual inspection of figure
4.5. suggests that in all the 8 experimental conditions the mechanical
stimulation of bilateral molars and bicuspid generated a diffuse pattern of
response which was consistent in both hemispheres and localised in the
ventral portion of classically defined somato-motor areas. In figure 4.5. are
shown the results of eight contrasts, one for each combination of frequency
and duty cycle (see table 4.1). In each contrast the cortical activation
depending on mechanical stimulation was compared with a no stimulation
baseline. Within the a-priori defined region of interest, significant activations
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(p<0.05, uncorrected) consistently activated the same set of somatosensory
areas (including the presumptive somatosensory area 3b). The sampling
process described in section 4.3.4. highlighted that slightly higher z-averages
were observed for four frequency (duty cycle) conditions: 1Hz (50% duty
cycle), 1.67 Hz (25% duty cycle), 2.5 Hz (25% duty cycle) and 6.67 Hz (33%
duty cycle).
As only low (and not high) frequencies of stimulation have been proved
to elicit a stronger pattern of cortical activation within SI and SII (Trulsson et
al., 2010), we decided to use low-frequencies during the mechanical
stimulation conducted in three main experiments presented in the current
studies. However, to the best of our knowledge, no previous studies have
systematically investigated the duty-cycle-dependent cortical activations in the
primary somatosensory cortex after mechanical stimulation of teeth. Among
all the 4 different combinations of low frequencies and duty cycle, only one
condition (1Hz) was characterised by low frequency and a rather high duty
cycle (50%).
Based on neurophysiological data, suggesting that PDLM respond with
a rapidly adapting behaviour when mechanical loads are not calibrated on their
preferred response direction (Trulsson & Johansson, 1996; Trulsson et al.,
1992), we decided to use a low duty cycle which could better match the
presumptive rapidly adapting response of PDLMs. Among the stimulation
conditions characterised by low frequency and low duty cycle (1.25 Hz, 20%,
1.67Hz, 33.33% and 1.67Hz, 25%), one condition (1.67Hz, 25%) was
associated with a greater number of activated voxels (see table 4.2).
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Figure 4.5. Surface based individual maps showing stimulus-dependent
activation in 4 low (A) and high frequency (B) stimulation condition. For each
condition, closeups show the stimulus-dependent cortical response within the
identified region of interest (ROI). The ROI was morphed on the basis of
previous data on the cortical representation of light tactile stimuli delivered on
intraoral surfaces (Huang et al., 2012; Huang & Sereno, 2007; Sereno &
Huang, 2006). Convex surfaces are shown in pale grey whereas concave
surfaces are shown in dark grey.

Consequently, by taking into account all the aforementioned
considerations, in the three main experiments reported in the current study
(Expt. 1-3), both the frequency and the duty cycle parameters were set at low
values, respectively at 1.67Hz and 25%.

4.4. Experiment 1

4.4.1. Experimental procedure
In experiment 1, participants (n=5) lay in the MRI scanner while wearing
a custom-designed, 3D-printed mouthguard on their maxillary dental arch. The
gumshield was used to deliver repeated cycles of air puffs precisely and
discretely to the centre of the facial surface of four target maxillary teeth. The
four target teeth were the first molars (left and right) and the canines (left and
right). In addition, four further regions of the lower portion of the intraoral cavity
were stimulated. These additional target points were located on the lateral
surface of the tongue (see Chapter 1, section 1.2.3. for further anatomical
details). The tongue was stimulated at two locations on its left or right lateral
surface. This configuration allowed us to define four areas of interest: left
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tongue, right tongue, left maxillary hemi-dentition and right maxillary hemidentition (see figure 4.6.). The stimulation of the tongue was made possible
and kept constant across trials by fixing the plastic tubes targeting the lateral
surface of the tongue to the occlusal surface of the gumshield worn by
participants.
Functional images were acquired across 6 runs (see section 4.4.2.).
Each run contained 24 blocks of stimulation plus a no-stimulation 'baseline',
equally divided over stimulation to the left and right tongue and upper teeth.
Each surface was stimulated for 2 seconds. The duty cycle used for the
pneumatic mechanical stimulation was equal to 25%. More specifically,
150ms-long air puffs (ON) were followed by 450ms of rest (OFF), at a
frequency of 1.67 Hz. The choice of such parameters was motivated by the
results observed in the preliminary experiment 0 (see section 4.3). 4Hz
amplitude-modulated white noise was used to mask any residual noise from
air puffing.
A surgical aspirator (portable surgical aspirator 15LPM, Quirumed ®,
Valencia, Spain) was used for precision suction of saliva within the oral cavity,
thus reducing the amount of significant swallowing-derived motion. Given the
ferromagnetic nature of some of the components of the surgical aspirator, it
was not allowed in the scanner room and thus kept in the adjacent scanner
control room. A flexible thermoplastic tube (ID=2.4mm, OD=4mm, TYGON,
Gobain performance plastics, Charny, France) was introduced in the scanner
room via a waveguide. A nelaton sterilised disposable probe (ID=1.8mm,
OD=3.33mm) was attached to the terminal edge of the thermoplastic tube. The
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probe was inserted in the mouth of the participant for saliva suction. Before
testing, each participant was invited to select a comfortable position for the
probe. Participants were instructed neither to move their tongue nor to change
the position of the probe within the mouth during testing to minimise the
amount of motion/confound artifacts. Finally, all the subjects were instructed
to keep their eyes closed during all the scanning series.

Figure 4.6. Target intraoral regions stimulated by the pneumatic air puffer
across different experiments. Target intraoral locations in the upper portion of
the intraoral cavity are highlighted in blue. Target locations in the lower portion
of the intraoral cavity are coloured in green.
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4.4.2. Data acquisition and data analysis
Echoplanar images were acquired using a Siemens Avanto 1.5T MRI
scanner with a 32-channel head coil. Each participant undertook 6 functional
runs (CMRR Multiband EPI, 384 volumes/run, TR=1000ms, TE=55ms, 2.3mm
isotropic resolution, 40 axial slices, acceleration factor 4 with 'leak block').
Structural images were acquired for each subject by using a MPRAGE
sequence (TR = 7100 ms, TE = 3.09 ms, 1mm isotropic resolution).
The data analysis procedure followed in this experiment for the GLM
analysis (pre-processing, first and higher-level analysis) was identical to
experiment 0 (see section 4.3.3.). A group level analysis was then performed
using csurf, (M. Sereno, http://www.cogsci.ucsd.edu/~sereno/.tmp/dist/csurf).
Each participant's cortical surface was firstly inflated to a sphere. FreeSurfer
was then used to nonlinearly morph each individual cortical surface into
alignment with an average spherical cortical surface using FreeSurfer (Fischl
et al., 1999). We then combined activations across subjects on a vertex-byvertex basis by vector averaging (Sereno & Huang, 2006). Lastly, t-statistics
were computed using the raw amplitude of the stimulus-frequency response.
z-statistics were visualized on an average cortical surface (FreeSurfer’s
FsAverage) with 3 steps of spatial smoothing using csurf.
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4.4.3. Results: Mapping of intraoral surfaces
In experiment 1 we investigated the cortical activation consequent to
the delivery of airpuff pneumatic stimulation on four target teeth and four target
locations of the lateral surface of the tongue. The results of four different
contrasts are reported and described below.
Regarding the first two contrasts (see figure 4.7.) we report the group
average of two comparisons. In the first contrast we compared the cortical
activation elicited by mechanical stimulation of the maxillary dental arch with
no stimulation baseline. In the second contrast we compared the stimulation
of the tongue with baseline rest. The stimulation of both the maxillary dental
arch and the tongue elicited a strong and diffused pattern of preferential
response which was mainly located in the ventral portion of somatomotor
cortex and extended on either sides of the central sulcus by thus involving both
the presumptive primary motor area (area 4) and primary somatosensory
cortices (including areas 3b, 3a, 2 and 1).

The activated patches were

consistent across hemispheres in both contrasts, thus suggesting that the
passive stimulation of intraoral tissues recruits similar and overlapping cortical
primary somatosensory regions.
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Figure 4.7. (A) Group average of the contrast between the stimulation of
maxillary teeth and baseline. (B) Group average of the contrast between the
stimulation of the lateral surface of the tongue and no stimulation baseline.
Convex surfaces are shown in pale grey whereas concave surfaces are shown
in dark grey.

In the third contrast we compared the cortical response provoked by the
stimulation of the left portion of the intra oral cavity (left canine, left first molar
and two left target points on the tongue) with the activation of the right fraction
of the mouth milieu cavity (right canine, right first molar and two right target
points on the tongue). In figure 4.8. we report the group averages for such
contrast. Overall both hemispheres show preferential activation for the
stimulation of the contralateral intraoral site.
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Figure 4.8. Group averages showing the cortical activations for the contrast
left versus right. The colour coding scheme used in the maps depicts in blue
the stimulus-dependent activation for the right portion of the mouth. The
cortical area responsive to mechanical stimulation applied on the left is shown
in red. Nonetheless the pattern of preferential cortical responses is mainly
contralateral in both hemispheres, activation sites are not consistent across
hemispheres. Convex surfaces are shown in pale grey whereas concave
surfaces are shown in dark grey.

More specifically, in the left hemisphere the averaged significant
(p<0.05, uncorrected) evoked responses which were spotty and spread over
a complex set of areas involving the dorsal edge of the central sulcus (just
superior to the hand knob) and multiple parietal sites located both in the
primary somatosensory cortex and along the superior edge of Sylvian sulcus.
Spotty, contralateral activations were also observed in the putative secondary
somatosensory cortex (SII). Nonetheless a preferential pattern of cortical
response was also observed in both hemispheres, in the right hemisphere
responses were more localised and mainly observed in a ventral portion of the
central sulcus.
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Since responses sites were not consistent across hemispheres, we
also investigated this contrast in each single subject. Single-subject contrasts
are reported in figure 4.9. Single-subjects contrasts undermined the
idiosyncratic nature of lateralised stimulus-dependant responses. Activation
sites and the preferential pattern of response were not consistent across
participants. For instance, participant’s 3 data show only contralateral
responses in the ventral somatosensory areas of the right hemisphere. The
homologous region of the other hemisphere was demonstrated to be
preferentially responding to the ipsilateral intraoral site of stimulation. Within
the left hemisphere, this participant only showed weak evidence in support of
contralateral cortical response and that was observed in the dorsal portion of
primary somatomotor areas. A completely different scenario is observed when
analysing other individual data, ranging from poor evidence in support of
mouth-region preferential activation in both hemispheres (participant 2) to
multiple patches of activation spread over somatosensory and nonsomatosensory areas (participant 5).
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Figure 4.9. Single-subject data for the contrast left vs. right in Experiment 1.
Activation site and laterality are highly idiosyncratic across participants.
Convex surfaces are shown in pale grey whereas concave surfaces are shown
in dark grey.

In the fourth contrast we compared the cortical activations in response
to the passive stimulation of two different intraoral surfaces: the maxillary
portion of dentition and the lateral surface of the tongue (see figure 4.10). As
per the left vs. right contrast, we found no clear somatotopic arrangement at a
group level. Hemispheric activations for tongue versus maxillary teeth were
spread in multiple patches in the whole brain. Crucially poor evidence of
mouth-region-dependent activation was registered in primary and secondary
somatosensory cortices.

Figure 4.10. Cortical activation consequent to pneumatic air-puff stimuli
delivered on the maxillary dental arch and on the lateral surface of the tongue.
The colour coding scheme used in the maps depicts in blue the stimulusdependent activation for the maxillary dental arch. The cortical area
responsive to mechanical stimulation applied on the tongue is shown in red.
Convex surfaces are shown in pale grey whereas concave surfaces are shown
in dark grey.
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A detailed inspection of single-subject data showed an idiosyncratic
trend in the location of cortical responses (see figure 4.11). Three participants
(1,2, and 5) showed a similar pattern of cortical responses. More specifically,
preferential activations for the maxillary teeth (versus tongue) were recorded
approximately halfway up the central sulcus and postcentral gyrus, with the
presumptive tongue representation lying ventral to the upper teeth. In general,
activation differences between teeth/tongue were observed in the posterior
bank of the central sulcus (SI), and not in secondary somatosensory areas
(SII). Nonetheless the observed topography in these participants was quite
similar in both hemispheres, some slight differences occurred and are noted
below. The preferential activation for the tongue versus teeth in the left
hemisphere of participant 2 did not lay in the fundus of the central sulcus but
spaced more posteriorly in the postcentral gyrus, thus suggesting that
variability was not observed only between subjects but sometimes even within
subjects and between different hemispheres. Participants 3 and 4 did not show
the same presumptive topography observed in participants 1,2 and 5. Rather,
in somatomotor areas these participants showed a bilateral preferential
response for a specific intraoral surface, either the maxillary teeth (participant
4) or the tongue (participant 3). Finally, only participant 4 showed significant
activation along the Sylvian sulcus thus suggesting a putative role of
stimulation-driven acoustic noise during the delivery of air-puffs on intraoral
surfaces (in particular for the tongue).
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Figure 4.11. Cortical activation consequent to pneumatic air-puff stimuli
delivered on the maxillary teeth and tongue. The colour coding scheme shows
preferential responses for the tongue (versus teeth) in red. Convex surfaces
are shown in pale grey whereas concave surfaces are shown in dark grey.

4.5. Experiment 2

4.5.1. Experimental procedure

In Experiment 2 (N=8) participants received pneumatic air puff
stimulation only on mandibular and maxillary sites of dentition. Consequently,
participants were required to wear both the mandibular and the maxillary
mouthpieces during the length of the whole experiment. In both dental arches
the stimulated teeth were bilateral first molars and canines. Other aspects of
method were equal to experiment 1.

4.5.2. Data acquisition and data analysis
In experiment 2 functional images were acquired with a Siemens
Prisma 3T scanner using a 32-channel head coil. Echoplanar images were
acquired in 6 functional runs (CMRR Multiband EPI, 384 volumes/run,
TR=1000ms, TE=35ms, 2mm isotropic resolution, 48 axial slices, acceleration
factor 4 with 'leak block').
In addition, a further structural MPRAGE sequence was acquired (TR
= 7100 ms, TE = 3.09 ms, 1mm isotropic resolution). All the aspects of data
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analysis were equal to Experiment 1. z-statistics were visualized on an
average cortical surface (FreeSurfer’s FsAverage) with 3 steps of spatial
smoothing using csurf.

4.5.3. Experiment 2: Mapping maxillary and mandibular regions of
dentition
In Experiment 2 we observed the activation of cortical areas in response
to the mechanical stimulation of specific target teeth located across the two
dental arches, mandibular and maxillary. Here we report the results of four
different contrasts. In the first contrast we compared the cortical activation
dependent to the stimulation of target teeth located in the maxillary dental arch
to a baseline where no stimulation was delivered on any other body site.
Figure 4.12.A shows the group average of the z-statistics (standardised
t statistics) across the 8 participants recruited in the current experiment.
Significant activations are shown with a rather liberal threshold (p<0.05,
uncorrected). Pneumatic stimulation of the maxillary dental arch provoked an
extensive bilateral pattern of activation which extended bilaterally over a set of
primary (including area 4, area 3b) and secondary somatosensory areas,
parietal sites (including the Intra Parietal Sulcus (IPS)) and auditory regions
along the Sylvian fissure.
In the second contrast we compared the cortical response to stimulation
of the mandibular arch with no stimulation baseline. Figure 4.12.B. shows the
group average of such responses. Crucially the same set of areas involved in
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the first contrast was activated thus suggesting that mandibular and maxillary
dental arches recruited overlapping cortical sites (see figure 4.12.B.).

Figure 4.12. (A) Results of the contrast maxillary arch versus baseline, group
average. (B) Results of the contrast mandibular arch versus baseline, group
average. Convex surfaces are shown in pale grey whereas concave surfaces
are shown in dark grey.

In the third contrast we investigated the laterality of the cortical
representation of dentition. More specifically we compared the significant
activation observed after mechanical stimulation of the left portion of dentition
(maxillary and mandibular canine and first molar) with the stimulation
dependent activation of the right portion of the mouth. Figure 4.13. shows the
group average of the z-statistics computed for this contrast in each subject. In
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the right hemisphere we observed strong preferential cortical activation only in
response to the stimulation of the contralateral side of dentition (left molars
and canines, shown in red in figure 4.13.). The stimulation of the left portion of
the mouth recruited an extensive set of areas extending along both the anterior
and the posterior edges of the ventral central sulcus. Such areas included
somatosensory areas (SI (including area 3b, 3a, 2 and 1) and SII) and motor
areas (area 4). In the left hemisphere, multiple patches of activation were
observed in the ventral portion of the post-central gyrus and the secondary
somatosensory cortex.

Figure 4.13. Group average of the contrast between the left and right
stimulation- dependent activation observed in both hemispheres. Activations
for the stimuli delivered on the left of the mouth are shown in red (p<0.05,
uncorrected). Cortical responses consequent to stimulation of the right portion
of dentition are shown in blue. Convex surfaces are shown in pale grey
whereas concave surfaces are shown in dark grey.

Inspection of single subjects’ contrasts (see figure 4.14.), confirmed a
strictly contralateral pattern of response within the right hemisphere
(Participant 6 represented the only exception to this consideration and further
details are provided below).
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Figure 4.14. Single-subject data showing preferential cortical activations (p<
0.05, uncorrected) after pneumatic stimulation of lateralised portion of
dentition (left versus right). Convex surfaces are shown in pale grey whereas
concave surfaces are shown in dark grey.

P a g e | 247

The left hemisphere showed evidence of double representation of
pneumatic stimuli received on dentition. A first representation responded to
stimuli delivered on the contralateral side of the mouth and was observed in
all participants. Additionally, several subjects (participants 2-6) showed
evidence in support of ipsilateral activation.
Such presumptive ipsilateral representation lay more ventrally if
compared to the contralateral representation and was located in all subjects in
the inferior portion of the fundus of the central sulcus. Finally, participant 6
showed evidence in support of such contralateral representations bilaterally,
with the representation of the stimuli received on the right portion of dentition
laying dorsal to the representation of stimuli delivered on the left part of the
mouth in both hemispheres. The location of the lateralised cortical target of
mechanical stimuli delivered on dentition showed variability across
participants and sometimes even within participants across hemispheres (see
figure 4.14, participant 4).
In the fourth contrast we investigated whether the stimulation of
different dental arches (mandibular vs maxillary) provoked an arch-specific
pattern of cortical activation. No clear somatotopic arrangement was observed
at a group level (see figure 4.15.), as multiple patches of activations were
scattered across classically somatosensory and not-somatosensory areas.
Visual inspection of the group average in both hemispheres highlighted a
whole brain preferential response for stimulation delivered on the lower arch
of the mouth. In the right hemisphere a significant group of vertexes
responding to the stimulation of the maxillary dental arch (p<0.05,
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uncorrected) was observed in the posterior bank of the postcentral gyrus and
lay just ventral to the “hand knob”.

Figure 4.15. Cortical activation observed after delivering pneumatic air-puff
stimuli on the maxillary and the mandibular dental arches. The colour coding
scheme used in the maps depicts in blue the stimulus-dependent activation
for the maxillary dental arch. The cortical area responsive to mechanical
stimulation applied on the mandibular arch in shown in red. Convex surfaces
are shown in pale grey whereas concave surfaces are shown in dark grey.

Probabilistic labelling was used to identify the specific location of such
significant activation and that was identified to be laying on the primary
somatosensory cortex (involving the presumptive area 3b). A spotty group of
voxels was identified in the Sylvian fissure and more precisely within SII. In the
left hemisphere significant activations were observed only along the Sylvian
sulcus.
Given the inconclusive results of the group average, we further
inspected single subject inter-arches contrasts and we observed strong
evidence in support of inter-subject variability (see figure 4.16.). Half of the
sample showed evidence in support of putative upper-to-lower somatotopic
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spread in a ventral portion of the posterior bank of the central gyrus. Crucially
in these participants (1,2, 6 and 7) the preferential activation consequent
stimulation of the maxillary dental arch was always located dorsal to the
activation of the mandibular dental arch. Although the same overall coarse
organisation was observed among these participants, some further subjectspecific differences appeared. In particular in subject 2 the putative maxillary
representation was split in two patches located on both the anterior and the
posterior edges of the central sulcus. The mandibular representation instead
adjoined and split the two presumptive maxillary representation by extending
ventrally along the fundus of the central sulcus. Notably, such topography was
reversed in one participant (subject 3, left hemisphere). Subject 8 also showed
a clear upper-to-lower topography but again the orientation of the map was
highly idiosyncratic and oriented towards a rostro-caudal gradient. In this
participant, the preferential cortical response for the stimulation of the
mandibular dental arch lay in the ventral portion of the central sulcus and the
activation for the upper dental arch lay more caudal, on the posterior bank of
the central sulcus within the surface of area 3b. Lastly in the ventral portion of
somatosensory cortices, some participants (4 and 5) only showed strong
significant (p<0.05, uncorrected), bilateral response consequent to stimulation
of the maxillary dental arch. Preferential responses for the stimulation of the
mandibular dental arch were observed either in dorsal regions of the primary
somatosensory cortex, superior to the hand knob (participant 4) or along the
Sylvian fissure (participant 5).
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Figure 4.16. Single-subject data preferential cortical activation (p< 0.05,
uncorrected) consequent to light air puffs stimulation of target bilateral
maxillary and mandibular teeth. Convex surfaces are shown in pale grey
whereas concave surfaces are shown in dark grey.
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Pneumatic stimulation of teeth also evoked responses which were
localised outside the traditionally defined somatosensory regions in all
participants. Activation patches in peri-Sylvian and superior temporal regions
may reflect auditory noise produced by the computer-controlled mechanical
stimulator. In most of the subjects (1,2,5 and 8) preferential response in such
areas was observed after stimulation of the mandibular dental arch.
However, in other participants (see participants 3 and 7) these regions
were preferentially recruited during delivery of air-puffs on the facial surface of
maxillary teeth. All in all, we observed modest evidence in support of a cortical
dental arch-specific topography. Arch -specific responses were highly variable
across individuals and sometimes located in different locations of the primary
somatosensory cortex. However, it is worth mentioning that although the
pattern of activations varied across participants, it remained stable within each
participant across separate runs (see figure 4.17).
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Figure 4.17. Single-subject data (participants 6 and 7) showing cortical
activations after delivering pneumatic air-puff stimuli on the maxillary and the
mandibular dental arches across the first half (runs 1-3) and the second half
(runs 4-6) of the functional runs (p< 0.05, uncorrected). Convex surfaces are
shown in pale grey whereas concave surfaces are shown in dark grey.

4.6. Experiment 3

4.6.1. Experimental procedure
In experiment 3 (N=8) all the 8 target points for dental mechanical
stimulation were located on the maxillary dental arch. Participants were thus
invited to wear a tailor-made maxillary gumshield throughout the length of the
whole experiment. More specifically target teeth were bilateral first molars, first
premolars, canines and central incisors (see figure 4.6.).
Functional data were acquired throughout 6 runs (see section 4.2.7). In
each run, 8 cycles of pneumatic stimulation were delivered, each one lasting
32s. A 30 second no-stimulation baseline was inserted at the end of the 8
cycles of stimulation. Each cycle consisted of the sequential stimulation of all
the target teeth. The starting point of the cycle always coincided with the
stimulation of a molar. In half of the runs the starting point was the right
maxillary molar and the ending point was the left maxillary molar. In the other
half of the runs such order was reversed. Each tooth was stimulated for 8s,
with 25% duty cycle (150ms-long air puffs (ON) followed by 450ms of rest
(OFF)) at a frequency of 1.67 Hz (see section 4.3 for a detailed explanation
about the choice of such parameters). No delays in time were inserted, neither
between adjacent target teeth, nor between consecutive cycles.
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Due to the repetitive and highly predictable nature of the tactile
stimulation across runs, participants were engaged in a detection task. In
some trials, the mechanical stimulation of a given tooth only lasted 5s, thus
generating a 3s stimulation gap between a trial and the following. The number
of gaps was randomly determined for each run and could vary between 1 and
5. Participants were provided with an MRI compatible button response box
which leant on their chest during the whole stimulation time. They were
instructed to press a button on the response box whenever a stimulation gap
was detected. Other aspects of method were the same as to Experiment 1.

4.6.2. Data acquisition and data analysis
In experiment 3, functional images were acquired across 6 different
runs (CMRR Multiband EPI, 542 volumes/run, TR=1000ms, TE=35ms, 48
slices of 2mm isotropic resolution, acceleration factor 4 with 'leak block'). In
addition, in both experiments 2 and 3, a further structural MPRAGE sequence
was acquired (TR = 7100 ms, TE = 3.09 ms, 1mm isotropic resolution). A T1weighted MPRAGE structural scan was used to reconstruct individual cortical
surfaces

with

the

FreeSurfer

program

“recon-all”

(https://surfer.nmr.mgh.harvard.edu/).
Functional-to-high-resolution alignment was achieved by registering
each run to the high-resolution structural scan by using the Freesurfer program
“bbregister”. The alignment was then manually controlled and refined using
manual blink comparison using an adaptation of Freesurfer’s TkRegister
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implemented in csurf. Functional images were aligned and motion-corrected
using the AFNI (Analysis of Functional NeuroImages) program 3dvolreg.
Functional data were analysed using a Fourier transformation which was
computed for the time series of each run at each voxel fraction (vertex). Fratios were calculated by comparing the power of the complex-valued signal
at the stimulus frequency to the power of the noise. F-ratios were then
converted to corresponding uncorrected p values. Degrees of freedom of the
signal and noise were taken in account during the conversion. For each
subject, the six functional runs were combined to improve the signal-to-noise
ratio. By interleaving the direction of cycles of pneumatic stimulation across
runs, either left-to-right or right-to-left (three runs each), we controlled for
systematic delay across regions in the shape of the hemodynamic response
function. We modelled phase data on the right-to-left direction. The phase was
reversed for the opposite direction of pneumatic stimulation. Oppositedirection data were then combined by vector addition of the complex-valued
signal (the strength and phase of the response at the stimulus frequency). No
spatial smoothing was performed during statistical analyses.
Lastly, we averaged individual maps across participants. The
procedure followed during this group level analysis was identical to
Experiments 0-2. Group average F-statistics were then visualized on an
average cortical surface (FreeSurfer’s FsAverage) using three steps of spatial
smoothing with csurf. In both individual data and group averages a continuous
colour scale (red to blue to green) was used to display the phase angle in the
maps. Higher saturation in the colour scale reflected a higher p-value.
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4.6.3. Experiment 3: Behavioural results
In experiment 3 we computed the average number of stimulation gaps
across the 6 functional runs for each subject (see section 4.6.2). We then
computed the average number of perceived stimulation gaps across runs. We
did not observe any evidence in support of a statistical difference between the
average actual number of stimulation gaps and the averaged perceived
number of stimulation gaps across participants (t(7)=.567, p=.588, two tailed).
Behavioural data are also shown in figure 4.18.

Figure 4.18. Performance (averaged across functional runs) at the stimulation
gap detection task across participants. Error bars show the standard error of
the mean.

4.6.4. Experiment 3: phase-encoded fMRI paradigm
In this experiment we used a phase-encoded fMRI paradigm to
noninvasively map the maxillary dental arch, as subjects received sequential
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mechanical stimulation on 8 target maxillary teeth. In the right hemisphere we
reversed the phase of complex-valued colour scales so as to have
contralateral activations displayed in warm colours in both the hemispheres.
Figure 4.19. shows the group average across 8 participants. The group
average phase-encoded map did not show convincing evidence in support of
phase-encoded maps across the unfolded somatosensory cortical areas.
Within somatosensory areas, both the hemispheres only showed consistent
activation in correspondence of the onset of the stimulation cycle, during
stimulation of the contralateral molars (p<0.05).
Overall a stronger pattern of activation was observed in the right
hemisphere if compared to the left hemisphere. No significant activation was
observed at the stimulus frequency in the ipsilateral hemisphere. Crucially, the
Fourier-based methods used only show areas with differential and specific
responses at the stimulation frequency. Regions whose response was not
dependent to the stimulus frequency are not shown. High inter-subject
variability was observed when analysing single-subject maps. In the first
instance, in all subjects we observed evidence of stimulation-dependent
activation in somatomotor areas in response to the stimulation of contralateral
teeth. Only participants 2, 3 and 7 also showed evidence of ipsilateral
activation. In the ventral portion of the somatosensory cortex, along the
anterior edge of the central sulcus of the right hemisphere of participants 2,3
and 7 we observed a significant response for ipsilateral molars (yellow) and
premolars (green).
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Figure 4.19. Group average phase-encoded activations (p< 0.05,
uncorrected) observed after sequential pneumatic stimulation of 8 target
maxillary teeth. The colour coding scheme used in the maps is shown in the
figure, over imposed to a dental arch model. The phase of complex-valued
colour scales was reversed for the right hemisphere. As a consequence,
contralateral activations are displayed in warm colours in both the
hemispheres. Convex surfaces are shown in pale grey whereas concave
surfaces are shown in dark grey.

Both subjects 2 and 3 also showed multiple additional patches of
activations in more dorsal sites of somatomotor cortical areas. Weak evidence
(p<0.05) in support of phase encoded maps within somatosensory areas were
observed in only a selection of the total participants (see figure 4.20).
Participant’s 6 data show that in both hemispheres the spread of the maximal
amplitude of the signal observed within somatomotor cortices (including
presumptive areas 4 and 3b) is in phase with the stimulus frequency.
Pneumatic stimulation of the contralateral first molar (orange) produced the
most ventral responses along the central sulcus. Additional activations in
phase with the stimulus frequency (red and blue), then spread with a dorsal
gradient along the posterior edge of the central sulcus.
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Figure 4.17. Single-subject data showing phase-encoded activations (p<
0.05, uncorrected) after sequential pneumatic stimulation of 8 target maxillary
teeth. The colour coding scheme used in the maps is shown in the figure, over
imposed to a dental arch model. The phase of complex-valued colour scales
was reversed for the right hemisphere. As a consequence, contralateral
activations are displayed in warm colours in both the hemispheres. Convex
surfaces are shown in pale grey whereas concave surfaces are shown in dark
grey.

4.7. Discussion
To the best of our knowledge, the current study represents the first
attempt of a systematic mapping of the neural representation of teeth in
humans which also takes into account the discharging properties of PDLMs in
response to stimuli not tuned to their preferred response direction (Trulsson et
al., 1992).
Throughout multiple experiments we addressed different aims. First
through experiment 0 we investigated whether the stimulus dependent
activation consequent to stimulation of dental sites is depending on different
combinations of frequency and duty cycle. Our results suggested that
pneumatic stimulation of dental surfaces elicited a consistent preferential
cortical activation for the maxillary teeth with every combination of duty cycle
and frequency. Among the stimulation conditions delivered at a low frequency
we selected to use in the main experiments a 1:4 puff-ratio between active
stimulation and rest (25% duty cycle). When airpuffs were delivered at 25%
duty cycle and at a low frequency (1.67Hz) a slightly higher number of voxels
was activated in the ventral portion of the primary somatosensory cortex if
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compared with the other stimulation conditions. Moreover, such low duty cycle
properly matched the rapidly adapting response pattern observed when PDLM
respond to stimuli not tuned to their preferred direction of response (Trulsson
et al., 1992, Trulsson & Johansson, 1996).
In the three main experiments presented in the current study we have
investigated different properties of the intraoral cortical representation. The
main goal was to refine the current knowledge on the topography of the
‘sensory homunculus’ (Penfield and Rasmussen, 1950) in relation to the
intraoral area. In the next sections we will investigate what the present study
adds to the current knowledge on the following points: the topography of the
neural representation of different intraoral tissues in humans, the preferential
lateralisation of such representation and the topography of the cortical areas
responding preferentially to the mechanical stimulation of specific tooth
clusters.

4.7.1. Cortical representation of different intraoral tissues in humans
Miyamoto and colleagues (2006) have pointed out that the sensory
representation of the oral area in the primary somatosensory cortex in
response to manual stimulation has an organisation which follows a dorsal-toventral gradient, as somatosensory stimulation is delivered first to the lips, then
the teeth, then the tongue.
The current study did not replicate these findings. Crucially the
arrangement of tongue ventral to the teeth was not observed consistently at a
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group level in experiment 1. Rather, similarly to other studies that investigated
intraoral somatotopy (Grabski et al., 2012b), we observed strong idiosyncratic
variability in the somatotopic spread.

In experiment 1, the topography

described by Miyamoto and colleagues was observed only in a subset of our
participants (3 out of 5). Crucially, however, our study stimulated different
teeth, and a different dental surface from the surface stimulated in study ran
by Miyamoto and colleagues. In Miyamoto et al.’s experiment, the dental
stimulation was applied only to the surface of a single incisor. In the current
studies, multiple points of stimulation were identified on the facial surface of
different teeth (bilateral canines and molars in Experiment 1).
Our methods have several advantages over those of Miyamoto et al.
We used computer-controlled delivery of passive trains of stimulation to
multiple different teeth. Our choice of pneumatic stimulation required selecting
a different dental surface (the facial) to that chosen by Miyamoto and
colleagues (the incisal).
The choice of stimulus used, and of surface to be stimulated has a major
influence on the afferent information reaching the brain. Miyamoto et al. used
a mechanical percussion delivered to a small incisal surface. This presumably
causes a strong, if poorly controlled, afferent volley to the somatosensory
cortex.
In experiment 1 we delivered air puff stimuli which were spatially more
diffused (diameter of 2mm) and localised at the centre of the facial surface of
canines and molars. Consequently, our stimulation is designed to identify
somatotopic organisation among multiple teeth, while Miyamoto et al.’s
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stimulation was designed to compare the representation of one tooth with
other oral tissues. Thus, their study aimed to differentiate cortical responses
to stimulation of oral tissues of different types, while ours aimed to differentiate
cortical responses to stimulation of the same type of oral tissue, namely teeth,
but using tokens at different spatial locations. The purposes of the two studies
are therefore quite different, and it is difficult to compare the studies directly.
We speculate that the incisal surface, may have a stronger and more
stable cortical representation, due to its strong functional role in mastication
and occlusion. Consequently, that might explain the clear somatotopy found
by Miyamoto et al. and only partially replicated here.

4.7.2. Is the cortical representation of intraoral tissues lateralised?
Regarding the laterality of preferential responses consequent to
different sides of the mouth (left versus right), in experiment 1 we replicated
the contralateral response pattern observed by Miyamoto and colleagues.
These findings were partially confirmed also in experiment 2. It is important to
notice that in this experiment stimuli were delivered selectively to specific
target teeth and not to any other intraoral tissue. Although no clear fine
topography was observed at a group level, most of the subjects showed
activations which were stronger contralaterally than ipsilaterally.
An important difference seems to separate the intraoral representation
of human and not-human primates. We observed preferential cortical
activation only in the hemisphere contralateral to the side of mechanical
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stimulation, with minimal evidence of ipsilateral activations.

Conversely,

primary somatosensory cortex of non-human primates shows two further
representations for ipsilateral teeth and tongue, located at the rostral extreme
of area 3b. Such additional representations lay ventral to the contralateral
teeth areas. Similarly to the case of contralateral representations, ipsilateral
teeth area was more dorsal if compared to the ipsilateral tongue area. These
results were observed specifically in New World monkeys due to high
structural similarity between them and humans (Kaas et al., 2006).
We speculate that such differences in the lateralisation of responses
between human and non-human primates is due to the change of the
functional role of the mouth in different species. Monkeys rely more heavily
than humans on orofacial somatosensory experiences, since like other
primates, use the mouth for a wide variety of species-specific behaviours.
These include the examination of the external environment (Parks & Novak,
1993), and tool use (Simpson et al., 2019). The relative unimportance of such
oral behaviours in humans might underlie the rather coarse-grained intraoral
cortical representation we observed in humans.
Orofacial mapping during human development would be a promising
line for future research. The use of the mouth to examine and explore external
objects has commonly been defined as mouthing (Rochat, 1989; Ruff et al.,
1992) and represents a common behaviour during infancy (Belsky & Most,
1981; Fenson et al., 1976). A longitudinal study could directly investigate the
development-dependent

cytoarchitectonic

changes

in

the

neural

representation of the mouth milieu. Such evidence could then provide support
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to a finer and broader representation of the intraoral area during infancy (and
thus similar to primates) due to higher functional relevance of the mouth during
the early stage of life.

4.7.3. Are mechanical stimuli delivered on different dental arches
topographically represented at the neural level?
In Experiment 2, no clear evidence was observed at a group level in
support of an evident topography for the stimulation of different dental arches
(mandibular versus maxillary). In our study we observed high inter-subject
variability. In particular, some participants showed a clear activation for one
arch only, without a clear activation for stimulation of the other arch. Since a
gradient is defined by the position of one cortical activation relative to another,
it is difficult to speak of a somatotopic gradient in such cases, since only one
activation exists.
However, half of our participants did show a clear cortical gradient
within SI. The observed somatotopic spread had a dorsal-to-ventral
organisation respectively for the upper and the lower dental arch. Crucially, to
the best of our knowledge, this is the first study which directly investigated
whether there is any evidence of such topography in humans. Consequently,
further research may be needed in order to corroborate such findings. In our
study, they constituted only a trend at the group level, since only half of the
sample clearly showed this pattern.
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Notably, such interdigitated organization of the teeth in the rostral
portion of post-central gyrus is also similar to that reported in primate studies
( Jain et al., 2001; Kaas et al., 2006; Manger et al., 1996).

4.7.4. Are mechanical stimuli delivered on different teeth (and within the
same dental arch) topographically represented at the neural level?
In experiment 3 we stimulated only the maxillary arch by delivering
sequential stimuli to 8 target teeth. The eight target teeth were equally
distributed across both sides of the maxillary dental arch. The air-puff
stimulation was accurately perceived, as shown by participant’s behavioural
reports. More specifically, participants could accurately report when the
stimulus duration was altered due to the presence of a no-stimulation gap.
However, when considering the neuroimaging data, we did not observe
evidence of tooth-specific cortical activation. At the group level we observed
that in both hemispheres somatosensory sites were consistently activated
according to the onset of the stimulation cycle, during stimulation of the
contralateral molars. Crucially, no convincing evidence of a phase-dependent
(i.e., tooth-specific), activation was observed. The consistent contralateral
activation to molar stimulation observed in both hemispheres at the group level
may simply reflect the salience of the beginning of a new cycle of stimulation,
rather than a preferential somatotopic activation to stimulation of posterior
teeth.
The absence of clear somatotopic gradient might be explained by a
variety of factors. In the first instance, previous evidence shows that
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somatotopic maps have in general a small-scale size (Mancini et al., 2012). It
is possible that the paradigm at 3 Tesla used in experiment 3 had an
insufficient signal strength to detect the fine-grained dental somatotopy in
somatosensory areas. The use of 7T fMRI paradigms permits the acquisition
of higher resolution data with a greater statistical power if compared with 3T
paradigms (Torrisi et al., 2018). Future research might need to take such
consideration into account when investigating the neural architecture of the
representation of dentition in humans.
Another possible explanation might be found in the anatomy of the
sensory innervation of human dentition. A clear somatotopy can be observed
for the stimulation of different fingers (Mancini et al., 2011) or for the
stimulation of different intraoral surfaces (tongue versus teeth) due to the fact
that these surface have different and specific sensory afferents. This is not
always the case for dental stimulation.
As observed in the introduction of this thesis (see chapter 1, section
1.2.7. for further details) periodontal ligaments provide anchorage of the tooth
to the gingiva, by Sharpey’s fibres. Among such fibres, transseptal fibres
connect adjacent teeth, thus forming horizontal bundles between adjacent
regions of dentition.

Transseptal fibres form a dense ligament chain-like

structure between all the teeth (Rajendran, et al., 2015). Mechanoreceptors
located along such fibres (PDLMs) might then transduce signals for the
stimulation of multiple adjacent teeth. Single unit recordings have shown that
mechanoreceptors respond to the stimulation of a number of teeth which can
vary between a minimum of two to a maximum of four teeth (Trulsson, 1993).
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This lack of direct correspondence between region of dentition and a
specific sensory afferent might blur any cortical map, and thus explain the null
effect observed in this study. If the same mechanoreceptor responded for the
stimulation of multiple teeth, its cortical target might have been recruited for
the stimulation of multiple teeth. Consequently, the same area might have
been preferentially activated for the stimulation of different regions of dentition.
This might explain why we did not observe evidence in support of a phasedependent pattern of preferential cortical activation.
In conclusion, this study has introduced crucial innovation in methods
which simply pave the way towards an increased interest for the study of the
neural representation of the intraoral cavity. While the evidence for a
systematic and consistent cortical map of dentition was limited, our findings do
not rule out existence of such a fine-grained map. A number of suggestions
for future research to investigate this map have been made.
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Chapter 5
An ecological method to identify
somatosensory maps of intraoral surfaces

5.0. Summary of the chapter
The human mouth is an extraordinarily dynamic environment. Within
the intraoral cavity, multiple tissues are in close proximity and in continuous
interaction. Tongue-teeth tactile contacts are common repeated experiences
in our everyday routine. The self-touch experience of our dentition through
haptic tongue exploration represents a crucial prerequisite for numerous
everyday tasks, from swallowing to mastication or speech production. In this
chapter we investigate the neural underpinnings of such intraoral dynamics.
More specifically, we investigate which cortical areas show a touch-dependent
activation when people perform haptic self-exploration of their dentition using
the tip of their tongue. A new ecological paradigm and a phase encoded
design have been implemented to delineate the location of the neural
representation of the lingual surface of both dental arches. The main goal of
this study consists in shedding a renewed light on the neural bases of dental
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mechanoreception by uncovering the topography of the neural representation
of the lingual surface of teeth.

5.1. Introduction
In relation to their multi-surface geometry, teeth might be conceived as
the oral analogue of our hands. Our hands have two important surfaces:
palmar and dorsal (Valenzuela & Bordoni, 2019). Although these surfaces are
comparable in some aspects of their tissutal composition and sensory
innervation (Johnson, 2001; Vallbo & Johansson, 1984; Vallbo, Olausson,
Wessberg, & Norrsell, 1993), some differences occur. First, palmar regions of
the hand are characterised by a higher density of mechanoreceptors sensitive
to all the aspects of tactile stimulation (Provitera et al., 2007). Second, the two
regions have different functional roles. Palmar regions, and fingertips in
particular, are often engaged to grasp tools (Pérez-González et al., 2013),
explore the external world (Smith et al., 2002) or self-touch (e.g. holding hands
close together, Bolanowski et al., 1999). Dorsal regions instead can be
conceived as a physiological shield that protects other body parts from
external sources of damage. In fact, dorsal regions are more likely to be
affected by tissutal wounds if compared to palmar regions (Adani, 2015).
Differences in tactile sensitivity occur between dorsum and palm (Ackerley et
al., 2014). The palm is primarily tuned to touches occurring in the peri-personal
space (Cléry & Hamed, 2018) whereas dorsal regions serve more as a
physical barrier between the body and the external space (Luebberding et al.,

P a g e | 273
2013). Another important difference between the two main sides of human
hands consists in their cortical representation (Jang et al., 2013). Crucially, the
functional difference between the two body regions is also reflected at the
cortical level. In particular, the number of SI voxels that showed response to
manual stroking of the palm was more than two times the number of cortical
voxels responding to dorsal stimulation (Jang et al., 2013).
The multi-surface organisation is a common aspect of the human body.
Nonetheless, a clear inter-surface structural and functional differentiation is
often observed at the extremities of both upper (hands) and lower (feet) limbs
(Hennig & Sterzing, 2009),

the intraoral cavity represents an intriguing

exception. Human dentition is organised in two dental arches. Each dental
arch is organised in two main definite surfaces: facial and lingual (Husain,
2018). The facial surface of teeth is oriented towards the distal gradient of the
proximo-distal axis, whereas lingual surfaces face the mouth cavity proper
(see section 1.2.6. of this thesis). Lingual surfaces have a high functional
relevance in numerous everyday tasks, from swallowing (Furuta & Yamashita,
2013) to mastication (Lamontagne et al., 2013) or speech production (Rai, et
al., 2014). However, the lion’s share of previous research has investigated
both the sensory capacities (see chapter 2 and 3 of this thesis or check
Trulsson, 2006 for a review on dental directional sensitivity) and the neural
representation of teeth (Ettlin et al., 2004; Trulsson et al., 2010) in respect to
the facial side of dentition.
In chapter 4 we investigated the neural activation in response to
computer-controlled mechanical stimuli delivered on target intraoral surfaces.
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Particular attention has been dedicated to the neural representation of the
facial surface of specific teeth. We observed no clear somatotopic
arrangement at a group level in support of a putative topography for different
intraoral regions (mainly the tongue and the teeth). The stimulation used
across different experiments in chapter 4 was specifically designed to match
the rapidly adapting response of PDLM to stimuli not directionally tuned to their
discharging properties (Trulsson & Johansson, 1996).
In this chapter, we aim at uncovering whether stimuli received on the
lingual surface of teeth are topographically organised at the neural level. An
ecological paradigm (haptic exploration of dentition with the tip of the tongue)
and a phase encoded design were used to achieve such goal.

5.2. Materials and Methods

5.2.1. Participants
12 participants (6 females, mean age ± SD: 24.6 ± 12.2 years) were
recruited from the San Diego State University subject data pool. All the
participants gave their informed written consent prior to participation. All the
volunteers recruited were healthy adults without neurological or psychiatric
history, non-smokers, without dental hypersensitivity, history of previous
traumatic teeth injuries, or any dental treatments during the preceding year.
Since this experiment aimed at mapping the neural representation of both
dental arches, a full dentition composed by 32 natural teeth represented an
additional inclusion criterion for this experiment. Experimental design and
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procedure were conducted in accordance with principles proposed in the
Declaration of Helsinki and were approved by the San Diego State University
research ethics committee.

5.2.2. Mapping dentition with haptic stimulation
Participants were invited to lay in the MRI scanner and wore earplugs
throughout the whole experiment. This procedure was used to protect their
auditory system from the acoustic noise produced during functional magnetic
resonance imaging (Ravicz & Melcher, 2001). Each participant was invited to
perform repeated cycles of haptic exploration of their dentition with their
tongue. In each cycle, participants were instructed to slide the tip of their
tongue on the lingual surface of each tooth of both the dental arches. The
direction of tongue motion across teeth was set by a visual cue. More
specifically, during each cycle, participants viewed a stream of images, each
of them depicting the full dentition with a target tooth coloured in green (see
figure 5.1). The green tooth represented the tooth that should be touched by
participant’s tongue at a given time. The image was updated at a frequency of
1Hz. Every time that the image changed, a new image showed a different
target tooth. Crucially, consecutive images always depicted adjacent teeth,
thus setting a sequential pattern of tongue motion across dentition at a pace
of approximately 1Hz. For each participant, echoplanar images (see section
5.2.3) were acquired in 6 different runs, lasting 256s each.
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In each run, participants performed 8 cycles of tongue motion across
dentition, with each cycle lasting 32s. The direction of motion across teeth was
randomized across runs. In half of the runs the starting point was the right
maxillary molar and the ending point was the mandibular right molar. In the
other half of the runs such order was reversed. Participants were invited to
keep their dental arches close together throughout the whole experiment.
Consequently, when switching dental arch, halfway through each cycle,
participants were encouraged to simply vertically slide their tongue across the
lingual surface of the two third molars belonging to different dental arches.

Figure 5.1. Visual cues used to prompt tongue motion across dentition. The
visual cue presented to the participant was updated every 1s, at the frequency
of 1Hz.

5.2.3. Data acquisition and analysis
For each participant, functional echoplanar images were collected
throughout 6 runs on a Siemens Prisma 3T MRI scanner with a 32-channel
head coil (CMRR Multiband EPI, parallel acceleration technique mode =
GRAPPA, acceleration factor = 2, 256 volumes/run , 2.5 mm of isotropic
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resolution, 45 axial slices, TR =1000ms, TE = 28ms). For each subject, two
further structural scans were acquired in addition to the 6 functional runs. The
first structural sequence was a long, high-resolution T1 weighted MPRAGE
scan (1 × 1 × 1 mm, TR = 7100 ms, TE = 3 ms, parallel acceleration technique
mode = GRAPPA, acceleration factor = 2). The second structural sequence
was a shorter MPRAGE scan acquired in the same plane of the functional
sequences (1 × 1 × 1 mm, TR = 7100 ms, TE = 3 ms, parallel acceleration
technique mode = GRAPPA, acceleration factor = 5, slab-selective excitation).
Individual cortical surfaces were reconstructed from the long MPRAGE
structural

scan

using

the

FreeSurfer

program

“recon-all”

(https://surfer.nmr.mgh.harvard.edu/).
Functional-to-high-resolution alignment was achieved in two steps.
Firstly, the longer MPRAGE sequence was registered to the shorter structural
sequence. Secondly, this short structural alignment scan was then registered
to each functional run using manual blink comparison. Functional images were
aligned and motion-corrected using the AFNI (Analysis of Functional
NeuroImages) program 3dvolreg (https://afni.nimh.nih.gov). For each subject,
the six functional runs were combined to improve the signal-to-noise ratio. By
interleaving the direction of motion across runs, either upper-to-lower or lowerto-upper (three runs each), we controlled for systematic variations across
regions in the shape of the hemodynamic response function. We modelled
phase data on the upper-to-lower direction. The phase was reversed for the
opposite direction of tongue motion across dentition. Opposite-direction data
were then combined by vector addition of the complex-valued signal (the
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strength and phase of the response at the stimulus frequency). No spatial
smoothing was applied prior to statistical analyses.
Functional data were analysed using a Fourier transformation which
was computed for the time series of each run at each voxel fraction (vertex).
F-ratios were calculated by comparing the power of the complex-valued signal
at the stimulus frequency to the power of the noise. F-ratios were then
converted to corresponding uncorrected p values. Degrees of freedom of the
signal and noise were taken in account during the conversion. A continuous
colour scale (red to blue to green) was used to display the phase angle in the
maps shown in figure 5.2. Higher saturation in the colour scale reflected a
higher p-value.
To average individual maps across subjects we applied a surface-based
cross-subject average using FreeSurfer (Fischl et al., 1999). Each participant's
cortical surface was firstly inflated to a sphere. FreeSurfer was then used to
nonlinearly morph each individual cortical surface into alignment with an
average spherical cortical surface using FreeSurfer (Fischl et al., 1999). We
then combined complex-valued mapping signals across subjects on a vertexby-vertex basis by vector averaging (Sereno & Huang, 2006). Lastly, Fstatistics were computed using the raw amplitude of the stimulus-frequency
response.

F-statistics were visualized on an average cortical surface

(FreeSurfer’s FsAverage) with 5 steps of spatial smoothing using a customised
version

of

FreeSurfer

(csurf,

http://www.cogsci.ucsd.edu/~sereno/.tmp/dist/csurf).

M.

Sereno,
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5.3. Results
For each subject, haptic somatosensory stimulation of the lingual
surface of teeth evoked a clear and consistent response at the cortical level,
more precisely within the ventral portion of the contralateral SI (see figure 5.2).
Thresholds were set at a standard uncorrected level (p<0.05). Activated
cortical regions (including presumptive areas 3b, 3a) were identified with a
procedure of probabilistic labelling. The Fourier-based method used in the
current study as a method of statistical analysis only shows areas with
differential and specific responses at the stimulation frequency. Crucially, we
did not find any evidence in support of significant ipsilateral activation at the
stimulus frequency. Lingual somatosensory maps observed in the current
study are located along the central gyrus, with occasional involvement of the
posterior bank of the central sulcus.
In both the left and the right cortical hemispheres, the lingual surface of
maxillary teeth was primarily represented superior to the mandibular arch.
Evidence in support of a secondary, non-contiguous cortical region responding
to somatosensory stimulation of the lingual surface of maxillary teeth is
observed in both hemispheres (see figure 5.2).
This additional lingual maxillary dental area lays in a ventral position of
SI, inferior to the putative mandibular teeth area. Inter-hemispheric differences
are observed in the degree of mutual overlapping between such regions, with
a higher degree of regional overlapping observed in the right cortical
hemisphere if compared to the left hemisphere.
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Figure 5.2. Preferential cortical activation observed after sequential haptic
exploration of both dental arches with the tip of the tongue within the ventral
portion of the primary somatosensory cortex. The colour coding scheme used
in the maps is shown in the figure, over imposed to a dental arch model. Closeups (dotted in white in the whole hemisphere) show the detailed topography
of phase-specific activation for both the dental arches across hemispheres.
Convex surfaces are shown in pale grey whereas concave surfaces are shown
in dark grey.

In the left hemisphere the dorsal patch responding to the stimulation of
the lingual surface of maxillary teeth shows a somatotopic arrangement with a
spread of activation which depend on the stimulus phase. More specifically,
within that area (see closeup, figure 5.2), more dorsal voxels show preferential
response to the stimulation of the lingual surface of posterior teeth (orange).
The caudo-ventral portion of this patch shows a preferential response which
is consequent to the stimulation of the lingual surface of anterior teeth (red).
In the posterior bank of the central sulcus, in a more ventral region, another
different patch shows a response for the stimulation of the posterior teeth thus
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providing a first presumptive evidence in support of a multiple representation
of the lingual surface of posterior teeth.
The area responding to the stimulation of the contralateral mandibular
dental arch in the left hemisphere lays within the two presumptive
representations of the maxillary teeth, along the fundus of the central sulcus.
We observed modest evidence in support of a tooth-cluster-specific phase
spread for mandibular anterior teeth (green) and posterior teeth (yellow).
In the right hemisphere we observed evidence in support of a similar
arrangement. However, few differences apply, and they are examined below.
In fact, the cortical areas responding to the haptic stimulation of both maxillary
and mandibular contralateral teeth in the right hemisphere are mostly
overlapping. We observed cortical responses in the ventral portion of the
central sulcus, with involvement of both the pre and post central gyri. Such
responses showed evidence of somatotopic arrangement which was dentalarch-specific. In fact, the haptic stimulation of maxillary posterior teeth
(magenta) elicited responses both dorsal and ventral to the cortical area which
showed preferential response to the mandibular posterior teeth (see closeup,
figure 5.2). No convincing evidence was observed in support of cortical areas
responding to the stimulation of contralateral anterior maxillary and mandibular
teeth within the right hemisphere.
Outside classically defined somatosensory areas we observed
evidence of bilateral activations in both visual cortices and in the temporal
lobes. If the former activations are presumably elicited by the presentation of
visual prompts during the experiment, we interpreted the latter as mainly due
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to substantial and spatially complex B0 field changes in the brain, due to the
intraoral haptic exploration of the mouth with the tongue during scanning (Liu
et al., 2018).

Figure 5.3.In the first row we show the group average showing preferential
activation consequent to haptic stimulation of the lingual surface of both
maxillary and mandibular teeth. In the second row we display individual
activations (rendered an average cortical surface (FreeSurfer’s FsAverage))
observed after passive pneumatic computer-controlled stimulation of the facial
surface of both dental arches. Interestingly, evidence in support of the same
maxillary-to-mandibular dorsal-to-ventral arrangement is found in both cases.
Convex surfaces are shown in pale grey whereas concave surfaces are shown
in dark grey.

Interestingly, the interdigitated dorsal-to-ventral gradient in the
topographical arrangement observed bilaterally in this experiment is
comparable with the trend observed in chapter 4 (see figure 5.3). It is worth
mentioning that few differences apply in the methods used across different
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experiments. Experiment 2 reported in chapter 4 had a block design in which
we used a computer controlled pneumatic air puffer to passively stimulate the
facial surface of selected target teeth (mandibular and maxillary canines and
first molars) for 2s per trial. In the current study, a phase encoded design was
used, in which participants used their own tongue to sequentially stimulate the
lingual surface of each individual tooth of their dentition for 1s.
Nonetheless in chapter 4 no convincing evidence was observed in
support of a distinctive dental-arch specific topography at the group level, half
of the subjects showed similar cortical responses after passive stimulation of
the facial surface of both the maxillary and the mandibular arch. In these 4
subjects the area responding to the stimulation of the mandibular teeth lay
ventrally to the putative maxillary representation. Crucially, evidence in
support of such pattern is observed here both at the subject level (see
appendix C) and at the group level.

5.4. Discussion
To the best of our knowledge we have performed the first study that has
directly investigated the neural representation of the lingual surface of teeth,
which has often been neglected in previous research despite its high functional
relevance in speech and mastication. Using a paradigm of haptic stimulation,
we observed a consistent and robust stimulus-dependent pattern of
activations within the ventral portion of SI. Results obtained in this study
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highlights that the representation of lingual surfaces of teeth has a clear
somatotopic arrangement which is arch-specific. More intriguingly, in both
hemispheres, we found convincing evidence in support of a dorsal-to-ventral
representation respectively for the maxillary and the mandibular dental arch.
Finally, at the group level, evidence in support of a secondary area responding
to the contralateral maxillary teeth has been observed in both hemispheres
and it lay ventral to the presumptive representation of mandibular teeth.
Interestingly the cortical maps observed consequent to haptic
stimulation of the lingual dental surface are comparable in many aspects with
the maps observed after pneumatic mechanical air puff stimulation of the facial
aspects of specific human teeth (see chapter 4 for further details on this
paradigm of stimulation). Although these findings are just preliminary, and they
must be therefore confirmed by further evidence, this study, in line with
previous studies investigating the representation of dorsal and palmar sites of
the human hand (Jang et al., 2013), suggests that the stimulation of different
surfaces might elicit preferential activity within the same ventral portion of SI.
Lastly, within both mandibular and maxillary cortical representations,
we did not find convincing and consistent evidence in support of tooth-typespecific cortical organisation. Differences between hemispheres applied in that
regard. More specifically, nonetheless activations consequent to the
stimulation of contralateral posterior teeth were consistently observed in both
hemispheres, cortical areas responding to the anterior teeth were consistently
observed only on the left hemisphere.
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Our experimental design consisted of the haptic, visually guided
delivery of mechanical stimulation on dentition. Therefore, the constant
involvement of the tongue muscle during the task might represent a confound
when identifying the exact cortical topography of the intraoral cortical
representation in humans. Crucially, the intraoral maps described in this study
were obtained with a Fourier-based method. It is worth mentioning that such
procedure provides us with maps that only show areas with differential and
specific response at the stimulation frequency. The somatosensory sensation
that each participant experienced on the tip of their tongue when sliding it
across dentition was not in phase with the stimulus frequency set by the visual
cue. In fact, the stimulation of the tongue was constant and continuous during
the experiment. We concluded that the somatosensory response of tongue
areas was not dependent from the stimulus frequency and thus not shown in
our maps. The present study provides the first striking evidence in support of
an arch-specific activation evoked by haptic stimulation of the lingual surface
of teeth (see figure 5.4.).
In both the left and the right hemisphere, we observed robust
contralateral preferential activation for the stimulation of posterior teeth.
Although responses to the haptic stimulation of anterior teeth were observed,
they were mainly observed in the left hemisphere. Crucially, maxillary teeth
were shown to have a double representation: one dorsal and one ventral. In
particular, the ventral representation preferentially responded to stimulation of
posterior maxillary teeth. To sum up our findings support small-scale, finegrained presumptive maxillotopy and mandibulotopy within SI, with a
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preferential representation of the posterior portion of dentition in the cortical
areas responding to the haptic stimulation of different dental arches. In the
group average we observed evidence in support of a ‘maxillary-mandibularmaxillary’ cortical organisation which followed a dorsal to ventral gradient.

Figure 5.4. Cortical organisation of stimuli received on the lingual surface of
teeth. The somatotopic arrangement of maxillary and mandibular teeth follows
a dorsal to ventral gradient in the ventral portion of SI. Interestingly, an
additional “non-contiguous” representation of maxillary teeth lay ventral to the
mandibular teeth area.

We speculate that such posterior preference in both maxillary and
mandibular representations corresponds to the functional role that teeth cover
in daily life activities, such as mastication or swallowing. Crucially, it has been
observed that 90% of chewing function is carried out by recruiting specific
teeth, namely the bilateral first molars and the bicuspid region (canines)
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(Broadbent, 2000). Further evidence has been provided by the analytical study
of the chewing behaviour of humans during mastication (Sánchez-Ayala et al.,
2013). These researchers measured whether the efficiency of the masticatory
performance varied as a function of the chewing time. The masticatory
performance was evaluated by measuring the size of the bolus, a sphere-like
compound, mainly composed by saliva and food residuals (Abe et al., 2011).
The bolus is produced by repeated occlusion of food with a combined action
of tongue and teeth. The smaller was the observed size of the bolus in the
constituent-particles’ size of the bolus, the higher was the score associated
with the masticatory performance. Results showed that chewing time
drastically influenced the success of the overall masticatory activity. Overall,
successful chewers were observed to spend most of the mastication cycle
while performing chewing, thus recruiting posterior teeth clusters (molars and
premolars) to process food. This evidence supports the high functional
importance of posterior teeth, as they are primarily implicated in mastication.
Somatosensory dynamics related to swallowing offer additional
evidence in support of such functional preference for posterior teeth. During
ingestion, we constantly receive tactile stimulation on the lingual surface of
molar teeth by the lateral surface of the tongue. Such mechanical stimulation
does not recruit front teeth as the tip of the lingual tongue is involved in exerting
pressure along the surface of the hard palate (Atkinson et al., 1957; Kieser et
al., 2013) A study led in elderly population showed that a sample affected by
posterior edentulism (loss of molars and premolars) showed difficulties in
swallowing, thus again enhancing the functional predominance of posterior
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teeth in swallowing at the behavioural level (Okamoto et al., 2015). All in all,
such behavioural preferential involvement of the back teeth in everyday tasks
is reflected in the maps we describe in this study.
The study of the sensory capacities of posterior teeth (molars and
premolars) has often been neglected in somatosensory studies in favour of the
study of incisors, presumably due to the easier access of anterior teeth if
compared to more posterior teeth. The findings observed in this study suggest
that posterior teeth sensations are very important for regulating chewing
behaviour. Crucially such functional relevance is also reflected at the cortical
level.
Previous human studies have rarely attempted a full somatosensory
mapping of dentition (Ettlin et al., 2004). The majority of previous research has
directly investigated the stimulus-dependent neural representation of stimulus
delivered on the maxillary central incisors, either on their incisal (Miyamoto et
al., 2006) or facial (Trulsson et al., 2010) surface. The joint application of
electrophysiological methods and histological tracers in primates has provided
us

broader

knowledge

about

the

complex,

interdigitated,

multiple

representation of oral structures in monkey area 3b (Kaas et al., 2006).
However, caution is required in the detailed analysis of such mapping
approaches (Jain et al., 1995). This technique consists in the subdermal
injection of anatomic tracers. Mechanical stimulation is then delivered on the
body parts of interest. The biological markers inserted through injection are
then transported from the receptor endings on the periphery of the body to the
cortical targets of the sensory afferents. After stimulation, monkeys are
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terminated, and their brains are dissected. The localisation of the tracers in the
brain offers unequivocal evidence regarding the cortical areas activated by
stimulation of specific body regions. Crucially the majority of animal studies
have delivered mechanical stimulation by exerting light tapping on the facial
surface of monkey’s dentition (Jain et al., 2001). Therefore, the present study
provides the first evidence in support of the neural representation of
mechanical stimulation on the lingual side of the teeth.
Knowing the specific topography of the representation of the oral cavity
at the cortical level, might be particularly fruitful in terms of its clinical
application and valence. Oropharyngeal dysphagia is commonly defined as
sensory-motor impairment of the digestive tract (Singh & Hamdy, 2006). The
incidence of oropharyngeal dysphagia after stroke is high as it occurs in a
range of cases varying from 23% to 50 % (Daniels et al., 2000; Gordon et al.,
1987). In relation to the oral cavity, muscular weakness is observed when
preparing the bolus during mastication for the consecutive propulsion into the
pharynx (González-Fernández, et al., 2013). The involvement of primary
somatosensory and motor cortices (BA 1,2,3,4 and 6) during swallowing has
been previously investigated (Hamdy et al., 1999; Humbert et al., 2009; Martin
et al., 2001; Mosier et al., 1999) and particular attention has been dedicated
to the association between cortical insults affecting primary somatosensory
areas and dysphagia (Gonzalez-Fernandez et al., 2008). The evidence
provided by this study, by highlighting the cortical site which responds to
mechanical stimulation of the lingual surface of teeth, could be useful to design
future neuropsychological strategies of intervention targeted to such clinical
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populations. More specifically, knowing whether the cortical dental area has
been involved or spared by a stroke event could be relevant for the treatment
choice. We speculate that if the cortical representation of dentition is spared,
it might positively influence dysphagia treatments based on palatal and lingual
augmentative prostheses (Bramanti et al., 2012). Such prostheses (Ohno &
Fujishima, 2017), in coordination with spared sensory perception of
mechanical stimuli with teeth could boost the likelihood of success of such
intervention techniques, by thus improving the quality of life of these patients.
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Chapter 6

Multisensory response properties of
dental somatosensory maps

6.0. Summary of the chapter
Human teeth are a source of multiple and rich tactile sensory inputs.
Recent findings have shown evidence in support of a consistent stimulusdependent pattern of cortical activation in SI for tactile stimuli delivered on
multiple dental surfaces (facial, lingual and incisal). Other body maps within
SI, for instance the hand area, have been demonstrated to have a multimodal
pattern of response. In particular, these areas show consistent activation not
only when touch is delivered on the hand but also when touch on the hand is
merely observed. The current study aimed at uncovering whether the same
multimodal pattern of response, shown by the hand area in response to nonafferent stimuli, is also a defining feature of the cortical representation of
dentition.
Here we report two experiments. In experiment 1 we investigated, at
the behavioural level, the strength of the perceived association between
specific kind of food and the tooth cluster required to perform the appropriate
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action to process such food item during mastication (chewing or biting). In
experiment 2 we investigated, at the neural level, whether the audio-visual
presentation of biting and chewing motor actions and the first-person
execution of such actions elicited comparable and overlapping patterns of
preferential cortical response.

6.1. Introduction
Primary sensory cortices have been demonstrated to respond to
multisensory stimuli. For instance, plentiful evidence has been provided
showing that the primary visual cortex is involved in tactile encoding (Snow et
al., 2014). Recent studies have demonstrated that viewing touches being
delivered sequentially on multiple fingers activates topographically and
tangentially aligned single finger maps in human primary somatosensory
cortical area 3b (Kuehn et al., 2018). Evidence suggests that multiple
mechanisms might account for such non-afferent responses (Merabet et al.,
2007). In particular, a top–down signal arising from multimodal association
areas and direct feed-forward signal from long-range corticocortical pathways
in primary visual cortex could account for the “foreign source maps” observed
in area 3b. The primary somatosensory cortex (SI) could then be conceived
as the neuronal underpinning that allows humans to distinguish perceived
touch from observed touch (Kuehn et al., 2013).
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However, not all the touches that are delivered on the body provide
direct visual input. This is the case of the human mouth. The mouth is one of
the most densely innervated parts of the body (Haggard & de Boer, 2014). Its
sensory richness allows a fine sensorimotor control over masticatory and
linguistic activities. Primary and secondary somatosensory cortices have been
shown to respond to vibrotactile stimuli delivered at low frequencies on the left
maxillary incisor (Trulsson et al., 2010). Stimulus-dependent activation in SI
has been observed even after low frequency manual stimulation of the incisal
surface of the right maxillary incisor (Miyamoto et al., 2006).
In chapter 4 and 5 we have reported two studies which provided new
development to the field. In particular, in chapter 4 we have shown that tactile
air puff stimuli delivered on the facial surface of target teeth elicit great
variability in the pattern of individual cortical responses. In experiment 5 we
have reported that haptic stimulation of the lingual surface of teeth provokes a
clear pattern of preferential response. Each hemisphere preferentially
responds to the stimulation of the contralateral dental side. More intriguingly,
in both hemispheres we found evidence in support of a clear somatotopic
arrangement with the representation of maxillary teeth laying more dorsal to
the representation of the mandibular dental arch. Crucially we showed that the
maxillary, but not the mandibular arch, has a secondary representation which
lay ventral to the presumptive mandibular area.
A recent study has demonstrated that some body parts, which do not
provide direct visual input, show an activation for actions, rather than for
observed touch. In particular, the vocal tract (e.g., lips, tongue, soft palate, and
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larynx) provides topological activations in face motor and somatosensory
cortices when humans are involved in speech articulation tasks (Carey et al.,
2017).
Human teeth are constantly involved in different actions during feeding
behaviour such as biting and chewing. Despite the strict connection between
teeth and food, no evidence has been yet provided supporting the engagement
of the primary somatosensory dental area when processing visual and auditory
feeding-behaviour-related inputs. Different tooth clusters are mainly engaged
during different eating phases (e.g. molars for chewing meat and incisors for
biting apples) (Hatch et al., 2001; Kwok et al., 2004). However, no evidence of
teeth specialisation for multi-modal, food-related stimuli has never been
investigated on the neural level. The current study bears upon the hypothesis
that observing, or hearing feeding-related actions may activate, in a
multisensory manner, the same tooth-specific set of cortical regions that would
be used to process the perform such actions. As a consequence, the study
that we present here aimed to shed new light on the nature of the response
properties of the dental area in the primary somatosensory and motor cortex.
Here we report two experiments. Experiment 1 aimed at better understanding
whether the presumptive fine feeding-behaviour-to-tooth-cluster binding is
supported at the behavioural level. Experiment 2 aimed at investigating
whether the primary somatosensory and motor cortex show a topographic
pattern of activation in response to multimodal feeding-related actions.
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6.2. Experiment 1

6.2.1. Food-tooth-cluster perceived association
40 participants (aged 18-58 years of age) were recruited to take part in an
online experiment. All the participants gave their informed written consent prior
to participation.

The experiment consisted of a questionnaire which was

designed, generated and distributed online using Qualtrics XM, a dedicated
online platform (https://www.qualtrics.com/). The questionnaire was organised
in 4 sections (one for each tooth cluster, namely incisors, canines, premolars
and molars) with 2 questions per section. Each section investigated the
perceived association between a given tooth cluster and specific food items.
Questions were presented sequentially on the screen. Participants were
allowed to see the following question on the screen only after having
expressed their answer and pressed a “continue” button localised at the
bottom of the screen. In fact, the validation method followed a forced response
design. Consequently, participants were not allowed to press continue without
having expressed their answer to the current question. The first question of
each section had a multiple-choice response modality which investigated the
nature of the association between a given dental cluster and 35 different food
items. A complete list of the 35 food items listed as possible answers is
reported in table 6.1. as supplementary information (see Appendix D). The first
question of each section was presented on the screen together with a figure
depicting a model of a maxillary dental arch with the tooth cluster of interest
highlighted in magenta (see figure 6.1.). The second question of each section
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was also presented in combination with the figure depicting the tooth cluster
of interest. This question had an open text response modality. This procedure
allowed participants to list any putative perceived association between the
tooth cluster highlighted in the picture and any additional food item which was
not listed as possible response choice in the first question of the section. The
order of presentation of the 4 sections was fixed across participants and
followed the following order: incisors, canines, premolars and molars.

Figure 6.1. Figures depicting incisors (A), canines (B), premolars (C) and
molars (D) as tooth clusters of interest in each section of the questionnaire
used in experiment 1.

6.2.2. Results
In experiment 1 we have investigated whether there was any evidence
in support of a perceived conscious association between given food items (see
appendix D) and specific tooth clusters. Results described in this section are
mainly qualitative and were used as guidelines for the stimuli selection in
experiment 2. Associations that were expressed by less than half of the total
sample were not considered. Observed results showed that more than the half
of the sample (52.5% of the total participants) associated the processing of
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both bananas and bread sticks with the incisors as a tooth cluster. An even
stronger association was expressed by the 65% of the sample between
incisors and the activity of biting an apple. The molars were strongly
associated with both the processing of red meat (70% of the sample) and the
activity of chewing gums (65% of the sample). Lastly a clear trend emerged in
the perceived association between walnuts and the molars as a preferential
tooth cluster implicated in the intraoral processing of such food item (52.5%).
The canines were strongly associated only to the processing of red
meat (62.5% of the sample). Finally, no clear evidence emerged for the
association between the premolars and the processing of specific food items.

Figure 6.2.
Results of the food-tooth-cluster perceived association
questionnaire. For each tooth clusters (incisors (blue), canines (green),
premolars (grey) and molars(red)), we show the percentage of the sample that
expressed a perceived association with a given food item. Associations
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expressed by at least half of the sample are highlighted on the right of the
graph.

6.3. Experiment 2

6.3.1. Multisensory response properties of teeth area
10 participants (5 females, aged 18-63 years of age, mean age ± SD:
27.6 ± 13.76 years) were recruited from the San Diego State University subject
data pool. All the participants gave their informed written consent prior to
participation. All the volunteers recruited were healthy adults without
neurological

or

psychiatric

history,

non-smokers,

without

dental

hypersensitivity, history of previous traumatic teeth injuries, or any dental
treatments during the preceding year. Experimental design and procedure
were conducted in accordance with principles proposed in the Declaration of
Helsinki and were approved by the San Diego State University research ethics
committee.
Each participant took part in two experimental sessions: a somatomotor and an audio-visual session. Both sessions were performed on the
same day with half an hour break in between. Each session lasted roughly an
hour. The order of the two sessions was randomised across participants.

6.3.2. Somato-motor session
In the somato-motor session, participants were invited to lay in the MRI
scanner bore while wearing earplugs to protect their auditory system from the
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noise produced during functional magnetic resonance imaging (Ravicz &
Melcher, 2001b). Before testing, each participant was provided with 2
disposable, sterilised, mouth-compatible silicon bars (see figure 6.3). Each bar
had a rectangular shape (25mm x 15mm x 5 mm). The somato-motor session
had a block design and each participant was invited to perform six runs (see
section 6.3.4.). Throughout each run, participants were required to simulate
one specific activity: either biting or chewing (three runs each). In the biting
runs participants were required to bite a silicon bar which was placed between
their maxillary and mandibular incisors. In the chewing runs, two silicon bars
were inserted in the back of participants’ mouth. Participants were then
required to chew the silicon bars with their maxillary and mandibular molars
and premolars. The presence of checkering on both the larger surfaces of the
bar prevented the bar from sliding across the teeth during testing. Each run
followed a sequential pattern, with two main conditions (ACTION and REST)
being alternated 16 times in each run.
More specifically, 8 seconds of ACTION were alternated with 8 seconds
of REST. The order of the two conditions (either ACTION-REST or RESTACTION) was randomised across runs for each participant. Participants
received visual prompts on a screen which informed them about the current
condition. In the ACTION condition, participants were required to simulate the
action of interest of the run (either biting or chewing, always constant within
each run), by exerting an intermittent pattern of pressure on the silicon bars at
the approximate frequency of 1 Hz. An in-bore camera fixating the mouth of
participants helped the experimenters to verify that the action of interest was
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performed at the required frequency (~1Hz). More specifically, in the ACTION
condition during biting runs participants were required to exert pressure on the
silicon bar by pressing their mandibular incisors towards the maxillary dental
arch. Similar instructions were given for the ACTION condition during chewing
runs, where participants were required to exert pressure on both the silicone
bars with their mandibular molars and premolars. Motion of the maxillary arch
was always discouraged as it could have led to overall motion of the head,
thus compromising the overall quality of functional images acquired during
testing. The visual prompt consisted of a word (“CHEW” or “BITE”, depending
on the target action of the run). The prompt was presented on a screen placed
within the MRI bore at the beginning of each ACTION condition for 25ms. In
the REST condition, participants were required to maintain a still position for 8
seconds without performing any action. The visual prompt consisted of the
word “REST” being presented on a screen placed within the MRI bore at the
beginning of each REST condition for 25ms.

Figure 6.3. Experimental setting used in the somato-motor session in
Experiment 2. In the biting condition, participants were invited to simulate the
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activity of biting by exerting pressure on a disposable bar placed between
maxillary and mandibular incisors with their mandibular dental arch. In the
chewing condition, participants were given 2 silicon bars. Such bars were
placed between maxillary and mandibular molars. Participants were asked to
simulate the activity of chewing by exerting pressure on the bars with their
mandibular dental arch. Notably, participants were asked to wear a disposable
polycarbonate lip retractor across both conditions to minimise the somatomotor involvement of other intraoral tissues (e.g. lips).

As we were interested in the specific involvement of teeth in
mastication-related actions (either biting or chewing) and not in any other
intraoral related movements (e.g. the motion of the lips), we invited all the
participants to wear sterilised, disposable polycarbonate c-shape lip retractors
(C-Shape Cheek retractors Mouth Lip Opener, Amazon, UK) throughout the
length of the whole testing session (see figure 6.3.).

6.3.3. Audio-visual session
In the audio-visual session participants were invited to lay within the
MRI scanner bore while wearing active noise cancelling headphones
(OptoActive II, Optoacustics LTD, Israel). After a short calibration, an
embedded built-in algorithm was trained to learn the pattern of noise produced
by the MRI scanner. Consequently, the final output played by the headphones
consisted of a clearer signal, which minimised the effect of MRI-related
acoustic interference. As well as the somatosensory session, the audio-visual
session had a block design. Each participant was invited to perform 6 runs.
Each run lasted 256s and was composed of 32 trials lasting 8 seconds each.
Three were the experimental conditions used throughout each run: CHEW,
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BITE and REST. The number of REST trials was determined at the beginning
of each run. It could be equal to either 4 (1/8 of the total trials) or 6 (1/5 of the
total trials). The remaining number of trials was then equally split between
CHEW and BITE conditions. Through an intra-scanner display, participants
received a visual prompt at the beginning of each trial. The prompt consisted
of a word (CHEW, BITE or REST) being quickly presented at the centre of the
screen for 25ms. During REST trials participants did not receive any
stimulation and after the presentation of the prompt, the display remained
blank for the entire length of the trial (8s). In CHEW and BITE trials, a stream
of 8 audio-visual items was presented on the display straight after the prompt,
with each audio-visual item being presented for 997ms. Each audio-visual
stream was characterised by the progressive presentation of audio files and
short videos. The order of presentation (either A-V-A-V-A-V-A-V or V-A-V-AV-A-V-A, where V stands for video and A stands for audio) was randomised
across runs for each participant. All the audios and the videos presented in a
given audio-visual stream were related to the prompt. In CHEW trials, videos
represented the action of chewing a specific food item and audios played the
noise produced when chewing specific food items. The same logic applied for
BITE trials. All videos were matched for their visual properties. In both action
conditions (biting and chewing), each video lasted 997ms and showed an actor
approaching the target food to their mouth with their right hand. Both gender
and ethnicity of the actors were randomised across videos. Videos for both
action conditions clearly showed only actors’ front teeth. Posterior teeth were
not visible in all the videos. The food items presented in both the BITE and
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CHEW trials were selected on the basis of the results observed in experiment
1. Consequently, the audio-visual files presented during CHEW trials, were
food items which were associated to the molars in experiment 1 (chewing gum,
red meat and walnut). Conversely, apple, banana and bread stick were used
as target items during BITE trials as they were preferentially associated to the
incisors in experiment 1.

Figure 6.4. Screen captures of the video files showed to participants in the
audio-visual session in Experiment 2. For both the action conditions (biting

P a g e | 305
and chewing), participants watched videos showing an actor first bringing a
target food item to their mouth and then performing the target action (either
biting or chewing). In the biting condition, target food items were apple, banana
and bread stick. In the chewing condition, target food items were red meat,
chewing gum and walnut.

The order of trials was randomised across runs for each participant.
During each run, participants were required to perform a task. The task
consisted of counting the overall number of discrepancies per run. We defined
discrepancy the presentation of audio-visual items which was not related to
the prompt (e.g. the presentation of a video showing an actor biting an apple
in a trial which had the word “CHEW” as visual prompt). The overall number
of discrepancies was randomly determined at the beginning of each run and it
could vary between 1 and 5. Participants expressed their perceived number of
discrepancies verbally, at the end of each run. This manipulation was mainly
implemented to boost participants’ engagement and attention during the
presentation of audio-visual stimuli, and it was unrelated to the main research
question.

6.3.4 Data acquisition and analysis
In both the experimental sessions, functional echoplanar images were
collected during each run with a Siemens Prisma 3T MRI scanner using a 32channel head coil. A total of 6 runs were acquired in each session (CMRR
Multiband EPI, parallel acceleration technique mode = GRAPPA, acceleration
factor = 2, 256 volumes/run, 1.8 mm of isotropic resolution, 32 axial slices, TR
=500ms, TE = 28ms). For each subject, two further structural scans were
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acquired in addition to the 6 functional runs. The first structural sequence was
a long, high-resolution T1-weighted MPRAGE scan (1 × 1 × 1 mm, TR = 7100
ms, TE = 3 ms, parallel acceleration technique mode = GRAPPA, acceleration
factor = 2). The second structural sequence was a shorter MPRAGE scan
acquired in the same plane of the functional sequences (1 × 1 × 1 mm, TR =
7100 ms, TE = 3 ms, parallel acceleration technique mode = GRAPPA,
acceleration factor = 5, slab-selective excitation). Individual cortical surfaces
were reconstructed from the long MPRAGE structural scan using the
FreeSurfer program “recon-all” (https://surfer.nmr.mgh.harvard.edu/).
Functional-to-high-resolution alignment was achieved in two steps.
Firstly, the longer MPRAGE sequence was registered to the shorter structural
sequence. Secondly, this short structural alignment scan was then registered
to each functional run using manual blink comparison. Functional images were
aligned and motion-corrected using the AFNI (Analysis of Functional
NeuroImages) program 3dvolreg (https://afni.nimh.nih.gov). After registration,
data were analysed using a customised version of FreeSurfer (csurf, M.
Sereno, http://www.cogsci.ucsd.edu/~sereno/.tmp/dist/csurf). First, the six
functional runs were concatenated. Then, we computed a linear regression
analysis on each run’s time series. We first estimated the impulse response
function and then we convolved it with the stimulus time series using the AFNI
command “3dDeconvolve”. Output consisted of the estimated response
function. t-statistics were computed to test for the significance of the general
linear test for each participant.
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Data were then visualised using csurf. A dichotomic colour scale (red
and blue) was used to display the action-specific activations for each session
in each individual surface. Higher saturation in the colour scale reflected a
higher p-value.
To average individual maps across subjects we applied a surface-based
cross-subject average using FreeSurfer (Fischl et al., 1999). Each participant's
cortical surface was firstly inflated to a sphere. FreeSurfer was then used to
nonlinearly morph each individual cortical surface into alignment with an
average spherical cortical surface using FreeSurfer (Fischl et al., 1999). We
then combined activations across subjects on a vertex-by-vertex basis by
vector averaging (Sereno & Huang, 2006). (Sereno & Huang, 2006). Lastly,
t-statistics were visualized on an average cortical surface (FreeSurfer’s
FsAverage) with 3 steps of spatial smoothing using csurf.

6.3.5. Behavioural results
In the audio-visual session of experiment 2 participants were required
to detect the number of perceived discrepancies between the observed/heard
audio-visual items and the visual prompt presented at the beginning of each
trial. We first computed the average number of actual discrepancies across
the 6 functional runs for each subject. We then computed the average number
of perceived discrepancies across runs. We did not observe any evidence in
support of a statistical difference between the average actual number of
discrepancies and the averaged perceived number of discrepancies across

P a g e | 308
participants (t(9)=1.887, p=.092, two tailed). Behavioural data are also shown
in figure 6.5.

Figure 6.5. Perceived discrepancies in the audio-visual session of Experiment
2 (averaged across functional runs for each participant). Error bars show the
standard error of the mean.

6.3.6. Neuroimaging results
In experiment 2 we investigated whether the exposition to multisensory
and somatosensory stimuli related to the activities of chewing and biting
elicited a clear pattern of cortical activation. In the audio-visual session we
observed the preferential cortical activation consequent to audio-visual
exposition of chewing and biting related activities. In the somatosensory
session, we observed the cortical response consequent to the execution of
chewing and biting-related motor tasks. For both sessions, we report the
results of a main contrast. More specifically, in the audio-visual session we
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compared the preferential activation observed after exposition to the audiovisual presentation of biting versus chewing-related activities. In figure 6.6. we
report the group average of such contrast in both hemispheres.
A closer inspection of the group average observed in the audio-visual
session shows a consistent pattern of preferential activation across
hemispheres. Along the central sulcus we observed scattered patches of
preferential activation for the chewing activity. Such patches were condensed
in the both halves of the central sulcus, both inferiorly and superiorly to the
hand knob.

Figure 6.6. Group averages showing the preferential cortical activations for
the contrast biting versus chewing (p< 0.05, uncorrected) in both the audiovisual and the somatosensory sessions. The colour coding scheme used in
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the maps depicts in red the stimulus-dependent activation for biting-related
actions (either audio-visually presented in the audio-visual session or directly
executed in the somatosensory session). Cortical areas preferentially
responsive to the chewing actions are shown in blue. Convex surfaces are
shown in pale grey whereas concave surfaces are shown in dark grey.

On either side of the central sulcus, we observed a consistent
somatotopic arrangement with consistent preferential activity for biting. Rostral
to the central sulcus, and within motor and premotor areas (including areas 4
and 6, identified with a procedure of probabilistic labelling) we observed
bilateral patches preferentially responding to the audio-visual presentation of
item related to biting. In the fundus of the postcentral sulcus, within the
presumptive posterior somatosensory cortex (including area 2), we observed
strong bilateral evidence of activation which extended bilaterally along the
inferior-superior gradient on the presumptive surface of somatosensory area
2.
Not surprisingly, due to the audio-visual presentation of the test stimuli,
we observed evidence of consistent activation also outside the traditionally
defined somatosensory regions. In the primary visual cortex, we observed
bilateral evidence of preferential response to biting actions which extended
also to the fundus of superior temporal visual areas (including the presumptive
area V4). Preferential activity was also observed along the Sylvian sulcus, thus
confirming the recruitment of primary auditory regions during the execution of
the experimental task. In particular such auditory areas were preferentially
activated during the presentation of chewing related actions.
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Regarding the contrast between biting and chewing in the
somatosensory session, we did not find convincing evidence in support of a
clear somatotopic organisation in both hemispheres at a group level.
Consequently, single subject data were investigated (also see figure 6.7.). We
observed strong evidence in support of inter-subject variability. A complex
inter-digitated topography was observed in the ventral portion of somatomotor
cortices in most of the subjects. In some subjects (e.g. participant 2, 3 and 4
preferential activations for chewing and biting were quite reduced in size and
mainly located in the precentral gyrus, along the anterior edge of the central
sulcus. The involvement of such motor areas was confirmed in all the
participants although the topographical spread of the preferential responses
was not always consistent across participants. The remaining part of the
sample showed activation which were spread on either side of the inferior edge
of the central sulcus (i.e. participant 1, 5,6, 8, 9 and 10).
Interestingly most subjects (i.e. 1, 4, 5 and 10) showed activities
preferential responses also in frontal regions, including premotor areas and
the opercular gyrus, normally involved in speech production thus suggesting
that the execution of occlusal and incisal motor actions shares mutual
underpinning with speech production. Finally, within other primary sensory
areas (e.g. primary auditory cortices), the same inter-subject variability was
observed in the preferential cortical response.
Overall, even if single-subject data all showed evidence in support of
preferential activity mainly located in the ventral portion of somatomotor area,
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no convincing evidence of a common topographical spread was observed in
the somatosensory session.

P a g e | 313

Figure 6.7. Single-subject data showing preferential cortical activations (p<
0.05, uncorrected) after motor execution of biting (showed in red) versus
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chewing (showed in blue) actions. Convex surfaces are shown in pale grey
whereas concave surfaces are shown in dark grey.

6.4. Discussion
In this study we discuss the results of two experiments. The first
experiment consisted of a short online questionnaire which investigated
whether there was any evidence in support of a perceived association between
specific food items and different tooth types which might be involved in the
processing of such food items (incisors, canines, premolars and molars). This
experiment was preliminary and mainly implemented in order to obtain a
selection of stimuli to use in experiment 2. This choice was thus based on data
rather than on a priori decisions. The results of this experiment highlighted that
conscious associations emerged only for the incisors and the molars. No
definite trend in support of a clear tooth-food association emerged for both the
premolars. Our results seem to suggest that people might create strong
perceived associations between food items and tooth clusters only when such
teeth are strictly associated to a specific phase of the masticatory cycles.
Both the role of incisors in biting actins (Korioth et al., 1997) and the
involvement of molars during chewing (Broadbent, 2000) have been firmly
established by previous research. However, the perceived association
between canines and red meat seems to reflect that other processes might be
involved in the generation of food-tooth associations. Human canines are
structurally quite flattened and functionally similar to premolars (Picq, 2010).
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The loss of a clear functional role during phylogenesis has made human
canines less significant mediator of mastication, thus setting a crucial
difference between human and not human carnivores. Humans do not use
canines to tear the food apart as much as other carnivores do (Plavcan & Ruff,
2008). Consequently, the association between canines and red meat might
reflect a semantically driven association, rather than a functionally driven
conscious association.
In experiment 2 we have used neuroimaging techniques to investigate
whether the execution of specific mastication-related actions (either chewing
or biting) elicits a similar pattern of cortical response if compared to the
multisensory presentation of stimuli related to such actions (either short videos
or audio files). The experiment consisted of two sessions: a somato-motor and
an audio-visual session.
In the audio-visual session, we found a clear evidence in support of a
somatotopic arrangement. In particular, we observed that the audio-visual
presentation of mastication related actions evoked activity in classically
defined somatosensory and premotor areas other than in primary sensory
cortex directly involved in the processing of such sensory information (both
primary auditory and visual cortices).
Previous evidence has supported the recruitment of ventral premotor
cortex (area F5) in non-primate humans when observing another individual
performing an ingestive action such as biting or chewing (Ferrari et al., 2003).
Similar findings have been observed by the same group of research in relation
to sounds (Keysers et al., 2003; Kohler et al., 2002). More recent research has
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replicated such findings in humans suggesting that a complex set of areas
involving temporal, parietal and premotor areas is recruited not only during
motor execution but also when individuals listened to the sound of an action
made by the same effector (Gazzola et al., 2006). In general, our findings are
in line with such findings and provide further evidence in support of putative
audio-visual mirror neuron system (Le Bel et al., 2009; Rizzolatti & Craighero,
2004).
Our results show striking evidence in support of “foreign source maps”
within the somatosensory cortex consequent to the multisensory presentation
of feeding-related stimuli. Here we show that observing and hearing actions
related to biting elicits a strong preferential pattern of response in the primary
somatosensory cortex which extends along the superior-inferior gradient, thus
also involving the presumptive area 2. Although preferential responses were
observed more anteriorly (along the posterior bank of the central sulcus) also
after the presentation of chewing-related audio-visual stimuli, such foreign
source activations were non-contiguous and less consistent across
hemispheres, compared to the preferential responses observed for biting
actions.
We speculate that such preferential multisensory activation observed
for biting might be driven by the weight of visual inputs in this multisensory
experience. When seeing someone else biting a specific item of food we can
also see incisors of the agent biting the food item. During chewing instead, the
visual presentation of the action is mostly indirect. We can observe jaw
movements, but cannot observe the posterior teeth directly. If both the visual
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presentation of the effector (Ferrari et. al, 2009) and the observed action
(Umiltà et al., 2008) are not clearly shown, then foreign source activation of
somatosensory cortices may be less likely. According to this logic, putative
multimodal responses for chewing activities might by elicited by auditory but
not by visual inputs. Multimodal responses observed for biting stimuli would
then rely on stronger multimodal inputs (both auditory and visual).
Consequently, a stronger “foreign source” activation for biting compared to
chewing would then explain the results observed in the audio-visual session
of the current study.
We presented our multisensory chewing and biting-related stimuli not
only visually, but also auditorily. This choice of combining visual and acoustic
stimuli in 8s multisensory streams was mainly driven by the preliminary nature
of this research. The joint use of auditory and visual stimuli was implemented
to preliminarily investigate whether such multisensory stimuli provide any
evidence in support of a response outside primary sensory cortices directly
involved in the processing of such stimuli (visual and auditory cortices). Further
research needs to assess the modality-specific nature of the activations
observed in the current study.
In the somatosensory session we did not observe any evidence in
support of a clear consistent somatotopic arrangement for the execution of
both biting and chewing actions. Rather a highly idiosyncratic variability was
observed, thus making a group level comparison between the two conditiondependent activations not strictly informative. Crucially the idiosyncratic trend
emerged in the somatosensory session of this experiment is quite in line with
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the results that have been described in chapter 4 of this thesis. Overall not
only the neural representation of passive touches received on dentition is not
consistent across participants, but also the preferential responses consequent
to the motor execution with the mouth are represented with high variability
across participants. As well as we pointed out in the discussion of chapter 4,
it is possible that the 3 Tesla used in experiment 3 had not enough statistical
power to detect the putative complex and finely intraoral representation in
different cortical sites. Future research, using a 7T fMRI paradigm, and
therefore a greater statistical power if compared with 3T paradigms (Torrisi et
al., 2018), might shed a renewed light the neural architecture of the
representation of dentition and intraoral actions in human cortical sites.
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Chapter 7
Towards a NASCENT theory of dental
perception

7.0. Summary of the chapter
The aim of this chapter consists of summarising the main results
observed in the five studies described in this thesis. Due to the NASCENT
nature of this report, here we propose an attempt of summary of the findings
which might be crucial for the future definition of a complex theory of tactile
perception with teeth. Throughout different paragraphs, we highlight first the
peculiarity of teeth as non-cutaneous sensory organs by focussing on
similarities and differences with other non-cutaneous regions of the human
body. Second, based on the findings presented respectively in chapters 2 and
3, we delineate which conclusions can be drawn for dental somatosensation
and dental somatorepresentation. A summary of the findings related to the
cortical target of periodontal sensory afferents is then conducted and particular
importance is associated with the comparison of the cortical targets of touches
delivered on different dental surfaces (facial and lingual). Finally, implications,
limitations and future directions of the current line of research are described.
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7.1. A NASCENT theory of dental perception

7.1.1. Dental somatosensation
The studies proposed and discussed in this thesis add a further layer
of complexity to a putative model of mechanoreception with teeth. In particular,
here we highlight the peculiar response properties of PDLM, by suggesting the
first evidence in support of dental spatial sensitivity.
In chapter 2 we observed that PDLMs not only encode for the features
of a single static dental load, but they are also capable of storing perceptual
codes coming from subsequent loads. The combination of single perceptual
codes in multiple complex signals inform us about the force applied (Trulsson
& Johansson, 1996) and the spatial extent of this moving force across dental
surfaces. To the best of our knowledge, here we propose the first evidence in
support of spatial dental capacities with high sensitivity not only for static but
also for dynamic and more ecological stimuli.
A selection of experiments presented in chapter 2 shows that humans
can accurately detect the position of touches within a single tooth. However,
sensitivity is not equal across different regions of dentition. Greater sensitivity
is recorded along the horizontal axis and stimuli delivered on distal regions of
each tooth are perceived as originating from the centre of each tooth. Similarly,
stimuli delivered close to salient borders between adjacent regions of dentition
are perceived as shifted towards the centre of the tooth. Overall, we can
summarise that position perception with teeth follows a linear trend within a
single tooth, which is categorically biased between teeth.
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We can conclude that each tooth is perceived as a distinct unit,
categorically segmented from its dental neighbours. This perceptual
segmentation of teeth, which is also a distinctive feature of other regions of the
body (de Vignemont et al., 2009), suggests that individual tooth boundaries
have high perceptual relevance. Notably, the position perception across such
boundaries is not influenced by the presence of extra space between teeth
(e.g. the presence of midline diastema).

7.1.2. Dental somatorepresentation
In Chapter 2 two we addressed several research questions. One of
these aimed at investigating how somatosensory stimuli received within the
mouth are used to generate a series of beliefs regarding the size of specific
elements of dentition, namely the width of individual teeth and the distance
between adjacent teeth. This research question corresponds to our definition
of dental somatorepresentation (see section 1.7.3. of this thesis for further
details).
The findings observed in chapter 2 highlight that position sense on the
teeth relies on a distorted mental representation of dentition. Crucially, that is
also the case when touch is applied on cutaneous surfaces (Mancini et al.,
2011).
The presumptive mental representation appears to account for the size
of individual teeth. The physical salience of the boundary between contiguous
elements of dentition is represented in this model and is manifested by a bias
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to overestimate the interdental space. The presence in some people of an
unusually large separation of the incisors (diastema) is then duly reflected by
a larger overestimation bias.
In

chapter

3

we

also

explored

the

process

of

dental

somatorepresentation by investigating how repeated somatosensory inputs
received on teeth over time contribute to the creation of a presumptive dental
model. If in chapter 2 we explored the properties of this model in relation to
the mental representation of the size of discrete elements of dentition, in
chapter 3 we explored how teeth are mentally represented in their spatial
position relative to the whole body. We therefore studied the properties of such
representation by investigating whether it is plastic or innate and fixed.
In this study we challenged the model that classically conceives the
head as a stable centroid of bodily experience (Alsmith & Longo, 2014) by
showing that the perceived position of teeth is neither fixed nor stable. Rather,
it is subject to rapid plastic change through experience. The perceived position
of the mouth in space is thus plastic, experience-dependent and continuously
updated based on sensory inputs.
These findings have a high relevance, especially when considering the
role of the mouth in several behaviours that we perform during our everyday
life. For instance, hand-to-mouth movement is critically important for feeding,
and thus for survival. In fact, it has been often considered a motor primitive
(Graziano, 2006; Rizzolatti & Arbib, 1998) and an innate motor pattern
(Butterworth & Hopkins, 1988). For example, these movements occur in utero,
as early as the 14th–22nd week of gestational period (Zoia et al., 2013).
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However, moving the hand to the mouth presupposes a representation of
where the mouth is in space. Nativist theories presumably consider this a
privileged spatial datum, which may be innately specified. Our research casts
doubt on such views, since we show that the perceived position of the mouth
is readily modified by current sensorimotor experiences. We speculate that
infants, and perhaps foetuses, may learn the position of their own mouth, and
build a hand-to-mouth body model, by trial-and-error (Farah, 1998, Schillaci &
Hafner, 2011).
On this view, the Dental Model Illusion (DMI) might simply reflect
Bayesian integration between the signals generated on the two sensory
surfaces (the teeth, stimulated by the experimenter) and the finger (stimulated
by its movement across the dental model). In other tactile illusions like the
RHI, the proprioceptive drift is interpreted in terms of the high weighting given
to vision of hand position. In DMI, by analogy, the drift towards the model
would indicate a high weighting for the information generated by the tactile
exploration of the model by the participant’s guided finger movement. We
speculate that experience of feeling the dental model as part of one’s own
body arises as a result of adaptation of teeth position information by finger
position information.
Our results suggest that the sense of touch rules within the mouth and
exerts a crucial role not only for the perception of stimuli received at a given
point in time, but also for the generation of a cognitive model of dentition.
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In conclusion, there is a stored somatorepresentation of stimuli
received on teeth and there is a strong bottom-up sensory driving input into
this somatorepresentation.

7.1.3. Cortical targets of dental somatosensation
Throughout three different chapters (chapter 4,5 and 6) we investigated
different properties of the putative neural representation of tactile stimuli
delivered on teeth. In other words, we aimed at uncovering the presumptive
cortical targets of periodontal afferents. Results observed in this thesis were
preliminary and not always conclusive. On the other hand, they pave the way
for further research.
In the first instance in chapter 4 we investigated whether light,
computer-controlled stimuli delivered on different dental surfaces are
lateralised in their cortical representation. Although one experiment
(Experiment 1) supported the contralateral nature of such representation when
delivering stimuli on two different intraoral surfaces (the tongue and the
maxillary dental arch), that was not the case when mechanical stimuli were
delivered to the teeth alone. In fact, our findings (Experiment 2) only partially
confirmed the lateralisation pattern observed in Experiment 1. Although no
clear fine topography was observed at a group level, most participants showed
that activations in response to mechanical stimulation of target teeth located
were stronger in the contralateral than ipsilateral cerebral hemisphere, for both
dental arches. In chapter 5 the contralateral nature of the dental representation
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was confirmed. Importantly, contralateral preference was found across two
different stimulation paradigms.
Notable inter-study differences applied. In chapter 4 a computercontrolled paradigm of passive stimulation was used. Chapter 5 used a more
ecological paradigm involving haptic stimulation of the teeth by voluntary
movements of the tongue.
Another notable difference lay in the surface stimulated. In the
experiments of chapter 4, participants received stimulations on the facial
surface of teeth. Conversely, in the study described in chapter 5 the lingual
surface of the teeth was stimulated.
In conclusion, our results consistently support a contralateral
representation account for the cortical representation of stimuli received on the
lingual surface of teeth. This lateralisation is a defining feature of many aspects
of the topography of the ‘sensory homunculus’ (Penfield and Rasmussen,
1950). Further research is needed in order to investigate whether that also
applies for the facial surface of teeth.
Experiment 2 of Chapter 4 directly aimed at investigating whether the
neural representation of teeth follows an arch/specific neural organisation.
Although all the subjects showed patches of preferential activation condensed
in the ventral portion of the posterior bank of the central sulcus, high intersubject variability emerged in the somatotopic arrangement. Interestingly, half
of the sample showed a trend towards a presumptive dorsal-to-ventral
topography. More specifically, 4 out of 8 subjects showed evidence in support
of a representation of maxillary teeth laying dorsal to the mandibular teeth.
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Intriguingly, the dorsal-to-ventral trend observed in half of the subjects in the
experiment discussed in chapter 4, held true at the group level in the study
described in chapter 5 (see figure 7.1.). Crucially in experiment 5 we observed
evidence in support of a double representation of stimuli received on the
maxillary dental arch. This ‘maxillary-mandibular-maxillary’ organisation which
followed a dorsal to ventral gradient is a key finding of this thesis.
Lastly, neither the studies presented in chapter 4, nor the experiment
described in chapter 5 sufficed in providing convincing evidence in support of
tooth-specific pattern of neural activation after mechanical stimulation of
different target teeth (see figure 7.1.). Of course, other methods or studies
might confirm such organisation, but we found no evidence to support it in the
current study.
We conclude that the stability of neural representation of teeth might be
due to the functional relevance of the dental surface which receives the dental
stimulation. In fact, only touches received on the lingual surface elicit a
preferential pattern of response which is consistent at a group level. We
speculate that this result is due to the high relevance of such dental surface in
several daily activities, from swallowing to mastication. On the other hand, the
facial surface of both dental arches is less involved in daily tasks and therefore
more seldom involved in continuous and consistent pattern of tactile
stimulation. These differences in the functional role of the two dental surfaces
might account for the different degree of stability of the topography of neural
representation of facial and lingual dental surfaces at a group level.
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Figure 7.1. Visual summary depicting the three main research questions that
this thesis investigated throughout chapters 4 and 5. Crucially the facial
surface was always stimulated by computer-controlled pneumatic stimulation,
whereas the lingual surface was stimulated by haptic exploration of dentition
executed with the tip of the tongue. This report provides clear evidence in
support of lateralised and arch-specific topography of the neural
representation of stimuli received on the lingual surface of teeth. Although
there is a trend towards a similar pattern of results regarding the topography
of the neural representation of the facial surface of dentition, further research
is needed in order to corroborate such findings. Lastly, no convincing evidence
in support of a within-arch tooth-specific topography has been observed for
either facial or lingual dental surfaces.

High inter-subject variability was observed also in the study described
in chapter 6. The involvement of posterior and anterior teeth respectively in
chewing and biting actions recruits a set of cortical areas that seemed highly
idiosyncratic and only minimally consistent across participants. Again, here we
speculate that neural representations might be shaped by idiosyncratic
functional habits. Behavioural evidence has shown that some laterality is
observed in the selection of a preferred side of dentition (Nissan et al.,2004).
This selection of a preferred side, which might represent an oral analogue of
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the index of hand laterality (Coslett et al., 2010), has shown high variability
across subjects, with idiosyncratic preferences depending on the hardness of
the food morsel (Zamanlu et al., 2012). The findings presented in this thesis
could then represent the first evidence that such idiosyncratic variation in the
index of masticatory laterality might be reflected in the cortical target of the
sensory afferents stimulated during the execution of feeding related activities.
Lastly, although some evidence in support of multisensory response
properties of SI consequent to the presentation of food related audio-visual
items have been observed both at the individual and at the group level, further
research is needed in order to corroborate the preliminary findings presented
in this report.

7.2. Implications, limitations and open questions

The findings presented in this thesis have a great relevance in
neuroscience as they pave the way for a NASCENT line of research with
potential future applications for neuroscience and clinical neuropsychology.
By expanding the current state of the art on the sensory capacities of
teeth, this thesis enriches the current knowledge on the role of teeth as
position sensors. Spatial perception with teeth might contribute to the control
of intraoral food position during mastication (Malek, 1955). More generally, we
speculate that teeth might act as subsidiary feedback organs with a position
control role on objects interacting with dentition. Humans benefit of such
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presumptive spatial awareness of teeth not only during feeding behaviour, but
also when producing speech. Both anterior (Ungvári et al., 2007) and posterior
(Kanayama & Mizokami, 1993) teeth exert a key role in dental and labiodental
consonants production (Johnson & Sandy, 1999). The classic theory attributes
to the sensory motor control of the tongue the whole responsibility for the
outcome of speech production. In other words, the tongue has traditionally
been conceived as fully responsible for sensing which teeth to approach in
order to proficiently produce dental and labiodental consonants (Mefferd,
2016). Here we suggest that the position sensing capacity of teeth might have
a subsidiary role in such process. Consequently, the cognitive control of the
tongue position on dentition might rely on a synergic combination of sensory
signals arising from both the tongue and teeth.
On a different note, this thesis suggests another possible implication for
the field of clinical neuropsychology. Somatosensory impairments occur in
about half of stroke cases. Autotopagnosia is a disorder of the body schema
characterized by an inability to localize and orient different parts of the body in
space (Buxbaum & Coslett, 2001; Felician et al., 2003; Gainotti et al., 1976).
In particular, information about the relative position of one body part with
respect to another seems to be lost. The representation of mouth position,
and the ability to bring the hand to the mouth, are essential for feeding, and
thus for independent living. Difficulties with independent feeding activities are
often attributed to motor weakness, in both pediatric (van den Engel-Hoek et
al., 2015) and geriatric populations (Ahmed & Haboubi, 2010). However, we
speculate that poor spatial representation of mouth position may also play a
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role. Self-feeding behaviour is one of the first skills to deteriorate in
Alzheimer’s-type dementia (LeClerc et al., 1998).
Feeding apraxia is common in advanced stages of the disease and, as
a result, patients are unable to self-feed. Assisted or tube feeding are the most
common solutions adopted in these cases (Hanson et al, 2011). A fairly recent
study has shown that self-touch can modulate impairments in the localisation
of body parts in space while enhancing the sense of body ownership (van
Stralen et al., 2011). We have shown that humans can continuously update
the position of their mouth in space through tactile inputs. This principle might
be used as a core feature of a putative novel neuropsychological treatment to
reinstate the representation of the mouth and of its spatial relations with other
body parts. We speculate that patients exposed to multisensory, multi-effector
oral stimulation might show an enhancement in functional hand to mouth
movements. This might potentially enhance oral proprioception and
ownership, with consequent improvements in self-feeding, and thus in quality
of life.
As every empirical study, this thesis is not exempt from methodological
limitations. For instance, in chapter 2 and 3 we drew important conclusions for
somatosensation and somatorepresentation with teeth. However, it is
important to notice that only anterior teeth (mainly central and lateral incisors)
have been stimulated in the experiments presented in the initial chapters of
this thesis. Future research might integrate the current findings by
investigating whether the same properties still apply for other tooth clusters.
Although it is worth noticing that the stimulation of posterior teeth is not only
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more invasive but also less feasible to achieve, further findings on the sensory
properties of posterior teeth would be essential due to their high functional
involvement during daily activities such as mastication and swallowing.
In the study presented in experiment 4 we introduce a novel computercontrolled paradigm of pneumatic stimulation. This apparatus makes possible
the delivery of passive touches on teeth by controlling both the force and the
frequency of tactile stimulation. In this study we stimulated only the facial
surface of teeth. Although this surface is more easily accessible, it is also the
dental surface with the least functional involvement in daily activities such as
speech production and feeding behaviour. Delivering computer-controlled
passive touches on the lingual surface of multiple target teeth might lead to a
replication of the findings observed in chapter 5, where a haptic stimulation
paradigm was used. In that way, a further crucial step would be executed in
the intricated journey towards a complete definition of a cortical topography of
the teeth area in human somatosensory areas.
Furthermore, the results presented in the current study could have been
strengthened by the application of a multiparameter mapping (MPM) protocol
(Lutti et al., 2014; Weiskopf et al., 2013). By comparing individual and group
myelin maps to functional maps in the same individuals, the application of this
approach would have allowed us to make stronger claims about the
topography of the neural organisation of the teeth area in humans.
Last but not least, future research on the neural bases of teeth in
humans might lead to a more consistent pattern of results if combined with
more powerful neuroimaging paradigms. In particular, the use of 7T fMRI
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paradigms would lead to the acquisition of higher resolution data with a greater
statistical power if compared with 3T paradigms (Torrisi et al., 2018). Future
research might need to take such consideration into account when
investigating the neural architecture of the representation of dentition in
humans.

7.3. Final remarks

This thesis offers an overview on a new systematic approach which has
as a main focus of interest the study of teeth with a neuroscientific perspective.
The NASCENT nature of this line of research has been highlighted by the use
of techniques and methods which are common in neuroscience to study the
sensory capacities of teeth. As the acronym NASCENT suggests, three were
the main aims of the current studies. Nonetheless the involvement of teeth in
perception is common to many sensory experiences (e.g. thermal or noxious
perception), in the studies that we presented here we underlined the role of
teeth as powerfully tuned to mechanical, non-noxious stimuli.
We investigated tactile perception with teeth at different levels of
processing. At first, we investigated the properties of touches which can be
perceived by sensory afferents located in the periodontium, thus shedding a
new light on teeth as strong static and dynamic position sensors.
In further chapters of this thesis we moved the focus of interest from the
periphery of the central nervous system to the neural aspects of intraoral
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perception. More specifically, we found out that the organisation of the cortical
targets of tactile stimuli received on dentition shows inter-subject variability in
its topography. Such idiosyncrasies in the somatotopic arrangement might be
exacerbated if the dental site in which touches are delivered have a less crucial
functional role in everyday activities. The facial surface of teeth represents a
representative example on that regards.
Lastly, we investigated a more complex level of processing of nonnoxious tactile stimuli received on dentition. That is the case of dental
somatorepresentation. In other words, the complex set of beliefs that we form
on our dentition. We defined this level of processing as more complex because
it does not directly depend on the online processing of single touches. Rather,
it is formed over time, it is shaped by the experience and it is thus plastic (see
chapters 2 and 3).
All in all, this thesis has described the starting point of a promising line
of research. By suggesting new methods, a computer-controlled paradigm to
investigate each of the processing levels mentioned above, we have paved
the way for future research. Additional evidence might be essential for
corroborating the current evidence highlighted here, in order to fill numerous
knowledge gaps and apply such notions in the clinical field.
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Appendix A
Supplementary information for chapter 2

A.1. Pressure recording system: individual data
Below we report data recorded with our pressure data recording system (see
section 2.2.2. for further details). This system monitored the pressure (N)
exerted on dental surfaces during position perception tasks in experiment 4.
Data are shown for both the facial and the incisal position perception tasks
and for both the experimental groups (diastema and control). Data are colour
coded. Hence, data from participants belonging to the diastema group are
showed in blue and data from the control group are showed in red. In the x
axis we report time. It represents the length in time (s) of each position
perception task (incisal or facial) for each participant across the two groups
(diastema and control). Due to the high inter-subject variability, each graph
reports individual rather than averaged data. High inter-subject variability was
provided by the testing time, which was different for each participant. In fact,
participants could decide whether they wanted to take one or multiple breaks
during testing (break or, more generally, lack of stimulation during recording
time are represented by a flat line in the graphs below).
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Diastema Group – Facial position perception task
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Diastema Group – Incisal position perception task
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Control Group – Facial position perception task
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Control Group– Incisal position perception task
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Figure.A.1. Individual pressure data recorded in experiment 4.
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Appendix B
Supplementary information for chapter 3

B.1. Non-parametric tests
Questionnaire data in experiments 1,3 and 5 were not normally distributed. A
Wilcoxon signed-rank test was used to analyse pairwise comparisons in
experiments 1 and 3. In experiment 5, the Friedman test was also used to
compare multiple conditions. All the tests were two-tailed. In experiment 1 we
observed a significant difference in the rating given by participants to the first
statement of the DMI questionnaire across stroking conditions (Wilcoxon
signed-rank test: Z = -2.414, p = .016). No such difference was observed
across stroking conditions for the averaged rating given to statements 2-5
(Wilcoxon signed-rank test: Z = -1.134, p = .257). In experiment 3 no
differences were observed in rating given to statement 1 (Wilcoxon signedrank test: Z = -1.000, p = .317) and to the average of the other four statements
(Wilcoxon signed-rank test: Z = -.577, p = .564) across stroking conditions. In
experiment 5 ownership scores given to statement 1 (Friedman test; χ2 [3,
n = 8] = 19.381, p < .001) and to statements 2-5 (Friedman test; χ2 [3,
n = 8] = 9.980, p = .019) differed significantly across the four conditions.
To test whether manipulating the macrogeometry of the dental model
produced any difference in the rating given to the statements of the DMI
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questionnaire,

we

compared

ownership

scores

between

compatible

(synchronous compatible and asynchronous compatible) and corresponding
incompatible macrogeometry conditions (synchronous incompatible and
asynchronous incompatible). For statement 1 ownership ratings did not differ
between asynchronous incompatible and corresponding compatible condition
(Z = -1.633, p=.102). This difference was only marginally statistically significant
between synchronous compatible and synchronous incompatible conditions
(Z = -2.032, p=.042). For statements 2-5, ownership ratings did not differ
between asynchronous compatible and corresponding incompatible condition
(Z = -1.000, p=.317). However, this difference was statistically significant
between synchronous compatible and incompatible conditions (Z = -2.220,
p=.026).
We then investigated whether manipulating the stroking factor
produced the expected effect on ownership (i.e., higher ownership scores after
synchronous stimulation). Therefore, we compared synchronous (compatible
synchronous and incompatible synchronous) with the corresponding
asynchronous conditions (compatible asynchronous and incompatible
asynchronous). For statement 1 ownership ratings were higher in both
synchronous conditions than in the corresponding asynchronous conditions
(compatible synchronous versus compatible asynchronous: Z = -2.392,
p = .017; incompatible synchronous versus incompatible asynchronous: Z = 2.388, p = .017). For statements 2-5, ownership ratings did not differ between
all synchronous conditions and their corresponding asynchronous conditions
(all p>.102).
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B.2. Dental Model Illusion: Questionnaire Statements

Table B.1. Statements of the DMI Questionnaire. Only the first statement (in
bold in the table), was designed to correspond to the illusion. All the other
statements were inserted to control for individual suggestibility.

B.3. Bayes Factor Analysis
Bayesian repeated measures ANOVAs and Bayesian paired samples t-tests
have been computed with JASP. Bayesian repeated measures ANOVA
generates several models to test the likelihood that the dependent variable
(either proprioceptive drift or subjective ratings from the DMI questionnaire)
depends on: anything (Model 1), one single main effect (Models 2 and 3) the
combination of both main effects (Model 4) and the interaction between the
two main effects (Model 5). The column "p(M)" shows the prior model
probabilities, the column "p(M|data)" shows the posterior model probabilities,
and the column "BFM" shows the change from prior to posterior model odds.
The column "BF10" lists the Bayes factor for each model against the null model.
The prior inclusion probability "P(incl)" is the sum of the prior probabilities of
all models that include the effect. Similarly, the posterior inclusion probability
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"P(incl|data)" is the sum of the posterior probabilities of all models that include
the effect. The inclusion Bayes factor "BFInclusion" is the change from prior to
posterior inclusion odds.

Proprioceptive Drift

Experiment1: Model Comparison
Models
1- Null model
2- Body Part
3- Stroking
4- Body Part + Stroking
5- Body Part + Stroking +
Body Part ✻ Stroking

Experiment 1: Analysis of Effects
Effects
Body part
Stroking
Body Part ✻ Stroking

P(M)
0.200
0.200
0.200
0.200

P(M|data)
0.152
0.063
0.349
0.158

BF M
0.717
0.268
2.148
0.750

BF 10
1.000
0.414
2.299
1.039

0.200

0.278

1.540

1.829

P(incl)
0.600
0.600
0.200

P(incl|data)
0.506
0.783
0.280

BF Inclusion
0.684
2.402
1.559

Experiment 2
BF₁₀
Asynchronous - Synchronous

7.008

Experiment3: Model Comparison
Models
1- Null model
2- Body Part
3- Stroking
4- Body Part + Stroking
5- Body Part + Stroking +
Body Part ✻ Stroking

Experiment 3: Analysis of Effects
Effects
Body part

P(M)
0.200
0.200
0.200
0.200

P(M|data)
0.503
0.217
0.168
0.072

BF M
4.043
1.108
0.808
0.309

BF 10
1.000
0.431
0.334
0.143

0.200

0.041

0.169

0.081

P(incl)
0.600

P(incl|data)
0.344

BF Inclusion
0.349
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Experiment 3: Analysis of Effects
Effects
Stroking
Body Part ✻ Stroking

Experiment4: Model Comparison
Models
1- Null model
2- Stroking
3- Microgeometry
4- Stroking + Microgeometry
5- Stroking + Microgeometry +
Stroking ✻ Microgeometry

Experiment 4: Analysis of Effects
Effects
Microgeometry
Stroking
Microgeometry ✻ Stroking

P(incl)
0.600
0.200

P(incl|data)
0.268
0.038

P(M)
0.200
0.200
0.200
0.200

P(M|data)
0.005
0.670
0.002
0.226

0.200

0.097

P(incl)
0.600
0.600
0.200

BF Inclusion
0.244
0.158

BF M
BF 10
0.021
1.000
8.131 125.738
0.007
0.332
1.168 42.395
0.428

P(incl|data)
0.317
0.993
0.087

18.127

BF Inclusion
0.309
95.551
0.382

Experiment5: Model Comparison

12345-

Models
Null model
Macrogeometry
Stroking
Macrogeometry + Stroking
Macrogeometry + Stroking +
Macrogeometry ✻ Stroking

Experiment 5: Analysis of Effects
Effects
Macrogeometry
Stroking
Macrogeometry ✻ Stroking

P(M)
0.200
0.200
0.200
0.200

P(M|data)
0.006
0.033
0.026
0.288

0.200

0.647

P(incl)
0.600
0.600
0.200

BF M
0.025
0.136
0.106
1.616

BF 10
1.000
5.280
4.171
46.313

7.344 104.213

P(incl|data)
0.967
0.959
0.633

BF Inclusion
19.376
15.600
6.908
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Teeth Ownership

Experiment 1: Model Comparison
Statement 1
Statement 2-5 (averaged)

Asynchronous – Synchronous
Asynchronous – Synchronous

BF₁₀
30.899
0.706

Experiment 2: Model Comparison
Statement 1
Statement 2-5 (averaged)

Asynchronous – Synchronous
Asynchronous – Synchronous

BF₁₀
15.970
0.353

Experiment 3: Model Comparison
Statement 1
Statement 2-5 (averaged)

Asynchronous – Synchronous
Asynchronous – Synchronous

Experiment 4: Model Comparison, Statement 1
Models
P(M)
1- Null model
0.200
2- Microgeometry
0.200
3- Stroking
0.200
4- Microgeometry + Stroking
0.200
5- Microgeometry + Stroking +
0.200
Microgeometry ✻ Stroking

Experiment4: Analysis of Effects, Statements 1
Effects
P(incl)
Microgeometry
0.600
Stroking
0.600
0.200
Microgeometry ✻ Stroking

BF₁₀
0.693
0.354

P(M|data)
0.004
0.003
0.260
0.497

BF M
0.015
0.014
1.409
3.945

BF 10
1.000
0.940
70.488
134.366

0.236

1.234

63.807

P(incl|data)
0.730
0.993
0.226

Experiment 4: Model Comparison, Statements 2-5 (averaged)
Models
P(M) P(M|data)
1- Null model
0.200
0.436

BF Inclusion
1.804
91.902
1.168

BF M
3.092

BF 10
1.000
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2345-

Models
Microgeometry
Stroking
Microgeometry + Stroking
Microgeometry + Stroking +
Microgeometry ✻ Stroking

P(M)
0.200
0.200
0.200

P(M|data)
0.178
0.250
0.094

BF M
0.864
1.336
0.415

BF 10
0.408
0.574
0.216

0.200

0.042

0.175

0.096

Experiment 4: Analysis of Effects - Statements 2-5 (averaged)
Effects
P(incl) P(incl|data) BF Inclusion
Stroking
0.600
0.387
0.421
Microgeometry
0.600
0.316
0.308
0.200
0.043
0.181
Stroking ✻ Microgeometry

Experiment 5: Model Comparison, Statement 1
Models
P(M) P(M|data)

BF M

BF 10

1.984e 1.000
5
1.271e 0.640
5
1.178 45859.739

1- Null model

0.200

4.960e -6

2- Macrogeometry

0.200

3.176e -6

3- Stroking
4- Macrogeometry + Stroking
5- Macrogeometry + Stroking +
Macrogeometry ✻ Stroking

0.200

0.227

0.200

0.452

3.293

91027.275

0.200

0.321

1.891

64707.160

Experiment 5: Analysis of Effects – Statement 1
Effects
P(incl)
Stroking
0.600
Macrogeometry
0.600
0.200
Stroking ✻ Macrogeometry

P(incl|data) BF Inclusion
1.000
89812.800
0.753
2.034
0.289
1.626

Experiment 5: Model Comparison, Statements 2-5 (averaged)
Models
P(M) P(M|data)
1- Null model
0.200
0.066
2- Macrogeometry
0.200
0.430
3- Stroking
0.200
0.032
4- Macrogeometry + Stroking
0.200
0.235
5- Macrogeometry + Stroking +
0.200
0.237
Macrogeometry ✻ Stroking

BF M
0.282
3.016
0.134
1.226

BF 10
1.000
6.537
0.494
3.567

1.244 3.608
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Experiment 5: Analysis of Effects - Statements 2-5 (averaged)
Effects
P(incl) P(incl|data) BF Inclusion
Stroking
0.600
0.504
0.676
Macrogeometry
0.600
0.902
6.118
0.200
0.235
1.225
Stroking ✻ Macrogeometry

Table B.2. Bayes factor analysis conducted for both the proprioceptive drift
and the sense of teeth ownership.
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Appendix C
Supplementary information for chapter 5
C.1. Mapping the lingual surface of teeth: single subject data

Figure C.1. Single subject data (participants 3, 6 and 8) showing preferential
cortical activation, observed after sequential haptic exploration of both dental
arches with the tip of the tongue, within the ventral portion of the primary
somatosensory cortex. The colour coding scheme used in the maps is shown
in the figure, over imposed to a dental arch model. Convex surfaces are shown
in pale grey whereas concave surfaces are shown in dark grey.
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Appendix D
Supplementary information for chapter 6

D.1. Food Items used in Experiment 1 (Chapter 6)

Crisps

Chewing gum

Red Meat

Seafood

Broccoli

Mushrooms

Watermelon

Courgette

Ice Cream

Walnuts

Cod

Apple

Aubergine

Tuna

Salad

Dates

Poultry meat

Pineapple

Chocolate

Bread

Potatoes

Celery

Orange

Kale

Toffee

Banana

Berries

Tomatoes

Cauliflower

Crackers

Cookies

Carrots

Pistachio

Bread

Sandwich

Sticks

Table D.1. Items listed as possible response choices in the first question of
each section of the questionnaire used in experiment 1.
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D.2. Single subject data for the contrast biting versus chewing in the
audio-visual session of experiment 2
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Figure D.1. Single-subject data showing preferential cortical activations (p<
0.05, uncorrected) after audio visual presentation of biting (showed in red)
versus chewing (showed in blue) actions. Convex surfaces are shown in pale
grey whereas concave surfaces are shown in dark grey.
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