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The mandible plays a crucialle in many biological functiongg§peciallymastication
swallowingandspeechand its efficiency to perform these functions depends on its intactness
Aging and tooth losarebiological processethat may compromistihe normalfunctioningof
the mandibe by changing its morphologywWhile many studiesaddressthe macroscopic

mandibular variations, there is a paucity regardingitsostructure.

The aimwas to investigate microstructural mandibular changgés reference to the
macrostructurewith advaicing age and across varicwsth losspatternan South Africans
As the reasons why individuals are differently affected (extent, rate) by senescence or tooth
loss areunclear, the influence of other biological factgsex ancestry wasalso considered.
Using micrefocus Xray computed tomography (mief@T) scans of 33tandiblesexternal
dimensionsandinner parametersjamelythe cortical thickness (CtTh) and cortical density
(approximated byistomorphometric parameteBV/TV) were measured o asseswhether

the mandible ages in the same way and rate as thefrést skeleton, aomparisonof
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mandibular and femoral corticBV/TV, using amicro-CT subsample of 68 individuglsvas

included.

A comprehensive assessmentof the mandibular morphology and cortical
microstructure of fully dentate individualsghlighted that the smaller the alveolar height is,
the thicker and denser the cortical bone. An inner cortical asymmetry between basal, buccal
and lingual areas was described for CtTh, but was abmeBV/TV. Sexual dimorphism and
ancestral variations were comfied for the external distances and CtTh, but noBWiTV .
With tooth loss, a general decrease in external distances (aggravated by edentulism), CtTh and
BV/TV was observedexcept at the midline where the lingual CtTh increased with edentulism.
Sexual dmorphism and ancestral variation$ the external dimensions and CtTh were
emphasised in edentulous mandiblEse cortical density decreakwith aging corroborating
the general decline in bone mass of the skeleaemoted in the femur. By contrastitigp
effects oftooth loss and agingt was concludedhat both external distances and CtTh were
mainly influenced by tooth loss and not age, whereas the cortical bone density displayed an

agerelated decreasadependent afooth loss.

To ascertain the gticability of the findings in a dental setting, whesenebeam
computed tomography (CBCT$ commonly used measurements were performed on 24
mandibles scanned by both CBCT and mi€/b (considered as the referencef)eTaccuracy
and repeatability of CBC wasconfirmed for largescale measuremenind CtTh in a lesser
manney whereagesults were uncertain f@&V/TV, revealinga distinct lackof reliability.

In conclusion, this thesisferred the precise role afging and tooth loss, but also sex
and arestry,on thevariations of themandilular macre and microstructureNot only does
knowledge and understanding of these changes have implicataastistryfields, as cortical
thickness and density are essential for many dental proceduresilsbuin biological
anthropology, in which the microstructure of extant human mandibles algable insights
into intra and interspecific variation@.g., sexual dimorphismdr functional considerations

(mastication, dietdf archaeological/fossil spenens.
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Chapter 1. Introduction

1.1. Background and rationale

The mandible participates in several essebi@bgical functions of the human body,
such as mastication, swallowidgglutition and spech. The fAnormal o func
efficiency of these physiological processes of utmost importance are highly dependent on the
condi tion and Ajdwi(Rosnieks 201; Lagunetalh2017) o we r

The loss of teeth is for example one of the principal causes of ineffective mastication
(Fontijn-Tekampet al, 2000; lkebeet al, 2012; Scheid and Weiss, 2012; Bourdkblal,
2020) as even intermediate degrees of tooth lossimasg substantial consequences and often
prompts considerable morphological changes to the marn(#higsmill, 1999; Whiteet al,
2012) Tooth loss and more particularly edentulism are on the rise in many developing
countries(Kailemboet al, 2017; AlRafee, 2020)In recentyears, middleand lowincome
countries have been particularly affected by oral diseasel,aslental caries and periodontal
diseases, which are generally considered to be the principal causes of tooth loss (either
naturally or by extractionjWatt et al, 2015; AlRafee, 202Q)In South Africa for example,
the number of cases of dental caries and periodontal disease continues to incriyasdbgsar

thatthey already are the most prevalent oral disease of the c¢Bhayat and Chikte, 2019)

The mandi ble is known to have a continuir
considered as a normal maturational process by many a(iisiharaet al, 1994; Akgul and
Toygar, 2002; Alberet al, 2007; Pessat al, 2008; Oettléet al, 2016) However, advancing
age, even if often associated with tooth loss, is a confounding factor on its own and can
independently cause many impairmeimtsthe ability to masticate or speak and articulate,
notably because of agelated decreases in muscle and bone mass and the emergence of age
related pathologie@Newtonet al., 1993; Peyrort al, 2004, Ikebeet al, 2012; Lagunat al,
2017; Parket al, 2017) Dueto the general aging of the world population, the number of
patients affected by these aggated conditionss rising and is a growing concern for public
health globally(United Nations, 2019)

Knowledge of the changes associated with aging, from adulthood to senescence, and
understanding the effects of tootts$ on the mandible and isrtical microstructure are

important and have implications atinical fields such aglentistry.For example, information
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on the thickness and density of the cortical bone and their distribmtitiis the mandibles
crucialfor common dentistry procedures like tooth extrac{fdamphries, 2007)or for more
complicated procedures, such as oral and maxillofacial surgeries, orthodontic treangents,
dental implants, among others. Besides dentistry fields, the morphology and microstructure of
the mandible are also important for biological anthropology, especially in forensic,
archaeological, or palaeoanthropological contexts. The mandibleotsuat andparticularly
resistant bone with high rates of preservation and rec¢8¢mdrng, 2009; Whitest al, 2012;
Stodder, 2019)eading to a large number of mandibles found worldwide in archaeological and
fossil records. A few fossil specimens affected by tooth loss or even ederitalisaisobeen
recovered(Russellet al, 2013) In the literature, the archaeological/fossil specimens are
usually compared to recent nbuman and/or human primate sampiesyive insight into
various topics, such as functional and biomechanical purposes (e.g., mastication, diet, speech),

or intra- and interspecific variations (e.g., sexual dimorphism, taxonomic hypotheses).

In recent yeas, virtual exploration of craal and mandibular structures has been
employedextensivelyfor anatomical and anthropological purpos&éth the development of
imaging technologies, from-¥ay Computed Tomography (CT) to more advanced scanning
modalities, sach as ConeBeam Computed Tomography (CBCT) or microcus Xray
ComputedTomography (micreCT), researchers are now able to answer many more questions
on bone and patrticularly on the quantification of its microstructure in awasive and non
destructve way.While manystudies exist on the external morphology and shape of the human
mandible, its microstructure itseifasnot really garnexd much attention, even if changes in
the osseous external morphology are related to bone resorption events irmatyosgructural
changes of the bone as w@echowet al, 2010; Chrcanoviet al, 2011; Swastgt al, 2011,
Williams and Slice, 2014)Furthermore, when finally considering the bone microstructure, the
cortical bone seems to be disregarded by researchers, especially when compared to the number
of studies on the trabecular bonMloreover, he methodology oftenemployed for
microstructural bone analydisoth for trabecular and cortical bonig)usually based on small
bone biopsies(GonzalezGarcia and Monje, 2013a, 20t3Van Desselet al, 2013;
Panmekiatet al, 2015; Parsat al, 2015; Van Desselt al, 2017; Suttapreyaset al, 2018)
which arenot alwaysable tocaptue the range of variations present in the mandible.

Overall, both for the outer and inner morphology of the mandible, many different

modalities of measurements are mentioned in the literature and might not all be comparable to

each other. For example, in terms of imaging modalities, CBCT, developed fmalclin
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dentistry applications, is widely used because of its many specificities and advantages, such as
lower costs, reduced scanning time, and lower radiation dosesorthet al, 2003; Scarfet

al., 2006; Cottoret al, 2007; Scarfe and Farman, 2008; Dawebdl, 2009; Benavidest al,

2012; Rioset al, 2017) The accuracy and reproducibility of CB&Bsed measuremerttave
beenconfirmed when compared to traditional digital caliper measurenfeastalaet al,

2004; Loubelest al, 2007; Ludlowet al, 2007; Kamburoglet al, 2011; Barretet al, 2020)

and CT(Kobayashet al, 2004; Hilgerset al, 2005; Loubelet al, 2007) However, a lack of
agreement and standardisation between the machines was pointed out by several researchers,
with results highly dependent on the manufacturer ohemtodelLiang et al, 2010a; Parsa

et al, 2013; Pauwelst al, 2015; Stimmelmg et al, 2017; Jacobst al, 2018; Gaétaraujo

et al, 2020) Furthermore, CBCT is usually characterised biyrited spatial resolution and
artefact issues, which may hinder the analysis of the bone microstructure, especially in the case
of smallscale measurements or parame{&sarfe and Farman, 2008; Liarg al, 2010a,

2010b; Mareet al, 2012, 2014; Forgdt al, 2014; Rioset al, 2017) Micro-CT, on the other

hand, evenf developed initially for industry, is now acknowledged as the reference imaging
method for dentadnd bone research. For instance, contrary to CB@dro-CT was found to

be very reliable across models and manufactyf@leyniczaket al, 2007) However, micre

CT is limited to exvivo research due to high radiation exposure, and cannot be directly used
on living individuals(Burghardtet al, 2011; Andronowsket al, 2018)

In addition to the methodolazpl issues highlighted above, several important
limitations often encountered are directly associated to the samples studied and their
compositionMany studies, both for the evaluation of the external and internal morphology of
the mandible, are for instantimited in sample size with small samples not representative of
the population, or samples restricted in their distribution in terms of biological (e.g., dentition

status) and demographic factors (e.g., age, sex, ancestry).

One of the major problems encdered in several studies of the mandible is the fact
thatthe dentition status of the individuals is not always comprehensively evaluated, or not even
considered and just ignoredhis may result in discrepancies and contradictions between
findings from dfferent studies. For instance, for studies on the mandible, some authors do not
even indicate the general presence/absence of (Battiett et al, 1909 2etal,R014 ¢ vy
Ishwarkumaret al, 2017; Motaweet al, 2020) while others will at least detall if the sample
is only composed of dentate individuals and exclude individuals with toottjHaokase and
Suwa, 2008; Shawt al, 2010, 2012; Swastgt al, 2011; Cassettat al, 2013) or do the
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opposite and only include edentulous individ&lshwartzDabney and Dechow, 2002; Dutra

et al, 2006) However, most of the authors looking especially at the effects of tooth loss on the
mandible, usually take into amaent the number of teeth, which was found to be not enough to
reflect on the multiple possible patterns of tooth loss and their conseq@stdéet al,
2009a) The precise distribution of the remaining teeth, as well as the occlusion patterns
between maxillary and mandibular teeth, are of great impor{@ettiéet al, 2009a; Mays,
2013, 2015a; Oettlét al, 2016; Paret al, 2017)

Besides the dentition status, another important limitation related to the sample is often
the age of the individuals. It is difficult to discuss changeseael#o tooth loss without
considering advancing age, often directly associated to the loss of teeth. As the precise effects
of tooth loss are still debated for certain parameters, the distinction with the consequences of
aging is even more complicated to fdr a bone like the mandible. For instance, some studies
will consider tooth loss only, without any available details on(@gevood and Howell, 1988;
Chrcanovicet al, 2011) while others will outline the composition of their sampledoutt age
in the analyses or in the interpretatigi@ngsmill and Boyde, 1998; Raustet al, 1998;
Merrotet al, 2005; Jocet al, 2013) Furthermore, in articles supposed to focus on the aging
process, some researchers based their anayses restrictedime intervaland thereforaot
covering the entire lifespaof the individuals(Bartlett et al, 1992; SchwartbDabney and
Dechow, 2003; e.g., Dutet al, 2004; Deguchét al, 2006; Swastt al, 2009; Leveshaet
al.,, 2016; Ishwarkumaret al, 2017) Compared to studies with comprehensive age
distributions(e.g., von Wowern and Stoltze, 1980; Kingsmill and Boyde, 1998; &haly
2010; Oettléet al, 2016; Parret al, 2017) inconsistenies and contradicting results might

appear, both for the mandibular external morphokgy the inner structure.

The reasons why some individuals are affected to a greatesser degreand at
differing rates by tooth loss and/or advancing age are still not ql€arlsson, 2004)Beyond
the dentition status and the age of the individuals, other biological factors, such as sex and
ancestry, are essential to consider and iitnclsdeall the variations encountered. Indeed, like
therest of the skeleton, the mandible is highly influenced by demographic féatbest et
al., 2007; Swastet al, 2009; Ruff, 2019)which are not always properly represented in the
literature, particularly when considering the mandibular microstructure in the South African
population.

Comprehensive studies considering all these interdependent factors (e.g., tooth loss,
aging, sex, ancestry) and their interactions are rare to find in the literature on the mandible. For
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instance, even if mandibular sexual dimorphism is well known and stunddest of the studies
focusing on it do not really take into consideration tooth loss and often prefer to exclude
individuals with high degree of tooth loss or edentulism, even if they represent a substantial

part of the population nowadays.

1.2. Aims and objectives

The main aim of thistudyis to investigateassessand evaluae in detail, withina
South African population, macrostructural and microstructural changes in the mandible with
advancing age and across various patterns of toothdsessgy highresdution microCT scans,
the studyemploysa unique methodology combining external dimensions with inner distances
and 3D parametersn order to provide a better understanding of the cortical bone
microstructure in the mandibl&hisresearctiocused particularly on the cortical bone with the
analysis of its thickness and density, as these parameters reflect two fundamental bone
properties naméy the cortical thicknesand cortical bone density. Cortical thickneg®rms
on the bone quality (via its geometand distribution), while the bone density gives an
indication of the bone quantity (i.e., the bone méagarwal, 2019; Ruff, 2019)

In addition, as it is not well known whether the mandible ages in the same way and at
the same rate as the rest of thelston, thecorticalmicrostructure of thenandible is compared
to that of the femur. Used as a proxy for the rest of the skeleton, this gives additional
informationas towhether mandibular bone loss and changes in morphology are associated
purely with tath loss, or whether it is also associated with a generalisectged tendency

of bone loss irthe skeleton

As CBCTis the most widely used scanniteghniquen dentistry(and not micreCT
for safety reasonspanother aim of the project is tomparethe findings between modalities
and confirm the feasibility and applicability, or not, of the mi€b-based measurements in
CBCT. While micreCT is acknowledged as the gold standard modality for dental and bone
microstructural research, the accuracy aglébility of CBCT is still questioned regarding

smallscale measurements or microstructural parameters.
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To achieve the aims mentioned above, several specific objectives were defined:

1 To selectarelevantsample(mandibles and corresponding maxillae from South African
skeletal collections), depicting a wide range of tooth loss paftérasn completely
dentate mandibles (category A) to edentulous mandibles (category C), using the Eichner
Index. This tooth losscering method reflects individual masticatory performances and
Is based on the presence of occlusal contacts, explaining the importance of having access
to each mandible with its associated maxilla.

1 To constitute a largmicro-CT scan databadsy imaging theselectednandibles, from
which a reproducible data collection protosoéstablished in order to collect external
measurements, cortical thicknesses and cortical densities

9 To describe and quantify the changes of the external mandibular oragphn
various patterns of tooth loss, with advancing age, sex, and ancestry.

1 To describe and quantify the changes in mandibular cortical thickness in various
patterns of tooth loss, with advancing age, sex, and ancestry.

1 To describe and quantify the cigees in mandibular cortical bone density (using
histomorphometric parameters) in various patterns of tooth loss, with advancing
age, sex, and ancestry.

1 Todiscuss these findings to enable reflection of the effects of tooth loss and aging
on the mandibulamacre and microstructure within a South African population.

1 To constitute a dataset of mie@r-scanned femora from individuals of which
mandi bl es have already been sdamoedx t Eée mé
tooth loss or edentulous avoid ag tooth lossrelated biak

1 To describe and quantify the changes in cortical density at the level of the femoral
neck with advancing age, sex, amtesty, and compare them with the changes
noted in the mandibles of the same individuals.

1 To reflect on theagerelated tendency of bone loss in fieenurand to consider
its relationship with tooth loss in the mandible by integrating these findings.

1 To constitute a subsamplemfndibles scanned by batticro-CT andCBCT:

1 To assess the accuracy and repeatabiif the CBCT modality in measuring
external distances, cortical thickness, and density by comparing GB§£0 and
micro-CT-based measurements performed on the same skeletonised mandibles,

using micreCT as the reference.
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1.3. Layout

This PhD thesisonsiss of eightchapters withfirst, a general introduction i@hapter
1, followed byChapter 2a comprehensive review of the literature available on the mandible,
its biological functions, its known macrand microstructure, as well as some technical aspects
on the 3D imaging modalities used. Thklsgpter also highlights the kntedge gaps on the
specific effects of tooth loss and advancing age on the cortical microstructure of the mandible,
as well as the discrepancies in the results obtaiDedpter Jpresents the material selected,
and the methodology designed to address the objectiwgle, Chaptes 4 to 6 detail all the
results obtained. These results are first presented for the mamd@i@pter 4 followed by
results of the comparative study on the mandibaaithe femoral microstructur@ Chapter
5, and thirdly, results of the comparison between scanning modalitieapter 6Finally, the
integration of all theseesults, their interpretation and their discussion with the literature are
done inChapter 7 This chapter also develops possible implications of the thesis, with a
particular focus on two practical applications, in dentistry and palaeoanthropology, of the
methodology created during the thesis. LagElyapter &oncludes the #sis.



Chapter 2. Literature review

In the following literature review, the essential biological functions of the mandible, its
known external morphology, as well as its bony microstructurecansidered in 3.1].
Technical aspects, such as the two scanning modalities used in the thesis, are then briefly
introduced in 2.2]. The expected effects of tooth loss and aging on the mandibular-raadro
microstructure are discussed 8.3, [2.4 and .5, along with the influence of nen
mechanical factorsuch as sex and ancestry. Indeed, the mandible, like the rest of the skeleton,
is highly impacted by these systemic factors and their complex relatior{Shastyet al,

2009; Ruff, 219).

2.1. Functions and anatomy of the mandible

A brief overview of the biological functions of the mandible is first given, followed by
a description of its external morphology, which is importacbitside as a reference to where
assessments of morgbgical changes are made be The muscle attachments are also
considered, as biomechanical factors are pivotal in the external anatomy and microstructure of
the mandible. Finally, the expected microstructure of bone in general, and of the mandible, is

discussed as a starting point for the planned investigations.

2.1.1. Biological functions of the mandible

The mandible is highly involved in various essential physiological and functional
processes of the human body, such as mastication and swallowing, bpealdo. #\s detailed
later in theChapter (see sectiof.[L.9), severalmuscles (and associated ligaments, tendons,
nerves) have attachments on the mandible, assuring its mobility, and thus its different
movements. Their coordinated actions ensure Spesgquences of mechanisms, leading to
effective masticating, swallowing or speaking abilitifesnick, 2014; Lucas, 2016; Laguna
et al, 2017)

The beginning of the masticatory process is characterised by the opening of the mouth

via movemerd of the mandiblei.e., depression and protrusion followed by elevation and
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retraction allowing the ingestion of foofLucas, 2016)Mastication is then initiated with a
succession of chewing cycles processing food into sreiled particles that are
blended/mixed with saliva until forming a cohesive bolus, easy to swallow and (digesas,
2016; Lagunaet al, 2017; Lairdet al, 2020) Each chewing cycle is defined by the opening
and closing of themouth, interrupted by lat@l rotating movements. The next step is the

swallowing of the bolus, from the mouth to the oesophagus and thus, the digestive apparatus.

Because of the high level of coordination in place during the feeding process, as soon
as one mechanism is compromiséite entire masticatory capability éompromisedand
becomes less efficiefPosnick, 2014; Lagunet al, 2017) For example, one of the principal
causes of ineffective mastication etloss of teetfFontijn-Tekampet al, 2000; Ikebest al,

2012; Scheid anw/eiss, 2012)Indeed, teeth, by their number, occlusion patterns and location
in the jaw, have a central role as soon as the masticatory process(begiijs-Tekampet

al., 2000; Herring, 2007; Nakatsulat al, 2010; Lepleyet al, 2011; Ikebeet al, 2012;
Posnick, 2014)Teet h are a wunique fAtool d in the mou
breaking the food in swallowable reduesided particlegPosnick, 2014; Lucas, 2016; Laguna

et al, 2017) Attached to the mandible, the tongue also has a significant role duringatastic
notably by mechanically manipulating the food, pushing and transporting it towards the
swallowing stepgPosnick, 2014; Lucas, 2016; Lagueiaal, 2017) The muscular anatomy,
position and motor skills of the tongue have been found to be highly sensitive to tooth loss,
particularly in extreme cases, such as edentylBuscaet al, 2006) Indeed, as teeth are lost,

the tongue starts to fill the empty space previously dedupy the missing teeth arlmbcones

wider (Bucca et al, 2006; Morelli et al, 2011) This abnormal enlargement is called
macroglossia and is often associated with an increase in volume of several muscles of the
mouth, such as the geniogkus(Morelli et al, 2011) with the accompanying elongation of

the mental spines where it attaclid&sdalet al, 2015)

Elderly individuals, apart from being more prone to tooth loss, are also more subjected
to other ageelated impairments of mastication, including a decline in saliva secretion, in
tongue motor skills or even a decrease in bite force, which are not rkeyl lto the general
progressive ageelated reduction in muscle mass, but additionally linked to the emergence of
other agerelated pathologies (such as osteoarthritis at the temporomandibular(jdawgpn
et al, 1993; Peyroret al, 2004; Ikebeet al, 2012; Lagunat al, 2017; Parket al, 2017,
Bourdiol et al, 2020)
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In addition to the masticatory process, the mechanism of speech is also highly
influenced by the mandible, its muscles and ligaments, particularly during the articulation
phasgDaegling, 2012; Posnick, 2014hdeed, the articulation process involves synchronised
movements of the upper and lower jaws, tongue, and tipgder to change the shape of the
oral cavity and vocal tract, controlling the articulation of sound. The different components used
during speech are impacted by each otheros
components (such as the mandible)nssually located or shifted forward (due for example to

a variation in shape), the articulation can be affe(@ednik, 2014)

2.1.2. External anatomy of the mandible

2.1.2.1 . Mandibular bone

The adult human skull, usually comprising 28 bones, can be subdivided into two
principal parts: the craniufnwith 27 of these 28 bonésand the mandible, the only mobile
bone of the entireksill (e.g., White and Folkens, 2005; Standring, 2009; Wétital, 2012)

The mandible, with its primary function of mastication,th& most inferior, largest, and
strongest bone in the facécbnsists of three elements (illustratedrigure2.1): the body (or
corpus) which is horizontaldér V-shaped, particularly dense and solid; and the two ascending
paired rami on both left and right sides, considerably thinner than the bodybeatng a
coronoid process (thin and triangular) anteriorly and a condyle (large and rounded) posteriorly.
The left and right condyles articulate with the temporal bones of the cranium through the

temporomandibular joints (TMJ), conferring its mobilitythe mandible.

Borders can be naturally defined inferiorly and superiorly on the body and the ramus,
but also anteriorly and posteriorly on the ramus. On the body, the superior border is specifically
called the alveolar process and consists of alveolitla@id associated teeth (sEgure2.1).

On the ramus, the superior border, often named the mandibular notch, separates the coronoid
process from the condyle. On thid@r hand, the inferior border runs along the base of the body

towards each ramus and forms the gonial angle at the intersection with their posterior borders.

1C
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A coronoid processes
mandibular notch
mandibular condyles

mandibular teeth

alveolar bone
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masseteric tuberosities
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gonial angle
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sublingual fossa
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Figure2.1. Bony features of an aduttandible (3D model reconstructed from a mi€® scan) in
lateral [A], posterior [B] and superior [C] views.
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Borders delineate two main surfaces on the mandible: external (also called buccal or
lateral) and internal (also called lingual or medial), onclwimany specific bony features can
be observed First, on the external surfacEiqure 2.1 A), the following characteristics are
evident: (i) the mandibular symphysis (oidline), a faint ridge on the median line of the body
indicating the fusion of the right and left halves of the mandibular bones during the first year
of life; (ii) the mental eminence (or protuberance), a triangular shape forming the bony chin,
locatedat the midline and almost on the inferior border; (iii) the mental foramen, an opening
lodging the mental vessels and nerve, on both left and right sides, generally below the
premolars; (iv) the oblique line, a faint ridge starting at the end of theariterder of the
ramus and running on the external surface of the body under the molar regions. Then, as
illustratedin Figure2.1 B, the following bony features ardserved on the internal surface of
the mandible: (i) the mylohyoid line, a ridge starting in the anterior part of the ramus (i.e., close
to the molars) and descending towards the body; (ii) the submandibular fossa, below the
mylohyoid line in the molar regn, and impression of the submandibular salivary gland; (iii)
the sublingual fossa, above the mylohyoid line, in the premolar region, and impression of the
sublingual salivary gland; (iv) the digastric fossa, on the inferior border of the mandible, close
to the symphysis; (v) the mental spines, protruding tubercles on the symphysis, almost on the
inferior border; (vi) the mandibular foramen, a large opening in the centre of the ramus for the
inferior alveolar vessels and inferior alveolar nerve going tifinahe entire mandible via the
mandibular canal. Leaving from the edge of the foramen, the mylohyoid groove is descending
across the ramus, occupied by the mylohyoid vessels and nerve. The mandibular foramen
presents on its edge a vertical bony projectiba,lingula, which is the point of insertion of

the sphenomandibular ligament.

2.1.2.2.Mandibular muscles

The mandible is a major actor in the masticatory system, particularly because of its
unique mobility. To perform a wide range of movements (such as ltegying) and ensure
the mobility of the mandible, four pairs of primary muscles of mastication have insertions on
the mandible (illustrated in orangEjgure 2.2): temporalis, masseter, medial and lateral
pterygoids. During the masticatory process, three of them are elevating the mandible (i.e.,
moving the mandible closer to the maxilla, closing theutlmp the masseter and medial

pterygoid muscles particularly, but also the temporalis; while the lateral pterygoid muscle

12



CHAPTER 2. LITERATURE REVIEW

keeps the temporomandibular joint immobile and stable with its superior head. The lateral
pterygoid musclés alsoa depressor (i.emoving the mandible away from the maxijltgening

the mouth via its inferior headandis assisted by suprahyoid and infrahyoid muscles, such as
the digastric muscle. Other movements are possible: protrusion (i.e., moving the mandible
towards the anterip with the lateral pterygoid muscles) or retrusion of the mandible (i.e.,
retracting it back, with the temporalis muscle, assisted by the digastric muscle), as well as
lateral movements to the sides thg asynchronous contraction of the masseteric atiain

pterygoid musclés

A

temporalis

mentalis
depressor labii inferioris

depressor anguli oris
platysma

B lateral

pterygoid

masseter

genioglossus —
geniohyoid medial
pterygoid

digastric mylohyoid
(anterior belly)
Figure2.2. Muscle attachments on an adult mandible in buccal [A] and lingual views [B] (3D model
reconstructed from a mict@T scan)lnsertions of the primary muscles of madii@a are coloured in
orange, while origins of facial expression muscles are in red, origins of suprahyoid muscles in blue
and origins of the extrinsic muscles of the tongue in green.

The origins and insertions of the four primary muscles are listed h@tmdring,
2009; Whiteet al, 2012; Netter, 2014)i) thetemporalis, a large muscle originating from the
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temporal fossa of the cranium, and inserting on both external and internal surfaces of the
coronoid process; (ii) tamasseter, arising from the inferior aspect of the zygomatic arch, and
attached to the entire external surface of the ramus and more particularly all along the posterior
border of the gonial angle, where it forms the masseteric tuberosity. When theetitschre
specifically strong and the tuberosities project laterally, the gonial angle is described as
fevertedo. Still on the external surface of
the attachment of the masseter causes a deepenegdiineankasseteric fossa; (iii) the medial
pterygoid, inserting on the internal surface of the ramus and more particularly along the
posterior border of the ramus, above the gonial angle, where pterygoid tuberosities are found;
(iv) the lateral pterygoid, &tching to the condyle in the pterygoid fovea of the condylar neck
(area inferior to the rounded articular surface of the condyle).

Apart from the primary muscles of mastication, several other muStkesdring, 2009;
Netter, 2014)all originating on the mandible, can influence the mandibular morphology and
are classified in three main groups: muscles of facial expression, suprahyoid muosdcles a
extrinsic muscles of the tongue. Muscles of facial expression (ifrigaate2.2 A) include: (i)
the buccinator, causing the impression of the oblique line by its insertion on the mandibular
bone, and compressing the cheeks (for smiling, holding food between teeth during chewing,
etc.); (ii) the mentalis, originating in the incisivasta of the mandible, and protruding the lips;
(i) the depressor labii inferioris and depressor anguli oris depressing the lips and the angle of
the mouth; (iv) and the platysma, depressing the mandible by tensing the skin of the neck. The
suprahyoid mudes (in blueFigure2.2 B), located on the floor of the oral cavity, elevate the
tongue and the hyoid bone, while depressing the mandible, and comprise: (i) thgaiayloh
muscle, causing the impression of the mylohyoid line with its insertion; (ii) the digastric
muscle, and more particularly its anterior belly, attached to the digastric fossa, (iii) and the
geniohyoid muscle, inserting on the symphysis and promptiegtbtrusion of the mental
spines. Finally, the extrinsic muscles of the tongue (in grEgure 2.2 B) include four
different muscles altering the position of thegoa, but only one attaches to the mandible

itself: the genioglossus, inserting on the mental spines.

2.1.3. Bone microstructure

Despite the great variability in external shape (long, flat, irregular, etc.), the
organisation of the inner structure of bones,a@negal, is similar: a dense outer shell of cortical
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(compact) bone surrounding and protecting an inner mass of less dense trabecular (cancellous,
spongy) bone, where the bone marrow is st¢&edndring, 2009; Whitet al, 2012) The
microstructural organisation of the mandible is not different from the othesbas illustrated

in Figure2.3. The border between trabecular and cortical bone is delineated by the endosteum,
the internal surface of the cortical bone; whiletba external surface, the cortical bone is
coated by a thin, highly vascularised tissue, the periosteum membrane, nourishing the bone
itself during life.

tooth

trabecular
bone

periosteum
endosteum

cortical bone

Figure2.3. Micro-CT crosssections of the corpug an adult human mandible, at the level of the
incisors (right) and molars (left). Orientation: o: occlusal; b: buccal. Scale bars: 2 mm.

At molecular and cellular levels, both cortical and trabecular bones have a similar
composition, but they differ fromach other in their physical organisation. Even if they both
have a lamellatype structure, the cortical bone is considerably less porous than the trabecular
bone and so dense that it even needs a specific systalled Haversian systeimto receive
its nutrients from blood, as direct diffusion is not possible. These Haversian systems constitute
a network of canals of various sizes, transporting and supplying blood and lymph through the
cortical bone down to each osteocyte. The osteocytes have a ooleial maintaining bone
homoeostasis, notably by inductiregremodelling process through mechanotransduction
(transmission of signalq)rost, 2004; Pearson and Lieberman, 2004; Maatial, 2015;

Andronowski, §16). Two other primary bone cell types are participating in the formation and
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renewal of the skeletal tissue: osteoclasts and osteoblasts. The osteoclasts are mainly
responsible for the resorption of bone at specified locations, while osteoblastgnimg after
osteoclastic activities during remodelling,
the same area. Maintaining the equilibrium between resorption and formation is a constant
process throughout life and control of the osteoclaatid osteoblastic activities is of
paramount importance for bone health and inteditsrtin et al, 2015; Gochat al, 2019)

Indeed, the mechanical functions of bone are maintained by the remodelling process, through
the sequential steps of resorption and replacement ehealthy lone tissue (old, diseased,
fractured, micredamaged, etc(Parfittet al, 1983; Parfitt, 1984; Andronowski, 2016; Barak,
2019) Remodelling is, however, only a microscopic procesmdecular and cellular levels)

and does not affect the macroscopic architecture, i.e., the external bone morphology or size
(Parfitt, 1984 Frost, 1990a; Andronowski, 2016; Barak, 2019; Goehal, 2019) On the

other hand, another process, known as bone modelling, can influence the microstructure as well
as the outer shape and size of the bone in reaction tbaimtual loadingFrost, 1973, 1990b;

Barak, 2019; Gochat al, 2019) Similarly, as for bone remodelling, the bone modelling
process involves similar bone cell types (osteoclasts and osteoblasts), but without following a
sequential pattern: bone resorption (esorptive modelling) and deposition activities are now
independent (in terms of time, location, e{®garson and Lieberman, 2004; Andronowski,
2016; Barak, 2019; Gochet al, 2019) Modelling is not just to maintaibiomechanical
functions as in remodelling, but also to adapt and improve the loading resistance of the bone
in areas under high strains, for examplee concept of bone functional adaptation responding

to an altered mechanical loading (also often refeared A Wo | f f Buf etlala20@9, see
states that, as loading on a particular bone increases, the boadapibver time to become
stronger and to have a greatesistance to this particular sort of loadifgearson and
Lieberman, 2004; Rufét al, 2006; Hansson and Halldin, 2012; Andronowski, 2016; Barak,
2019; Ruff, 2019)Thus, bone modighg cause changes in the external morphology associated

with adaptations in the trabecular and cortical microarchitec(@eshaet al, 2019)

Mastication but alsospeech, and more particularly the articulation phase, generate
various biomechanical stresses inducing many straitiseomaxilla and on the mandible, and
more specifically at the insertions of the muscles involved in the moverficasaiet al,

1996; van Eijden, 2000; Satbal, 2005; Herring, 200Maegling, 2012Hansson and Halln,
2012; Posnick, 2014 Toro-Ibacacheet al, 2016) The strains, different between these two

types of activities (higlamplitude strains during mastication; vs. lamplitude strains at
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higher frequencies during speech), have both a strong influence on the trabecular and cortical
microstructuregKasaiet al, 1996; van Eijden, 2000; Herring, 2007; Daegling, 2012; Hansson
and Halldin, 2012; Tordbacacheet al, 2016) However, while the maxilla can transfer the
mechanical loads to the redtthe cranium via its morphological integratitime mandible, due

to its relative independence from the rest of the cranium, must sustain the enti(@é&stae

and Rosas, 2005; Daegling, 2012; Hivacacheet al, 2016; Roberts, 2020The lower jaw

is, therefore, expected to be more sensitive to changes in biomechanical factors (e.g., tooth
loss, diet) and undergo substantial adaptive changes compared to othefvbonEgden,

2000) Von CramorTaubadel(2011) for example showed that the mandibular shape was
correlated with diet, whal the maxilla was not. Furthermore, the mandible displays an overall
cortical and trabecular microstructural arrangement characteristic of bending and torsional
loads, especially compared to the maxjfRoberts, 2020)In other words, while the maxilla

has generally a thin cortical bone associated with a fine network of ttabethe mandible

has thick cortices interconnected by coarse strictly orientated trab€¢Ralberts, 2020)In
addition, the mandible itself is subjected to different types of stress andiggaetsding on the

region (i.e., wiskboning effects at the symphysis; bending, twisting, and shearing on the
corpus; muscle atonemesites on the ramugjirectly influencingthe regionamicrostructure

of the cortical and trabeculapne

Influence of norbiomechanical factors (such as aging, sex, ancestry) is also explored
and considered in later sections of this Chapter. Indeed, according to the principle of cellular
accommodation (another bone modelling/remodelling thédyner, 1999; Frost and Turner,
2000) bone cells react not only to mechanical changes but also tmacmanical changes in
their environment (such as varying hormone levels) and adapt their activities to face these
changes. Seval authors confirmed this theoffPearson and Lieberman, 2004; Reffal,

2006; Gochat al, 2019; Ruff, 2019proposing that nemechanical but systemic factors (not
just hormones, but also genetics, sex, age, elay) @ role in the modelling/remodelling

process.
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2.2. 3D imaging and macro- and microstructural quantification of bone

Threedimensional (3D) imaging methods are based on the capability-rafys<to
penetrate and propagate through an object, which will, according to its particular physical
properties, attenuate-bpays to a greater or lesser degfPe Beer, 2018)The differences in
attenuation of the beam going through the objectree mapped with different levels of grey
values and are projectedontoarXay sensitive detector systen
generating a 2D radiographic projection of the object. The intrinsic characteristics of the panel
detector, and particaitly its pixel size, define the future resolution of the object imaged (i.e.,
small pixel sizes will give highesolution images). The discovery and further refinement of
this technology allowed the development ofra¢y Computed Tomography (CT) imaging
(Hounsfield, 1979)which computes altogetherardge number of 2D radiographic projections
of the same object. Using specific algorithms, these projections are then reconstructed into a
stack of images (slices), from which a volumetric (i.e., 3D) representation of the object can be
generatedScarfe and Farman, 2008; Braga, 2016; De Beer, 20&8) characterised by their

particular volumetric pixel (voxel) sizes.

In this thesis, the andibular external morphology and inner structure are explored in
detail thanks to the use of two advanced 3D scanning modaktesbeam computed
tomography (CBCT) and micrimcus Xray computed tomography (micfT). These two
imaging methods, both nanvasive and nownlestructive, and their most common applications
are detailed in the following sections.

2.2.1. CBCT

As conebeam computed tomography (CBCT) was first developed for dental and
maxillofacial fields, it is entirely dedicated to the imaging of the maxillofacial re@oarfe
et al, 2006; Scarfe and Farman, 2008; Dawebal, 2009) Since its invention, CBCT has
been widely adopted and employed as it provides easier, aafefaster information on
patients compared to conventional medical @&nforth et al, 2003; Scarfeet al, 2006;
Cottonet al, 2007; Scarfe and Farman, 2008; Dawebdl, 2009) CBCT is used nowadays
in many aspects of the clinical dental practice andahparticularly great impact in disease

prevention, diagnosis, treatment planning, surgical guidance and delivery of patient dental care
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(Scarfe and Farman, 2008; De \&isl, 2009; Benavideet al, 2012; Riost al, 2017; Jacobs

et al, 2018) Indeed, CBCT can be used for the 2D and 3D evaluation and visualisation of
various structures in almost all dentisagsociated specialities, such as (in decreasing order of
application/use accding to Rioset al.(2017) in oral and maxillofacial surgery to locate and
characterise the type of injuries/trauma, or to assess the presence and \fohysts and
tumours in oral and maxillofacial patholo@§toetzeret al, 2013) in endodontics to evaluate

the anatomy of the pulp chamber, pulp canals and (@mtonet al, 2007; Nair and Nair,
2007; Tyndall and Rathore, 2008h implant dentistry, where CBCT helps to assess the
alveolar bone microstructure, theesence/absence of fenestrations and dehiscences, as well as
the pathways of nerves and arteries caf@dmavideset al, 2012; Oettléet al, 2015; Rioset

al., 2017; Jacobst al, 2018) in orthodontics to evaluatthe possible malocclusion or
impaction of teeth for instan¢klechler, 2008; De Vost al, 2009; Leeet al, 2015) in general
dentistry and periodontics to detect and characterise caries, periodontal lesions and bony

aspects of periodontal diseg3¢ndall and Rathore, 2008)

However, compared to conventional CT machines, CBCT follows a peculiar procedure,
as the Xray urce and sensors (detectors) themselves rotate around the object (i.e., the
patient), which stays immobil@®anforthet al, 2003; Scarfet al, 2006; Scarfe and Farman,
2008) More detailed information follows in the Materials and Methods Chapter, in which

CBCT is discussed within context of the makand scanning procedure used in the thesis.

Due to its specificities, CBCT distinguishes itself from most of the other computed
tomographybased modalities and displays several technical advantages: lower costs, easier
accessibility and handling, reduceaaging time, and most importantly, lower radiation doses
with a higher resolution than in medical @anforthet al, 2003; Scarfet al, 2006; Cotton
et al, 2007; Scarfe and Farman, 2008; Benavetesd, 2012; Rioset al, 2017) Furthermore,
as in CT scans, various types of measurements can be performed on 2D sections, or directly on
3D models, extracted and generated from CBCT s(aasvoset al, 2009) Accuracy and
reproducibility of CBCT measurements were tested and confirmed byacmgphem to
traditional digital caliper measurements performed on dry human skulls or marjdésdeala
et al, 2004; Loubelet al, 2007; Ludlowet al, 2007; Kamburoglet al, 2011; Barretet al,

2020) as well as comparing thera surface areas and diameters of root canals obtained via
histologic sections of teefMichetti etal., 2010) CBCT measurements were also compared

to other imaging techniques such as CT and were found to be accurate and(kKaiady@ashi
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et al, 2004; Hilgerset al, 2005; Loubeleet al, 2007) even in the case of smaltale

measurements, like cortical thicknes@iasubeleet al, 2006; Benavidest al, 2012)

On the other hand, one of the main concerns about CBCT imaging is the lack of
agreement and standardisation kew the models themselves. Indeed, measurements and
outputs obtained from a specific CBCT unit will most likely be slightly different and not be
applicable to the ones obtained with another unit from a different manufaftizneg et al,
2010a; Parsat al, 2013; Pauwelst al, 2015; Stimmelmayet al, 2017; Jacobst al, 2018;
GaétaAraujoet al, 2020) Limited spatial resolution, ranging generally between 0.08 mm and
0.4 mm(Scarfe and Farman, 2008; Jac@bsal, 2018) is also a disadvantage when using
CBCT, as reconstruction quality and precision of measurenoarthreedimensional volumes

are resolutiordepemlent

2.2.2. Micro-CT

Micro-focus Xray computed tomography (mie@T) is a sophisticated -¥ay
technology rendering highuality micronrlevel information of the interior and constitution of
samplegHoffman and De Beer, 2012; De Beer, 2018itially, micro-CT was developed for
industry and only started to be considered and used for biological applications mucihdater. F
the 2000s, micHCT became a proficient tool commonly used in animal and human studies for
both dental and bone resea(@wain and Xue, 2009; Burghareit al, 2011) Currently, the
applicability of microeCT in dental and bone research has evolved to such an extent that it is
acknowledged as the gold standard modality not only for dental an@ysjsiczak and Grine,
2006; Olejnczaket al, 2007; Swain and Xue, 2009; Maret, 2010; Baylal, 2011; Marciano
et al, 2012; Mareet al, 2012, 2014put also for bone microstructural assessni®wiain and
Xue, 2009; Burghardit al, 2011; Gonzéletarcia and Monje, 2013a; Kim and Henkin, 2015;
Parseet al, 2015; Andronowsket d., 2018; Andronowski and Cole, 2020hdeed, contrary
to other scanning modalities such as CBCT, where results are highly dependent on the
manufacturers or on the modé€GaétaAraujo et al, 2020) micro-CT was found to be very
reliable across models and manufactu(@tejniczaket al, 2007) Actually, Olejniczak and
colleagueg(2007) performed various types of dental measurements (surface area, volume,
linear measurements) on scans obtained from four different+@itnmachines and obtaide

comparable, repeatable, and reliable results across all systems.
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Micro-CT is characterised by an immobilery source and detector, while a high
number of radiographic projections are captured during the rotation of the q&tofflean
and De Beer, 2012; De Beer, 201B)rthermore, the flat panel detectors equipping the micro
CT are of very high resolution, allowing the machine to reach much higher spatiatioesolu
and lower voxel sizes than any medical counterparts (CT, CBCT, etc.). More detailed
information follows in the Materials and Methods Chapter, in which m@Fas discussed

within context of the material and scanning procedure used.

In different wayghan CBCT, micreCT also has several disadvantages. First and most
importantly, it cannot be directly employed on living individuals (for example, in the clinic)
because of the high radiation expos(Berghardtet al, 2011; Hoffman and De Beer, 2012,
Andronowskiet al, 2018) In addition, micreCT is generally limited to small exivo samples
(teeth, biopsies, small bone, or scan focusing only on one part of a bigger bone, etc.) due to the
size and technical restrictions of the machine it@lirghardtet al, 2011) Running costs as

well as rarity of the machines might also impair and limit the access to-@icszanning.

2.2.3. Comparison between CBCT and micro-CT

As detailed before, both CBCT and migZd allow the visualisén and evaluation of
external and internal tissue structures in 2D and 3D, however, CBCT might lack the
discriminative abilities required to describe the inner structure of bone or teeth accurately and
repeatedly, particularly because of a lower imageluéien and artefacts issuéScarfe and
Farman, 2008; Liangt al, 2010a, 2010b; Mareit al, 2012, 2014; Forgdt al, 2014; Rioset
al., 2017)compared to micrCT (as seen ifrigure2.4). Indeed, smailscale measurements,
like cortical or enamel thicknesses, might not be performed with the best accuracy and
repeatability require@Liang et al, 2010a) As the methodologglevelopedn this thesis might
have implications in dentistry and associated specialities where CBCT is the preferred scanning
modality, comparison of the twanaging techniques is of great importance to confirm the

feasibility and applicability, or not, of the mief@T-based measurements considered.
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A micro-CT CBCT B micro-CT CBCT

r’\

Figure2.4. Micro-CT and CBCT crossections of the corpus ofd@lsame adult human mandible at
the level of the incisors [A] and molars [B].

Over the last decade, in order to assess the reliability and accuracy of CBCT, many
researchers focused on comparing methodologies and measurements, often usiGd @gro
the reference. However, most of these studies were performed using dental saijpaaslo
to a lesser extent using bone tissue. Indeed, comparison of CBCT teChionas done
extensively on dental samples confirming the accuracy and reliability of CBCT in different
types of measurements, such as the volumes of teeth or dental ist@ace Olejniczak and
Grine, 2006; Maregt al, 2010, 2012, 2014; Michett al, 2010; Wangpt al, 2011; Galibourg
et al, 2018; Kulczyket al, 2019) However, when using bone samples, only one study
(Suttapreyasret al, 2018)was found in the literature cqraring linear distances performed in
CBCT and micreCT. Indeedwhenmeasuring cortical thicknesses in various regions of the
mandible and maxilla using both modalities, Suttapreyasri and colle&20®8) observed
significant correlations between CBCT and mi€¥®, and no significant differences between
the two modalities. The rest of the literature in general focused on comparing CBCT against
2D techniques (radiographs, cephalograms, etc.) diKGbayashiet al, 2004; Hilgerset al,
2005; Loubelest al, 2007; Ludlowet al, 2007; Barretet al, 2020) while micreCT is often
compared to the various sorts of CT (conventional CT tiptahar CT, multislice CT,
synchrotron radiation micr@T [SR-XCT], etc.) ordual X-ray absorptiometryl¥XA) (Naitoh
et al, 2004; Bodicet al, 2012; Humberet al, 2016) Compiled together, these evaluations
were rather inconclusive as CBCT compared to CT was fouinel &@curate and reliable even
in the case of smalicale measuremen(isobayashiet al, 2004; Hilgerst al, 2005; Loubele

et al, 2006, 2007; Benavidex al, 2012) while it was not always the case for CT compared
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to microCT, especially in the case of smatlale measurements, like cortical thickn{@&stoh
et al, 2004; Humbergt al, 2016) In both articles, the differences in cortical thickness between
the modalities were hypleesised to be linked to a greater voxel size.

On the other hand, evaluation of trabecular and cortical bone density was performed
more extensively and often directly compared between CBCT and -@icrmodalities.
Traditionally, in CT, bone density was iesated from grey values which were quantified as
absolute Hounsfield units (HU). However, several researchers raised concerns as HU do not
seem to apply to CBCT and are not easily comparable, or even correlated to the relative grey
values of CBCT voxel@Benavidset al, 2012; Molteni, 2013; Campos, 2014; Cassettal.,

2014; Pauwelst al, 2015; Vitral et al, 2015; Rioset al, 2017; Jacob®t al, 2018)
Researchers then started to evaluate bone density through the use of various bony structural
parametes (Parfitt, 1988; Dempstest al, 2013) also called histomorphometric parameters
(e.g., BV/TV: bone voluméraction) and commonly used in mie@r or histology(Pauwels

et al, 2015; Jacobest al, 2018) However, the accuracy and relilitlyi of CBCT still remain
uncertain as no real consensus was reachddntaese parameterSor instance, Suttapreyasri

and colleagueg2018)directly compared grey values from CBCT to BV/TV values obtained
from micro-CT scans of the same bone samples (biopsies) and did not find any significant
correlation between them. However, when measuring BV/TV in both CBCT and-@ilcod

the same sample, strong correlations were obs€WatuDesseét al, 2013, 2017; Kirret al,

2015; Parsat al, 2015; Tsaiet al, 2020) even if these correlations were accompanied by
significant differences between both sets of BV/TV valMs Desseétal., 2013, 2017; Kim

et al, 2015) Panmekiate and colleagu€2015) also ha a moderate conclusion as they
observed correlations between BV/TV calculated from CBCT and from f@i€rdout with

large ranges of errors and deviations.

Furthermore, microstructural analyses by mi€&®D or CBCT are often limited to bone
biopsies (GonzalezGarcia and Monje, 2013a, 2013b; Van Desselal, 2013, 2017,
Panmekiateet al, 2015; Parsat al, 2015; Suttapreyaset al, 2018) investigating the
trabeculabone structuréSwain and Xue, 2009; Van Desstlal, 2013, 17; Panmekiatet
al., 2015; Parsat al, 2015; Andronowski and Cole, 2020; Tetal, 2020)and not the cortical
bone. The cortical microstructure is perhaps not considered as being influenced by external
factors, yet it has important implicatiofts dentistry(Klemettiet al, 1993; De Oliveirat al,

2012; Pauwelst al, 2015)and other relevant field8urghardtet d., 2011; Andronowski and
Cole, 2020)
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2.3. Factors affecting the external morphology of the mandible

External morphological variations of the mandible are important to evaluate and
considerto achievea comprehensive understanding of the inner structlrahges. In this
thesis, specific external morphological measurements related to the inner parameters are
considered, such as the length of the mandibular body (i.e., the distance between the menton
and gonion), the midline (symphysis), anteriaround pemolars) and posterior (around
molars) corpus alveolar heights, as well as height and breadth of the ramus. To better
understand the variations in the morphology and their relationship with the internal structure,
factors affecting external features of tihh@ndible need to be considered. First, the effects of
tooth loss are reviewed, followed by the effects of advancing age, often associated with, and
integrated with tooth loss. Finally, a brief overview of the influenceeafand population on

the externemorphology is presented.

2.3.1. Effects of changes in dentition

Tooth loss, a common pathology in humans, is considered to be one of the most
important factors altering the morphology of the mandible during(Kiegsmill, 1999;
Standring, 2009; Whitet al, 2012) To comprehend the precise effects of tooth loss on the
morphology of the mandible is pivotal, as even intermediate degrees of tooth loss might have
significant consequencek a substantial review, KingsmilL999) defined different factors
influencing the remodelling of the mandible caused by tooth loss and classified them in four
groups: functional, anatomical/physiological, inflammatory, and systemic. Functional factors
were mostly associated with changes in na@atal stress and strain on the bone (e.g., innate
muscle tone and activity, absence/presence of dentures, type of diet), whereas anatomical
factors were associated to the facial form of each individual and the original size of the
mandible (and thus, th@ze and attachment of muscles), as well as to the local bone quality
(alveolar, cortical, trabecular, etc.). Inflammatory factors, on the other hand, are connected to
tooth loss itself and its possible causes (such as the presence of periodontal dseesgs,
or its direct consequences (local trauma after tooth extraction, development of an infection,
etc.). Eventually, these three types of factors are themselves all relateddmmechanical
systemic factors, such as the skeletal status of edokidunal, its hormonal and nutritional

statuses, age, sex, ancestry, etc. In addition, social inequalities in oral health are well known
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and demonstrated in all types of countries, as-higiddle and lowincome countries are all
subjected to i{CunhaCruzet al, 2007; Wattkt al, 2015; Shen and Listl, 2018 the recent
decades, middieand lowincome countries have been intensely affected by an increase in
dental caries and in periodontal diseeasegWattet al, 2015) In South Africa for example,

dental caries is the most frequent oral disease amoitdyech and adults, followed by
periodontal diseases and their prevalence continues to rise ever{Bhiegat and Chikte,

2019) The individual s6 socioeconomic statuses
professional dentaare(Ayo-Yusufet al, 2013; Wattt al, 2015; Shen and Listl, 2018)s

a result, individuals from lower socioeconomic groups generally suffer from tooth loss at an
earlier age, leading to consequent premature mandibular morplablolgesnges compared to
individuals having easier access to healthcare. Edentulism, the last stage of tooth loss, was for
instance observed to be highly prevalent in lower socioeconomic gfGupsaCruzet al,

2007; Kailemboet al, 2017; AlRafee, 2020and onthe rise in many developing countries
(Al-Rafee, 2020)

Loss of teeth imccompanied by a reduction in strains in specific regiaf the bone,
and thus in the appearance of localised events of bone resdipéarson and Lieberman,
2004; Bodicet al, 2005) The areas, directly impacted by tooth losghsas the alveolar
sockets, undergo a consequent remodelling process and are filled with new bone material
instead of teeth. The change in properties leads to an incredmmerstiffness(i.e., its
biomechanical strength, its ability to resist deformgtiand hence a further reduction in
biomechanical strains, resulting in an aggravation of bone loss/resqiptidit et al, 2005;
Hansson and Halldin, 2012; Mendelson and Wong, 200 total loss of teeth, known as
edentulism, can lead to the most extreme chanfj@sandibular morphologyWhite et al,
2012) In general, the entire mandible is reduced in volume (up to 60% of its initial volume),
but the alveolar process is always particularly affected amhed (as seen iRigure 2.5)
(Ulm et al, 1992; Kingsmill, 1999; Bodiet al, 2005; Chrcanoviet al, 2011; Hansson and
Halldin, 2012; Dekkeet al, 2018) Several vital structures, such as the mental foramen, are
especially affected by edentulism. Indeas teeth are lost and the alveolar bone is resorbing,
the mental foramen, usually on the lateral surface of the mandibular body, approximates the
superior border, and can even be shifted completely onto the superior §8téacking, 2009;
Whiteet al, 2012)
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Figure2.5. 3D models reconstructed from mieg@d scans of adult mandibles in lateral, anterior, and
superior views: with complete dentition (Eichner categoryA}) advanced tooth loss (Eichner
category B)YB] and edentulism (Eichneategory C]C].

Timing after tooth loss is also a critical parameter. Indeed, the highest rate of bone
resorption was observed in the first few months after the loss of a tooth, and the majority of the
bone resorption is taking place in the first yetierathe loss or the extraction of the tooth
(Kingsmill, 1999; Bodicet al, 2005) Local severe atrophy is, however, not typically observed
during the first five year@zanet al, 2013) In the case of total tooth loss, Raustial ef1998)
showed that the duration of edensali was associated with an increased bone resorption as
well as with thealterationof the position of the mandible itself in relation to the glenoid fossa:
the longer the individual is edentulous, the more anteriorly the condyle is positioned within the
glenoid fossa, facilitating the development of prognathistoss and Gassner, 2006)

When looking at more specific measurements and distances assessing the external
morphology of the mandible, the literature is not always in agreement with thelpestbts
of tooth loss. A first example could be the mandibular body length, which was observed by

some authors to increaenlowet al, 1976; Paret al, 2017) decreaséRaustiaet al, 1998;
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Chrcanovicet al, 2011; Hutchinsort al, 2015; Guevara Peret al, 2019)or even remain
the saméMerrotet al, 2005; Mays2013; Ozturlet al, 2013)with tooth loss.

Contradictions were also found in articles looking at the effect of dentition changes on
the mandibular angle. Indeed, with tooth loss, major consequences are expected for the
mandibular angle area, as salanasticatory muscles, such as the elevators, havadire
part of theirinsertions on the ramus and are affected by the loss of teeth. For instance, the size
of the masseter and medial pterygoid muscles was found to decrease significantly with tooth
loss, due to the lack of occlusion (i.e., resistance) and thus the reduction in(MNeitsnet
al., 1993; Raustiat al, 1998) Coleman and Grov€R006)also noticed a general coarsening
of the bony protuberances located at the insertion of these masticatory muscles, highlighting
that significant changes were happening in the area. Most of the authors in the literature
researched found that edelous individuals had particularly obtuse angles compared to
dentate individualéEnlowet al, 1976; Raustiat al, 1998; Xie and Ainamo, 2004; Merret
al., 2005; Oetttet al, 2009a; Huumoneet al, 2010; Chrcanoviet al, 2011; Joet al, 2013;

Oettlé, 2014; Hutchinsoet al, 2015; Oettléet al, 2016; Paret al, 2017) and that even with

initial tooth loss, an increased angle was noti¢ettléet al, 2016; Paret al, 2017) While

the duration of edentulism does not seem to have an influence on the widening of the angle
(Xie and Ainamo, 2004)the absence of particular teeth, such as the molars, was observed to
be a very importantactor (Oettlé et al, 2009a) A few studies, however, did not find any
significant change®o the mandibular angle with the loss of te@grael, 1973; Dutrat al,

2004; Choleet al, 2013; Mays, 2013; Ouatk et al, 2013)

The influence of tooth loss on the ramus itself was aldensivelyinvestigated and
produced variable results when looking at its breadth or height: either a significant decrease in
the ramus breadth was obsery€thrcanovicet al, 2011; Paret al, 2017; Guevara Perez
al., 2019, or no change at alMerrot et al, 2005) A similar pattern was seen for the 1asn
height: a decreag€hrcanovicet al, 2011; Ozaret al, 2013)or no changes at all with tooth
loss(Raustiaet al, 1998; Merroet al, 2005; Ozturlet al, 2013; Paret al, 2017) One study
however(Hutchinsoret al, 2015) using distances derived from landmarks, found an increase
in ramus height in edentulous individuals compared to the partially dentate and the fully dentate
groups.

On the other hand, the literature is generally in agreemigim regard to the height of
the mandibular body, which was always found to decrease following the loss of teeth.
Mandibular body height might change drastically with tooth loss, wdhidégreat importance
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for mastication as shown by Fontijrekampet al. (2000) who observed a severe decline in
chewing efficiency between individuals having a hsgimphyseal bone height (>16 mm) and
individuals with a low symphyseal bone height (<15 mm). Dekkait.(2018)even observed

an association between mandibular height and duration of edentulism. The superior part of the
body of the mandible, the alveolar process, is one of the most activensitesskeleton in

terms of bone turnove(Bodic et al, 2005) Cawood and Howel(1988) dividing the
mandibularbody height horizontally, separately measured the alveolar and the basilar/basal
processes, and found that the decrease in body height was onlyedbdaghe alveolar process,

but not in the basilar process, which height remains unchanged. In the literature researched, the
mandibular body height is generally measured at three locations all decreasing with tooth loss:
either at the symphysis (or midép(Merrotet al, 2005; Mays, 2013; Oztus al, 2013; Parr

et al, 2017) at the level of the mental foramé@iingsmill and Boyde, 1998; Merrait al,

2005; Chrcanoviet al, 2011; Hutchinsort al, 2015) or more posteriorly in proximity of

the molargRaustiaet al, 1998; Mays, 2017; Paet al, 2017) Furthermore, depending on the
number and position of teeth lost, the alveolar process might end up being very irregular with
strong local resorption at each lost tooth location, or @limms$zontal with a general and near
complete resorption of all the alve@{ingsmill, 1999; Chrcanoviet al, 2011; Hansson and
Halldin, 2012; Mays, 2013) Mays (2017) particularly observed that the decrease
accompanying tooth loss was mostly influenced by the number of lost molars, cogfiingin

the molar region was generally the most affected by bongUsset al, 1992) Lastly, in

their review, Hansson and Halldf@2012) highlighted the fact that in general, the dimiouti

and the resorption were more important on the buccal side of the alveolar process than on the

lingual side.

A first limitation concerning many articles from the literature reviewed previously
could be the methodology used to evaluate the dentition status, as most of the authors directly
counted teeth. Oettlét al. (2009a)first raised an argument in disfavour of this particular
method of only using the number of teeth when highlighting the difference between losing
teeth unilaterally or bilaterally. They concluded that not only the number of teeth was
important, but also their distribution. Later on, occlusion patterns betwegitlanyaand
mandibular teeth were observed to be of great importance, and different studies looking at the
influence of tooth loss on the mandibular external morphology started to develop new ways of
assessing the dentition status. For instance, N3%3, 2015ag onsi dered Auni ts
comprisingof a pair of opposing teeth, whi@ettléet al. (2016)constituted dentition groups
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according to a more complete pattern of tooth loss (number, location and occlusion). Finally,
Parret al. (2017)used the Eichner Indgfichner, 1990xlassifying maxill@ and mandibles
according to the presence of specific occlusal pairs, considering anterior teeth (incisors and
canines), premolars, and molars as distimtiusal support zones. The Eichner classification
method, often used in the dentistry literature, has been proven to be related to masticatory
performances, with a lesser number of occlusal contacts correlated to a reduction in bite force
(Ikebeet al, 2005, 2012; Nakatsuket al, 2010; Olofssoret al, 2017) and could thus be a

great alternative in anthropological studies.

Finally, the variability in the results might be explained by the fact that certain authors
only considered one particular fact(such as tooth loss here), while others included in their
analyses other variables possibly influencing the morphology of the mandible. For instance,
while some articles did not even have any age data ava{@hl®ood and Howell, 1988;
Chrcanovicet d., 2011) others did detail the composition of their sample, but only considered
the dentition status as a factor, without including any-ratsed aspectgKingsmill and
Boyde, 1998; Raustiet al, 1998; Merrott al, 2005; Jocet al, 2013)

In conclusion, external morplogical variations of the mandible are considerably
affected by biomechanical changes, particularly when caused by tooth loss, but are also
influenced by other types of factors. For instance, since the loss of teeth is usually associated
with advancing ag, it is difficult to discuss changes related to tooth loss without considering

aging, a major confounding factor.

2.3.2. Effects of aging

Even after adulthood has been reached, someedafed changes of the facial skeleton
are happening and are considered part of a normal maturational process of bones rather than
growth (Bisharaet al, 1994; Akdil and Toygar, 2002; Albedt al, 2007) The aging process
of the facial skeleton has been extensively studied, mainly for plastic and reconstructive
surgery purposg®oualet al, 1997; Coleman and Grover, 2006; Shaw and Kahn, 2007; Shaw
et al, 2010) and a main general pattern emerged: enlargement and expansion of the face with
advancing ageSeveral reviewgColeman and Grover, 2006; Kloss and Gassner, 2006; Albert
et al, 2007; Mendelson and Wong, 20h)hlighted the increasing vertical height of the facial
skeleton with age and linked it particularly to changes in the logggon of the face. Indeed,

the mandi ble was found to have a continuing
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various longitudinal studies focusing on adult individu@ssharaet al, 1994; West and
McNamara, 1999; Akgul and Toygar, 2002; Pessal, 2008) In their extensive review,
Albert and colleague007)summarised the agelated changes of the facial skeleton across
the adult age span, starting in the 8)30yearold decade with already a slight increase in
the height of the lower facial skeleton accomedriby an increase in mandibular length. In the
following decades, the mandibular length continued to increase while aleetdar regression
wasincreasinglypresent, with possible remodelling of the alveolar bone and decrease of the
dental arch length&lthoughMendelson and Won(012)argued that this resorptive change
occurs regardless okdtal status, many factors, like tooth loss, are closely intertwined with
aging. These factors might be biological (e.g., tooth loss, sex, ancestry, genetics, physiology,
pathology, diet), but also environmental (e.g., socioeconomic status, living anthgvork
conditions in general), and might influence, or even directly affect, the aging p(éts=ss

et al, 2007)

Several crossectional studies also observed that the external mandibular morphology
undergoes ageelated changes and assessed these changes with specific measurements. As
seen before with the longitudinal research, the length of the mandible was e&tsurad and
analysed. While some research@i&gest and McNamara, 1998)und an increase with age, as
stated before, others did not find any significant length changes wii©ageket al, 2013;

K1 getal 2014; Hutchinsoet al, 2015; Ishwarkumaet al, 2017; Paret al, 2017) or even
observed a decreagBhawet al, 2010) In connection with the mandibular length, another
measurement, the mandibular/gonial angle, was also extensively investigated. While a few
studies observed an increase in the mandibular andteagihg(Shawetal, 2 01 0ef Kl g ¢
al., 2014; Hutchinsoet al, 2015; Levershat al, 2016) an even greater number did not find

any significant change when only consideringhgdlsrael, 1973; Bartlettt al, 1992; Dutra

et al, 2004; Xie and Ainamo, 2004; Duted al, 2006; Oettléet al, 2009a; Cholet al, 2013
Ozturket al, 2013; Oettlést al, 2016; Paret al, 2017) A number of researchers also focused

on changes in mandibular body height, mainly because of its importance for mastication
(Fontijn-Tekampet al, 2000) In a review, Kloss and Gassr{gf06)observed that, generally,

with age, the heightf the mandibular body decreased, and that this phenomenon was more
common in the posterior than in the anterior area of the body. Even if Bartét{92)as

well as Shaw and colleagué2010)also found a decrease in body height, results are not in
agreement since. For instance, mgngicant changes imandibularbody height with aging

were found when measuring at the midline (clizturk et al, 2013; Paret al, 2017) or
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when measuring posteriorly (at the level of the myl@viays, 2017) Howeve, Swastyet al.

(2009) noticed a decrease in mandibular body hieight thanks to a sample stratified in six

age groups (from 10to 65yearolds), the authors could nuance and detail that, first, an
increase was seen (late stages of adolescence, beginning of adulthood) and then, a decrease
started to appear in the 4t 49yearold group. Finally, the mandibular ramus, also often
analysed, was usually described by the assessment of two main features: its breadth and height.
When considering only aging, two authors agreed on the absence of change in ramus breadth
(Shawetal, 2 0 1 Cetal, R0L4Yywhie Parret al.(2017) measuring the maximum ramus
breadth, found a significant increase. Analyses of the ramus height were even more
contradicting, as several research{@usturket al, 2013; Hutchinsoet al, 2015; Ishwarkumar

et al, 2017; Paret al, 2017)did not findany significant changes, others a decrégbawet

al., 2010; Levershat al, 2016)or even an increag®Vest and McNamara, 1999; Motaveti

al., 2020)

All the studies reviewed so far, however, are influenced by the fact that many different
modalities of measurements (caliper/mandibulometécroscribe, radiographs, CT, CBCT,
etc.) were used and that they might not be all comparable to each other. For example, when
measuring the mandi bul ar an@014) obtined dGfigérént , Kl g
results than Paret al. (2017) using a mandibulometer, or Oztugkt al. (2013) using a
microscribe. Nonetheless, when assessing the mandibular length, those three authors found

similar results despite their different techniques.

The inconsistencies might also lexplained by the samples studied and their
compositions. Indeed, some researchers claim to study the aging process, but pedform age
related analyses on samples not covering the entire lifespan, or even just a very restricted
interval. Whileone studyIshwarkumatret al, 2017)had a particularly restricted sample with
radographs from patients between 16 and 30 years old only, at least four other study samples
had limited age distribution®utraet al, 2004; Swaty et al, 2009; Leversheat al, 2016;
Motawei et al, 2020)with the youngest individuals of the sample in their forties only or the
eldest in their sixties (40 to 79; 10 to 65; 16 to 69; 7 to 58 years old, respectiatypared
to studies such as Shatval.(2010) Oettléet al.(2016)or Parret al.(2017)having individuals
comprehensively distributed until the tenth decade (20 to 93, 18 to®86an 99 years old,
respectively), discrepancies might occur.

Finally, other factors that might influence the morphology of the mandible were not
always considered in studies performed. For example, the presence/absence or number of teeth
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was not availale at all in some of the studies cited abdBartlettet al, 199 2tal,KI g¢y
2014; Ishwarkumaet al, 2017; Motaweiet al, 2020; Costa Mendest al, 2021)causing
uncertanties in the interpretation of the results. The dentition status was briefly discussed in a
few articles, but still restricted to certain groups, such as a sample only composed of edentulous
individuals (Dutra et al, 2006)or a sample excluding the(®hawet al, 2010) Recently,
however, a larger number of authors studiedratpged changes while integrating the dentition
status of the individuals in their analy¢&$e and Ainamo, 2004; Cholet al, 2013; Ozturlet

al., 2013; Hutchinsoret al, 2015; Oettléet al, 2016; Mays, 2017; Pamt al, 2017)
Particularly interesting results were found by Raral. (2017) as they detected significant
changes of external morphology when considesigaratelyoothloss or agg, but did not

find any significant differences at all with the interaction of age and dentition status. They

concluded thatnost of the measurements were affected by tooth loss, while only a few by age.

However, thereasons why some individuals are affected to a greater extent and at a
greater rate by the aging process or by tooth loss remain u(Ckdsson, 2004)0Other non
biomechanical factors, and their interactiomsy be importart and must be considered. For

example, agingr tooth loss may not have similar consequences for males and females.

2.3.3. Sex and population variation

Sexual dimorphism is well known in the mandible and is often studied because of
forensic archaeological and anthropological applications. Genemallgndes, mandibles
display larger dimensions, more robust morphological aspects, and more developed muscle
insertion sites thaim females. Some sespecific features, like the chin, are often analysed and
described as prominent, squateped (also bilobed) maleswhereas in females this region
is more gracile and rounded (and even poinf€dayer and Dobson, 2010; Coquerdteal,

2011; Garvin and Ruff, 2012; Oettlé, 2014; Fdral, 2019) The sexal dimorphism in the
mental protuberance was hypothesised to be linked to the difference in the mandibular arch:
broad in males and much narrower in fem&keanklinet al, 2008a; Coquerellet al, 2011,
Ramphaleng, 2015Dimorphic features of the mandibles are also often located around the
ramus, such amneelongated coronoid process, a deeper-gaotgal notch, a more pronounced
gonial eversion and flexed ramus in males compared to felfhadsand Henneberg, 1998;
Oettlé et al, 2005, 2009b; Frankliret al, 2007; Ramphaleng, 2015Jhese sespecific
featurescould be the result of very wedleveloped insertion sites of the mandibular muscles
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on the ramus, such as the masseter and medial pte(fgaiklinet al, 2006; Bejdovéet al,

2013) Indeed, these mandibular muscles are particularly known to be larger in males than in
females, causing different bite forces, which are thengreamalegLavelle, 1988; Ferrario

et al, 2004; Mays, 2013; Posnick, 201&urthermore, it was confirmed by Sellaniset al.
(2018)that a significant correlation exists between the force of the mandibular muscles (and

more particuldy their crosssectional area) and the overall shape of the mandible.

When assessing the influence of sex on specific measurements capturing the external
morphology of the mandible without tooth loss, two patterns were generally observed (even
when usingdifferent methodologies): either sexual dimorphism was detected with males
having greater dimensions than females, orsigmificant differences between sexes were
found. For instance, the mandibular body length was almost always found to be significantly
greater in males than in femal@derrotet al, 2005; Frankliretal, 2 0 0 8 &étal, 2814;9 ¢ vy
Donget al, 2015; Ishwarkumaet al, 2017; Sellaruniset al, 2017; Gilletet al, 2020) except
for a few authorgFranklinet al, 2006; Kharoshabt al, 2010; Ozturket al, 2013)who did
not find any sexelated difference. In amilar way, the mandibular body height is also in
general greater in males than females, especially at the mental synipheysidinet al,, 2006,
2008b; Swastet al, 2011; Ozturlet al, 2013; Mays, 2017; Selauniset al, 2017; Gilletet
al., 2020) However, two studie@Vierrotet al, 2005; Chrcanoviet al, 2011)did not find any
differences between males and females. On the ramus, and more particularly for the ramus
breadth dimensigrsome authors detected greater values in males than in feiladeseshah
etal,2 0 1 0 ; et &.,2914;Yonget al, 2015; Sellaruniset al, 2017) while others did not
(Merrotet al, 2005; Chrcanoviet al, 2011) Ramus heights, howevavere in general longer
in males than in femald#/errot et al, 2005; Frankliret al, 2006, 2008b; Huumonest al,

2010; Jooet al, 2013; Ozturket al, 2013; Donget al, 2015; Leversheet al, 2016;
Ishwarkumaret al, 2017; SellaTuniset al, 2017; Gilletet al, 2020; Motaweket al, 2020)

only two studies did not find significant sexual dimorphigkharoshahet al, 2010;
Chrcanovicet al, 2011) Finally, the mandibular angle, displaying a different pattern than the
other measurements, was often found to be greater indeieln in malegKie and Ainamo,
2004; Merrotet al, 2005; Huumoneet al, 2010; Choleet al, 2013; Jocet al, 2013; Mays,
2013; Donget al, 2015; Levershat al, 2016; SellaTunis et al, 2017) or did not vary
between the sexdButraet al, 2004; Oettléet al, 2009a; Chrcanoviet al, 2011; Ozturket

al., 2 0 1 3t al, ROL4g Gilketet al, 2020)
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Most of the literature focusing on mandibular sexual dimorphism and summarised
before did not take into consideration tooth loss. Indeed, as the effects of tooth loss on the
mandibular morphology and its seadated differences are not completely untterd, a
number of authors prefer to exclude individuals with high degree of tooth loss or edentulism,
even if they represent a substantial proportion of the population. The literature is not always in
agreement, but females might be more affected by toeithan males, and even edentulism
(Al-Rafee, 202Q)as they are for example more prone to periodontal dis@éassmboet al,

2017) Thus, even if the mandible appears to maintain a global sexually dimorphic morphology
and shape with tooth log®ettlé, 2014; Ramphaleng, 2015pme measurements might be
affected differently in males and females. For instance, comparing dentate and edentulous
individuals, Merrd¢ et al. (2005) observed a change in mandibular length with tooth loss, as
males and females were significantly different in dentate, but not in edentulous individuals.
Almost the opposite result was found by Raral.(2017)as they dtected an increase in length

with tooth loss only in males and not in females, increasing the degree of sexual dimorphism.
The mandibular body height was also affected by this increase in sexual dimorphism with tooth
loss, as the general decrease caugeddih loss was observed to be more important in females
than in malegMays, 2013, Q17; Parret al, 2017) which might be explained by the quicker

and more important alveolar bone resorption occurring in females compared to males after
tooth loss(Mays, 2015b, 2017)When analysing the mandibular angle, Raral. (2017)
observed significant changes with tooth loss only in males, while Xie and Af2&®)found

a ANl osso of sexual di mor phi sm ewal.(2016)twbcot h | o
noted that the sexual dimorphism was present as long as tooth loss was limited. The opposite
consequencavas noticed for the ramus height, where sexual dimorphism appeared in
edentulous indiduals, but was not present in individuals withany tooth losgChrcanovic

et al, 2011) This increase in serelated dfferences with tooth loss was also reported by Mays
(2013)and Jocet al (2013)as they observed significant decreases of ramus height in females,

and not in males.

However, to nuance the findings above, several studies compdeingte and
edentulous individuals did not observe changes in sexual dimorphism with tooth loss for some
measurementsuch as the body heigiMerrotet al, 2005; Chrcanae et al, 2011) the ramus
breadth or heigh{Merrot et al, 2005; Huumoneret al, 2010)and the mandibular angle
(Merrotet al, 2005; Huumoneet al, 2010; Chrcanoviet al, 2011)
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In addition to tooth loss, the aging process may be a source of variability between males
and females. Indeed, as summarised in the review published by Mendats Wond2012)
with age, sexelated differences in rates and in extent of change are obsertbd tatial
skeleton. Later on, Gilleet al. (2020) confirmed these findings and added that sexual
dimorphismincreaseavith aging, as they obtained better accuracy rates of sex estimation from
the mandible in older individuals than in the younger groups (<40 years old). Measuring the
mandibular angle, Xie and Ainan@004)also observed that the sexual dimorphism was more
important in older dentate than in younger individuals. Another sfudyl et aly 2014)
nuanced these results as they found, twgh age the changes in gonial angle were only
significant in females, and thus, resulting in a greater sexual dimorphism. Almost similar
outcomes were obtained for the mandibular body height by diffeuthors Parret al. (2017)
who observed a significant decrease in body height with age in females only; an(Mag)s

who showed the presence of a significant negativaageed correlation in females only.

In the iterature, the sexual dimorphism observed in the mandible was also found to be
influenced by the ancestry of the individuals analysed and might be more or less marked
depending on the population groypiimphreyet al, 1999; Frankliret al, 2008a; Garvin and
Ruff, 2012; Bejdovéet al, 2013; Oettle, 2014)ranklin et al. (2008a)explained that this
ancestral variability in the pattern and degree of sexual dimorphism was strongly influenced,
and might even be due to many factors (e.g., biological, systemic, environmental, cultural).
Interestingly, Bejdova and colleagu@®13) confirmedthe influence of external factotsut
also highlighted the fact that size changes in males reflected the changes in external conditions
(environment, climate, diet, et¢g a lessedegreehanin females, which were more sensitive
to it.

A large number of studies, mostly for forensic purposes, used virtual methods (e.g., CT,
CBCT, surface scanner, microscribe) and analysed sexual dimorphism patterns in different
populations worldwide, such as Bra@ambaet al, 2016) China(Donget al, 2015; Zheng
et al, 2018) Czech Republi¢Bejdovaet al, 2013) Egypt(Kharoshaket al, 2010) France
(Coquerelleet al, 2011) Israel(SellaTuniset al, 2017) the United Statearvin and Ruff,

2012) but also South AfricéFranklinet al, 2006, 2007, 2008a, 2008b; Nicholson and Harvati,
2006; Oettlé 2014; Ramphaleng, 2015)n comparison with European populations,
Ramphaleng§2015)observed that South Africans showed similarisdated mandibular shape
characteristics, hich confirmedwhat was reportedby Franklinet al. (2007) with South

African and North American populations. They, however, emphasised the fact that
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populational variability was seen in the pattern and extent of thessipmeof these dimorphic
features. For instance, Frankk al. (2007)found that South African individuals displayed
greater size dimorphism than North Americans. In another article, Franklin and colleagues
(2008b)also observed variations albeit rather slight, in esgirg sexual dimorphism within

South African populations themselves.

While not considering sexual dimorphism at all but studying several worldwide
populations, Nicholson and Harvgd®006) observed that the mandibular shape displayed
strong geographic patterns, influenced by climatic and functional adaptations (to diet and
precise masticatory demands for example). Pooling males and fenral@djriet al. (2007)
showed shape differences (but not size) between Black individuals from South Africa and
White individuals from the United States, particularly regarding the ramus (shorter and broader
in South Africans) and the symphysis (higher in South Africans). Within South Africa itself,
ancestral variations in the external morphology were observed by several authors and
summarised by Oettli@014) These variations were especiaen in the breadth and width
of the mandible, the shape of the ramus, as well as the shape of the chin. In general, South
African individuals of African ancestrhad longer and narrower mandibles, more rounded
chins with less marked mental tubercles, digplayed more often prognathic features than
what was observed in South Africans of European aryo@3ettiéet al, 2009a; Oettle, 2014)
or in North American of European anaggtFranklinet al, 2007)

As seen in this entire section, changes in the gross morphology of the mandible are
associated with bone resorption events, implying the presence of changes in the microstructure
of the bone awell (Dechowet al, 2010; Chrcanoviet al, 2011; Swastet al, 2011; Williams
and Slice, 2014)
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2.4. Factors affecting the cortical thickness of the mandible

As seen in the previous section, the external morphology of the mandible is known to
be highly variable because of a number of possible factors, but the literature has also shown
that its inner structure ¢ctical and trabeculdyong reflects this variabilityBodic et al, 2005;
Swastyet al, 2009, 2011; Dekkest al, 2018; Gochat al, 2019) Indeed, depending on the
biomechanicaforces applied on the bonile trabecular structure will first undergo adaptive
changes, followed by the cortical bo(@ochaet al, 2019) One way of assessing these
variations in cortical bone is to measure its thickness, which gives a direct indication on the
inner geometry of thbone(Ruff, 2019) In the literature, the thickness of the cortical bone is
standardly defined as the thickness from periosteum (the outer layer) to endosteum (the
endocortical surface) (s&eégure2.3) (Swastyet al, 2009; Dechovet al, 2010)

In this thesis, the cortical bone thiess is considered throughout the entire mandible:
corpus (midline or symphysis, anterior, posterior) and ramus, as well as basal, buccal and
lingual sidesso as to provide a comprehensive perspective of the mandibular cortical bone
distribution.In the bllowing sectionsa review of the regional variations in cortical thickness
is first provided The changes accompanying tooth loss are then considered infdidaved
by the effects of advancing age, often associated, and integrated with tootimkls.dbrief
overview of the influence of sex and population variation on the thickness of the mandibular

cortical bone is done.

2.4.1. Regional variations within the mandible

Several authors showed that the mandibatatical bone thickness is related to the
mechanical loads and strains exerted by mandibular muscles, notably during magkes&on
et al, 1996; Daegling, 2007; Holmes and Ruff, 2011; Swes#y, 2011; Groninget al, 2013)
and thus that variations in cortical thickness at specific locations can provide uniquesinsigh
about the biomechanical stresses experieri8edastyet al, 2011; Groninget al, 2013)
Conducting a finite element analysis, Gronagt@l.(2013)demonstrated that the cortical bone
distribution pattern in the mandible reflected the strain distribution, and more particularly that

maximum strains were associated with increased thickness.
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When considering regional variations in cortical bone, teeditire agrees on the fact
that cortical thickness is similarly and symmetrically distributéen comparindeft and right
sides of the mandible Kn e zZolvaitiar i |  and L eétalb2D06;,Onct@l05; De.
2008; de Souza Ferndeset al, 2012) However, within one side of the mandible, different
types of asymmetries are reported and are thought to be directly linked to the specific
distributions of strains during ugaegling and Hotzman, 2003; Groniegal, 2013) Firstly,
as observed by many authdBaegling and Grine, 1991; Kasgial, 1996; SchwartDabney
and Dechow, 2003; Fukase, 2007; Humphries, 2007; Swhaty 2009, 2011; Cassetthal,
2013) the thickest cortical banis located at the base of the mandible (the inferior border)
which is anarea known to be of depository nature throughout(Helow et al, 1976)and
subjected to particularly high strai(fsréninget al, 2013)

The second asymmetry often studied concerns the gobsterior uneven distribution
of cortical bone. Indeed, several auth(@arteret al, 1991; Kasaet al, 1996; Masurato et
al., 2001; Katranjet al, 2007; Farnswortbt al, 2011; AlJandaret al, 2013; Cassettet al,
2013; Koet al, 2017) using several different modalities (caliper, radiograph, CT, CBCT),
noticed that the cortical bone was patrticularly thick in the posterior area of the corpus, below
the molars, when compared to the anterior regiheven moresoto the symphysis. A few
articles, however, nuanced this finding, as even if this pattern is always found on the buccal
side of the mandible, it is not the case on the lingual side, where the difference is either less
clear(Fayedet al, 2010; Kim and Park, 2012; Zhang, 2012; Sathamdra, 2013; Grover
and Gupta, 20219r absen{Swastyet al, 2011)

Finally, buccelingual asymmetrical patterns were also reported in the literature. At the
mandibular symphysis, the lingual bone is thidkem the buccal cortefKasaiet al., 1996;
Kingsmill and Boyde, 1998; Daegling and Hotzman, 2003; Fukase, 2007; Katrahj2007;
Fukase and Suwa, 2008; Swastyal, 2009, 2011)most certainly because of the presence of
the mental spines in the arg@ngsmill and Boyde, 1998 However, when moving from the
symphysis towards the anterior corpus, the lingual thicknessuahaddecreases until
eventually the buccal bone becomes the thickest. For instance, while at the level of the canines,
the thickness is still greater lingually than bucc@igsaiet al, 1996; Kingsmill and Boyde,
1998; Daegling and Hotzman, 2003; Katraetjial, 2007) at the leveof molars, the buccal
cortical bone is thicker than the linguane (Enlow et al, 1976; Daegling and Grine, 1991;
Kasaiet al, 1996; Daegling and Hotzman, 2003; Schw&raébney and Dechow, 2003; Sato
et al, 2005; Swastyet al, 2009) Interestingly, the effects of tooth losa the cortical bone
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distribution and its asymmetrical patterns were not studigérticular While some authors
(SchwartzDabney and Dechow, 2003; Katrami al, 2007) reported similar patterns of
cortical bone thickness asymmetry in dentate and edentulous individuals, SdDhalamtzy

and Dechow{2002)did not, as they observed a lack of buiogual asymmetry in edentates.

2.4.2. Effects of changes in dentition

Tooth loss was found to affect not only the external morphology of the mandible, but
also its cortical microstructu(®echowet al, 2010) Indeed, the reduction in strains associated
with changes in dentition was observed to cause localised events of bone regligutioez
Mazaet al, 2013) For instance, on mandibles at various stages of tooth loss, Enlalv
(1976)detected specific rrodelling responses affecting the cortical thickness of the basal part
of the mandibular body.

Studies focusing on mandibular cortical thickness and considering tooth loss showed a
general thinning of the cortical bone accompanying the changes in dertitaever, most
of these authors measured the cortical thickness at the gonial ang(Xiaread Ainamo,
2004; Dutreet al, 2005; Joeet al, 2013; Oettlé, 2014pnd only a limited number performed
measurements elsewhere on the mandible, e.g., at the symphysitheroorpugSchwartz
Dabney and Dechow, 2002; Katradjial., 2007; Oettlé, 2014; McKay, 2019)

On thecontrary in some particular sites of the mandible, such as the lingual side of the
symphysis and mental foramen region, a thickening of cortical bone accompanying tooth loss
was observed. Enlow et glL976)suggested two hypotheses: an increase in bone growth at
this specific location or an absence of resorption compared to the rest of the mandibular cortical
bone. The first hypothesis wakater confirmed by several author®roparing dentate and
edentulous individuals directly, ammbserving adirect increase in lingual cortical thickness
with tooth losgSchwartzDabney and Dechow, 2002; Katragfial, 2007; Oettlé, 2014 his
thickening wasexplained as a secondary adaptation of the bone to localised greater strains,
triggered by the changes in morphology (e.g., diminution in corpus height) associated to the
reduced global strains and loads following tooth (&shwartzDabney and Dechow, 2002,
2003) Furthermore, with a specific microseopanalysis allowing mappingf growth
modelling activities, MartineMazaet al. (2013)confirmed later that the lingual side of the
symphysis and anterior region of the corpus was indeed characterised by bone formation

surfaces.
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Most of the literature researched analysed the effects of tooth losgtioaldhickness
by comparing dentate to edentulous individuals. Only a few studies considered individuals with
various degrees of tooth loss. Dugtaal. (2005)for example, observed that, while the cortical
thickness was decreasing with edentulism, there were no differences betwese dadt
partially dentate individuals, which was confirmed by Oeffl@14) for most of the sites
analysed. Nonetheless, at a few sites, such as the buccal side of the midline, the three dentition
groups examined (complejeinefficient mastication or edentulous; limited occlusions and

inefficient mastication; efficient mastication) were all different.

Depending on many factors, such as the degree of edentulism, removable dentures
(partial or complete) may be fitted to théveplar bone to restore important masticatory
functions in patients. However, as summarised by Rg20R0) removable dntures might
have adverse consequences, such as changes in the direction dD@thgwet al, 2010)
or an acceleration of the bone loss normally occurring after the loss/extraction of teeth. The
wearing of dentures has thus profound effects on the morphology of the mandible but its impact
on the inner structure also needs to be considered. Lesak(1980)found in a cephalometric
study that the maiioular cortical bone thickness at the inferior margin or at the symphysis was
thinner in denture wearers than in dentate subjects, in groups of youagd {&&rs old) and
old (5462 years old) patients. While the authors controlled for the effects bfyagmmparing
the two age groups separately, they, however, compared individuals with tooth loss wearing
dentures to dentate patients, making it difficult to exclude the fact that tooth loss directly caused
the decrease in cortical thickness and nottheimga f dent ures. On t-he oth
Zl atar il (2009 aldo eneasusingithe thickness of the cortical bone, compared
edentulous individuals wearing complete dentures with individuals with tooth loss wearing
removable partial dentures. They found significant differences between both types of patients
in all their measurements, and more particularly a thicker cortical borpatients with
removable partial dentures. In contrast to the complete denture wearers, the forces of
mastication are diverted to the remaining teeth, avoiding significant bone loss. It was
previously shown that individuals with remaining teeth had begeormances (bite force,
chewing efficiency, less frailty, etc.) compared to complete denture wéboergn-Tekamp
et al, 2000; Hoeksemat al, 2017) Interestingly, implansupported overdentures also
performed well in restoring masticayofunctions (even if never at the level of natural
dentition), especially compared to the traditional dentures mentioned @mvwgn-Tekamp
et al, 2000; Hoeksemet al, 2017; Resnik and Misch, 2020&)deed, ossemtegrated dental
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implants were obseed to stimulate the surrounding bone and thus mitigate the bonia loss
the shortterm, and preserve its overall volume and microstrugtutiee longterm (Watzeket
al., 1995; Carlsson, 2004; Hattinghal, 2020; Resnik, 2020)

Although the literature regarding mandibular cortical thickness and tooth loss is not as
extensive as for the external rpbology, it shares some limitations, such as the restricted
dental status considered, with almost only studies on dentate vs. edentulous individuals.
Furthermore, the different modalities used to perform the measurements (caliper, radiograph,
CBCT) are nbalways comparable, or even just accurate enough for-soe# distances.

Other factors than tooth loss, such as age, might also influence cortical thickness and are
important to consider. For instance, Duttaal. (2005)observed a continuous remodelling in

the mandibular cortex witincreasing age, which was influenced by dental status, and thus the
duration of tooth loss. As for the external morphology of the mandibldescribeth section

[2.3, it is difficult to discuss changes related to tooth loss without considering aging, a major

confounding variable.

2.4.3. Effects of aging

When extrapolating from the postcranial skeleton;ratgged changes in the trabecular
and cortical bone microstructure avell known. In their review, Cheet al. (2013)reported
on the effects of age at different skeletal sites (vertebra, radius, femur, tibia), and all were
affected by a progressive loss of both bgnantity and quality with increasing age. In other
terms and as summarised by Rzfd19) the cortical bone becomes thinner (i.e., bone quantity)
and the bone mass (i.e., bone qualitywlides with aging. However, the literature regarding
the influence of increasing age on the mandibular microstructure is divided. For instance,
although it is clear that the effects of tooth loss or progressive tooth loss will be displayed as a
person agdt is less distinct whether aging itself has a predictable effect on the microstructure

of the mandible.

More specifically with mandibular cortical thickness, the literature researched is not in
agreement with whether it becomes thinner, thicker or stagiered with aging-or instance,
several researchers noted a decline in cortical thickness associated with senescence, either at
the buccal or lingual symphysis, parasymphysis or at the ggwamnWowern and Stoltze,
1979; Kribbset al, 1990; Dutraet al, 2005, 2005; McKay, 2019; Grover and Gupta, 2021)

Dutraet al. (2005) comparing individuals divided in decades, observed that this decrease in
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cortical thickness was more pronouncademales, particularly from the 40 to-g8arold

decades (4@9 years old > 569 > 6069 > 7679). In a later articl¢Dutraet al, 2006) the

same authors focused exclusively on edentulous females and also found a decrease in cortical
thickness, but were not able to conclude if this diminution was solely due to (agihgts
hormonal changes, and associated diseasesather caused by edentulism and duration of

tooth loss.

On the other hand, a few other articles detected significantedafed differences in
some of their measurement locations, but not in the othreessample of healthy individuals
with teeth, Lestreét al.(1980)for example, observed a decreaseortical thcknesswith age
at the symphysis, but not at the inferior margin. O€204.4) using CBCT scans, showed that
cortical thickness decreased with aging in all the mandibular sites studied, except one, the
lingual site at thdevel of the mental foramen, which displayed an increased thickness. The
author hypothesised that this thickening was maybe augmented by tooth loss and not just aging.

Numerous publications have also noted significant increases in cortical thickness with
aging, but most of these findings may be attributed to the samples Odiedt al, 2008;
Fayedet al, 2010; Farnswortlet al, 2011; Cassettat al, 2013) Indeed, these studies were
all comparing juveniles to adults, and not looking at the influence of age among adults. For
instance, Onet al. (2008)detected an ageelated increase in cortical bone at some sites, but
compared a group of adolescents-{BByears) to a group of adult individuals {28 years).
Fayedet al.(2010)evaluated cortical bone thickness on 34 mandibles within two age groups
(13-18 yearsand19-27 years). Farnswortkt al. (2011)assessed age and regional differences
in the maxillaryand mandibular cortical bones of 52 patients, also within two age groups: 11
16 years and 2@5 years. Cassettd al. (2013) using CT scans, investigated differences of
alveolar cortical bone thickness also between adolescentd §lyears) and adults (&D
years). The increase in cortical thickness noted in the above studies was explained by allometry

and the ontinuation of growth processes in the juvenile graagiserthan senescence.

Sathapanat al. (2013) wanted to clarify whether these changes were not only related
to delayed growth processes of the mandible or senescence. They established five different age
groups from 11 to 50 years and did not just compare juveniles to adults but looked at the
coarrelations throughout all the ages. They first found an increase betwepolaety (1120
years) and pogtuberty (1120 years) groups, followed by a weak decrease in lingual cortical
thickness starting from the 20 years until the last group %D years).Swastyet al.(2009)
also using a sample stratified in five age groups, fabatthe cortical thickness was thinner
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in the younger age group (juveniles-19 years) than in the other groups (adults22030

39, 4049, 5059, 6B65 years), confirming the continuation of the maturation of the mandibular
cortical boneThey, howeer, also showed that, while the cortibahemaintained its thickness

for three decades (220, 3039, 4649), a decline was noted after the 40 teydarold group,

which was particularly significant after 60 years of age.

On the other hand, some ottstudies could not confirm any of the results mentioned
above. For instance, Kingsmill and Boy{#998) obtained an alemce of a significant
relationship between age and cortical thickness at the midline and mental foramen. Similarly,
Deguchiet al.(2006)measured buccal and lingual cortical plate thicknessesmdmpremolars
and molars using CT scans and found no differences by age. However, the samples studied in
both articles were small: 42 individuals in Kingsmill and Bogt98)and only 10 in Deguchi
and colleague&006) andmay have compromised the statistical significance of the results.
Furthermore, whilein the first article, age was nicely distributedth a wide range of ages:

19-96 yearspnddetails available on the sample, only the average age was given for the second

study(22.3 years).

Other studies in the literature reviewed so far might be affieoy inadequacies in the
sample composition. For instance, while some articles were based on samples with adequate
age distributions covering the entire lifesgaon Wowern and Stoltze, 1979; Kribbs al,
1990; Kingsmill and Boyde, 1998; Swasty al, 2009; Oettlé, 2014)others were more
restricted with only a few dades covere(Kribbs et al, 1990; Dutreet al, 2005; Dechovet
al., 2010; Grover and Gupta, 202k)consistencies might also be partly explained by the range
of modalities used: from calipef®echowet al, 2010; McKay, 20190 radiographgLestrel
et al, 1980; Kribbset al, 1990; Kingsmill and Boyde, 1998; Dutea al, 2005) CT (Kribbs
et al, 1990; Deguchet al, 2006; Oncet al, 2008; Munakatat al, 2011; Casetteet al, 2013,
Sathapanat al, 2013; Grover and Gupta, 202dr) CBCT (Swastyet al, 2009; Fayeectt al,
2010; Farnsworttet al, 2011; Oettlé, 2014)which are maybe not all adapted to small

measurements like cortical thickness.

Other types of factors, like sex or ancestry, also need to be considered, which was rarely
the case in the literature cited above, although a few authors, such astaltré2005)
highlighted the inflence of sex on the cortical thickness and on the continuous remodelling

associated with aging.
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2.4.4. Sex and population variation

As reviewed insection[2.3.3, sexual dimorphism in the general morphology of the
mandible is well known, with mandiblés male individualshaving more developed muscle
insertions, more robust morphologi@pects, and larger dimensidghan in femalesThese
sexrelated differences are associatgth the sexual dimorphism of the masticatory muscles
themselves, generating greater bite forces in males than females. These differences in the gross
morphology ad in the muscular activity might be reflected in the cortical microstructure of

the mandible.

When analysing the influence of sex on the mandibular cortical thickness, two main
patterns were found in the literature: either males had thicker corticattmmémales, or no
significant differences between sexes were observed. Indeed, several authors noted a
significant sexual dimorphism for various types of cortical thickness: buccal and lingual on the
corpus(Fayedet al, 2010; Kim and Park, 2012; Cassetdtaal, 2013) or at the angl¢Dutra
et al, 2005; Jocet al, 2013) On the other hand, some authors reported a lack aketsed
differences and thus similar cortical thickness in females and (vale$Vowern and Stoltze,

1979; Daegling and Grine, 1991; Deguehal, 2006; Swastgt al, 2011; Oettlé, 2014)T'wo

of these studiegDaegling and Grine, 1991; Degudtt al, 2006)were however, based on
samples of only 10 individuals (5 males, 5 females in both cases), which may have
compromised the significance of the results. In addition, a few other afHcleghries, 2007,

Onoet al, 2008; Farnswortlet al, 2011; AFJandaretal., 2013)alsoreportedan absence of
sexual dimorphism in cortical thickness, butsisgamples were restricted in terms of age, as
theauthorsfocused particularly on juveniles and young individuals (mean ages of the samples
were generally in the ®nties). Humphrie$2007) however nuanced their results as they
observed a trend of thicker cortical bone in males compared to females even though it was not

significant.

As seen with the external morphologysiection[2.3.3, the sexrelated differences in
the morphology of the mandible appear to increase with aging. Two s{B#iesonet al,
1991; Dutraet al, 2005)highlighted the fact that cortical thickness might follow the same
trend. Indeed, Bensaet al. (1991)observed that sexual dimorphism in cortical thickness was
appearing progressively with senescence (young females = young males, but oldes fmal
older males). It was also confirmed by Dugtial. (2005) as they detected a significant

interaction between sex and age, with older males having a particularly thicker cortical bone
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than ol der femal es. This #fAlate/ del aglaeed 0 s e x
thinning of cortical bone, which was noted to be more important in females than in Wales.

few authors even focused on femaldy samples and analysed for example the influence of
menopauséMunakataet al, 2011) or osteoporosigKribbs, 1990; Kribbset al, 1990; Dutra

et al, 2006) on the cortical thickness. Botimenopause and osteoporosis were found to
aggravate or accelerate the agkated diminution in mandibular cortical thickness, and thus

accentuate the sexual dimorphism with males of similar ages.

In addition, most of the literature researched was basesdraples of individuals not
affected by tooth los@Bensonet al, 1991; Daegling and Grine, 1991; Deguehial, 2006;
Humphries, 2007; Onet al, 2008; Fayeet al, 2010; Farnswortkt al, 2011; Swastgt al,

2011; Kim and Park, 2012; Alandaret al, 2013; Cassettat al, 2013) Only a small number
of authas studying the mandibular cortical thickness considered different dental status and sex
(Dutraet al, 2005; Jocet al, 2013; Oettlé, 2014)or instance, Joet al.(2013)noticed that

the cortical bone in edentulous womerswaore influenced by dental status than in men.

Lastly, a very limited number of studies have investigated the mandibular cortical
thickness across different populations. Three of these studies focused on North American
individuals, comparing different pagation groups present in the United Stg&snsonret al,

1991; Humphries, 2007; Zhang012) They all observed a similar general tendency, with
Black American individuals having thicker cortical bone than Asian, Hispanic or White
Americans, even if none of these studies had statistically significant results. Two studies
focusing on the &ith African populationreportedsimilar findings, with a general nen
significant trend of a thicker cortical bone in South African Black individuals compared to their
White and Coloured counterpaftlettle, 2014; McKay, 2019 his temlency was explained

to be associated for instance to the higher incidence of having third molars in Black individuals
(Hanihara and Ishida, 2005; Ogawa and Osato, 20ddged, the presence of third molars is
usually linked to a higher mandibular body heightl a thicker cortical bone, particularly on

the buccal sidéSwastyetal., 2009; McKay, 2019)



CHAPTER 2. LITERATURE REVIEW

2.5. Factors affecting the cortical density of the mandible

In additionto cortical thickness, which gives an indication of the inner geometry of the
bone, bone density, among other parameters, describes its material prgRerfie2019)
However, bone density is a wide term, and many different definitions and variables are present
in the literature. Furthermore, interpretation of the results and comparisons betwiesnastel
complicated by a wide range of techniques employed to assess cortical density.

Historically, actual (or material) density is strictly defined as mass per volume. The
apparent density, defined as a mass per unit volume (in g/ml of)gismmeaswed by
weighing bone with a scale, which is then divided by the specimen external volume. Kingsmill
and Boydg1998)for example measured apparent density by weighting slices of mandibular
bone from human cadavers with a balance. For the cortical bone, as it has a compact structure
and a small degree of porosity, apparent density and material density are very similar and
considered the sam@An, 2000; Ziouposet al, 2000) To measure its specific density,
SchwartzDabney and Dechoy2003)harvested bone cylinders in mandibles and removed the
cancellaus bone to keep only the cortical part. Then, they determined the apparent density from

weight measurements with an analytical balance and a densitometry Kkit.

With the development of virtual modalities that allowed-norasive, nordestructive
andin vivo assessments of bone density, new ways of measuring bone density emerged. The
areal Bone Mineral Density (BMD, in g/érand Bone Mineral Content (BMC, grams of bone)
are for example particularly used in clinical settings and measured withewulerly
absaptiometry (DEA) or duaknergy Xray absorptiometry (DXA or DEXAJAn, 2000)
DXA is even considered as tigeld standard for osteoporosis and fracture risk diagnosis and
monitoring (von Wowern, 2001; Singh and Tripathi, 2010; Dhairetual, 2016) However,
several authorgautionedagainst DXA, as it performed poorly when compared to other
techniques, and may not always reflect the actual density of the bone, as the BMD obtained is
areal (in 2D) and not volumetri¢(SchwartzDabney and Dechow, 2003; Pearson and
Lieberman, 2004; Dhainaet al, 2016; Andronowsket al, 2018, 2018)Furthermore, it is
often highlighted in the literature that DXA cannot differentiate cortical from trabecular bone

andgivesdigener al 0 (Pearsnanddiebermant2004; Dhainaital, 2016)

With the development of specific thrd@nensional scanning modalities, like
Quantitative Computedomography (QCT) and HigResolution peripheral Quantitative
ComputedTomography (HR0QCT) among others, wumetric BMD (in g/cni) started to
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replace areal BMD in clinical resear¢Andronowskiet al, 2018; Agarwal, 2021)While
having several advantagéslumetric measurements, separation of cortical and trabecular
bone structures, higher resolution than DXA, etc.), QCT andpB8R also have some
important limitations: high radiation exposure, high sensitivity to movements of the patient
during scanningpoor reproducibility, etc(Munakataet al, 2011; Dhainauet al, 2016;
Andronowskiet al, 2018)

In the dentistry field particularly, bone density has been evalustieg Hounsfield
Units (HU) based on the grey value of each voxel of each image of a CT scan, which are
directly associated with tissue attenuation coeffici€@tdsahi, 2011; Resnik, 2020; Sharawy,
2020) (seesection[2.2] for more details). The Hounsfield scale describes the standardised
range of HU from air-L000), water (0) to enamel (+3000) and is considered as an objective
method as HU are directly measdron CT imagegGulsahi, 2011; Sharawy, 202®everal
studies(Shapuriaret al, 2006; Merhelet al, 2010)compared HU derived density and more
subjective fAimanual 0 assess melmandZabibdnequalitg d f or
classification(Lekholm and Zarb, 1985)r Misch bone density classificatigiisch, 1988,
1990) Some researchers even elaborated objesti@ies of bone density expressed in HU and
related it to these bone classificatighlorton and Gamble, 2001; Shapuretral, 2006) HU
are, however, restricted to CT or MSCT modalities and were found to be inapplicable to CBCT
(seesection[2.2.3). Since the spreading of CBCT in dental clinics, and the development of
advanced imaging techniques like mi€d, new bony structural parameters, also called
histomorphometricpaa met er s and fAi nspiredd by quantita
investigated as to assess bone density, and more particularly cortical bone (Gowhiget
al., 2019)

2.5.1. Regional variations within the mandible

Many articles on regional variations of trabecular densithénskull were published,
but only a limited number investigates cortical bone density. Furthermore, most of those are
focusing only on the cranium and maxilla, and not the mandible, even if regional variations in
cortical bone density are suspected, notdl@dcause of the functional heterogeneity of the
mandible(Bassiet al, 1999; Schwartbabney and Dechow, 2003)

The literature on mandibular cortical bone density seems to agree on two aspects,

despite the numbef different methodologies used. Firstly, similaalsfor cortical thickness,

47



CHAPTER 2. LITERATURE REVIEW

norecord ofan asymmetry in cortical bone density between left and right sides of the mandible
was found in the literaturé Kn e zZolvaitiar i | and Lel etlal 2006; 2005 ;
Ozdemiret al, 2014; Goyushoet al, 2020) Secondly, researchers conon the presence of

a denser cortical bone in the basal part of the mandible, especially compared to the crestal
cortical bongAtkinson and Woodhead, 1968; Satoal., 2005; Parlet al, 2008; Cassettat

al., 2013) Cassettat al.(2013)specified that a gradual increase in cortical density was present

from crest to base.

However, the literature isnconsistent on other types of regional variations. For
example, Kingsmill and Boyd@998)observed that the appateortical density at the midline
was greater than at the mental foramen, whereas Schidatzey and Decho@@2003)found
the opposite, with buccal symphyseal sites less dense than buccal sites on the corpus. Similarly,
on the corpus, an antepmsterior asymmetry is generally found. However, studies do not agree
whetherthe densest cortical be is located anteriorljzon Wowern, 1977; Shapuriat al,
2006) or posteriorly (Park et al, 2008; Cassettat al, 2013) Finally, the buccelingual
asymmetry, often analysed, is also a source of disagreement. Although most of the authors
(Atkinson and Woodhead, 1968; Kingsmill and Boyde, 1998; Szah, 2005; Cassettet al,
2013)detected a denser lingual cortical bone compared to a thinner buccaldioga wide
range of techniques (apparent density by weighting, density with QCT, HU density with CT,
respectively), Klemettiet al. (1993) found a cortex denser buccally than lingually. Two
authors, however, obtained nuanced results depending on the site of measurements. Von
Wowern(1977) for instance had a bucdimgual asymmetry (lingual > buccal) at el of
the corpus, while at the alveolar crest, it was not significant (lingual = buccal). On the other
hand, Schwartbabney and Decho\2003) observed a denser lingual than buccal cortical
bone at the symphysis, but no asymmetry on the body. While the large numlmmajues
employed to assess the cortical densigsthot seem to have an influence in the above studies,
the samples used may have affected the results. Some researchers measured cortical bone
density in individuals with various dentition stafesg., von Wowern, 1977; Klemetit al,
1993)while others, such as Schwafabney and Decho@2003)and Cassettat al. (2013)
were restrictedto dentate individuals only. Interestingly, Schwatiabney and Dechow
(2002) assessed the cortical bone density in edentulous individuals and found no significant

buccelingual variation.
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2.5.2. Effects of changes in dentition

Tooth loss has a significant influence on several inner parameters, like cortical
thickness, but might alseffect thecortical densityDechowet al, 2010) The reduction in
strains caused by the loss of a tooth or even worse, edentulism, is followed by bone resorption,
which is associated with lat and global, microstructural changes. Using animal models,
several studiegSatoet al, 2005; Guerreireet al, 2013)analysed the consequences of an
induced mast at ory hypofuncti on, supposed to si mu
associated with tooth loss. They all observed a decrease in trabecular and cortical bone mineral

density.

In the human mandible, however, conflicting results were obtained abaftebes of
tooth loss on cortical density. One st@gssiet al, 1999)measured the mean BMD via QCT
in dentate and edentulous areas of the same individuals, and found that the mean BMD was
higher in dentate than in edentulous areas. These results might be caused by the
absence/presence of teeth but might also be influemceegional variation in density, as the
dentate and edentulous areas analysed were located differently (e.g., the dentate area was often
in the front close to the incisors and canines, while the edentulous area was located more
posteriorly around the mats). On the other hand, with a DXA analysis, Buyukkagaal.
(2013)noticed that edentulous patients had greater BMD than dentate individuals. The authors
hypothesised that the cortical bone was maybe becoming denser with edentulism or a long
duration of tooth loss to protect the remaining mandible from strong stairsed by the

extensive change in morphology.

Instead of showing a decrease or an increase in cortical bone density after tooth loss, an
absence of change was observed in a few studies. Measuring the apparent cortical bone density
via histology techniquegarly studies, like Atkinson and Woodhgd®68)or von Wowern
(1977) obtained similar values with or without teeth. Later, Kingsmill and B¢$8188) also
assessing the apparent cortical density by weighing, did not find any significant differences in
apparent density between ttneee dentition categories analysed (completely dentate, partially
dentate and edentulous). Schwddabney and Decho\(20®) confirmed these resultand
also completdthemby measuing various material properties of the mandibular cortical bone
The authordound several changes with tooth |l@ssd concluded that, although changes in
stiffness(i.e., its biomechanical @ngth, its ability to resist deformatioafhd anisotropy were

present, the cortical density was maintained even in the case of edentulism.
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Using DXA of patients, von Wower(1988)evaluated BMC in individuals of different
dentition categories while also being able to control variables like the age or sex. Interestingly,
they also found nesignificant results between dentitiorogps (e.g., similar BMC values in
young dentate women and young edentulous women), confirming the maintenance of

mandibular cortical bone density.

2.5.3. Effects of aging

In a review by Chert al (2013) agerelated changes in the trabecular and cortical
bone microstructure were found in different skeletal sites (vertebrae, femoral neck, radius,
tibia) and were characterised by a progressive loss of both bone quantity and quality with
increasing ag€Ruff, 2019) As changes with age have an expected effect on several bones and
the external shape and size of the manddgiemay also play a role on the modification of the
structural properties ohé mandibular cortical bone. However, Kingsr(ill099)stressed the
uniqueness of a bone like the mandible, and thatelgead changes in postcranial bones might
be different in the mandible.

The literature on the mandible researched is not always in agreement whether cortical
density is influenced by senescence or not. A large part of the studies however noted an age
related decrease in cortical density. First, Atkinsod Woodhea(lL968)observed a reduction
in apparent cortical density with age, in dentate and edentulous regions of the mandible, which
was later confirmed by othefgon Wowern and Stoltze, 1979, 1988jkinson and Woodhead
(1968) also noticed an increase in cortical porosity, correlated with age. This increase was
confirmed later by several authdmon Wowern and Stoltze, 1978; Bartlettal, 1992)at
various sites of the mandible (buccal, lingual). Von Wowern and Stb@86)even specified
that this increase in cortical porosity was partidylenportant after 50 years. In another study,
von Wowern and Melsefi979)me asur ed t he cortical bone mass
of the cortical bone: the subperiosteal layer (first layer from the outside) and the subendosteal
layer (between the subperiosteal layer and the trabecular bone). Theydowgeaelated
decrease in the two layers, although the subendosteal showed a higher decline in mass, and
thus a greater increase in porosity, than irstliperiostedayer. More recently, an agelated
decrease in bone density was also reported vakgessing BMD values from DXAi et al,

2011; Shavet al, 2012)
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On the other hand few authors described an increase in mandibular cortical density
with aging. Kingsmill and Boyd€1998)noted a welaincrease in apparent bone density only
in males and not in the females of the sample; whereas Kiilalh$1990)observed an increase

with age in a femalenly sample.

Lastly, several studies did not find any change in cortical bone density (no increase or
decrease) related to age. Krii®990)assessing both the mandinucortical bone mass and
bone density, did not notice any agdated association. Schwai@abney and Decho(2003)
found in their study that the apparent cortical density was not significantly correlated with age.
Nevertheless, in both Kribid990)and SchwartDabney and Decho{2003) the samples
used were somewhat restricted to older ggeips(112 women, 5@B5 years; 10 individuals,
48-81 years, respectively). A small number of researchers used CT scans and HU to evaluate
the cortical bone density while considering age. Shapetiah (2006) as well as Cassetth
al. (2013) did not find any significant ageslated changes in the cortical bone HU. The study
by Shapurian and colleagu@006)focused on edentulous sites of the mandible, which might
have influenced the rakis. On the other hand, Cassettal.(2013)compared adolescent ({12
18 years) to adult (1%0 years) mandible©ne increase in density was, however, detected in
the adolescent group and might be attributed to changes associated with growth rather than

senescence.

The range of techniques employed, and the differanables used are most probably
the main reasonfor the discrepanciedany inconsistencies and uncertainties are still left
regarding the influence of tooth loss or aging or both at the same time. Furthermore, no studies
using histomorphometric parameters as to evaluate the mandibular cortical bsihe déile

considering tooth loss or aging, were found in the literature.

2.5.4. Sex and population variation

While sexual dimorphism is clear in the morphology of the mandible, it is less clear for
the inner structure. When analysing the influence of sethercortical bone density of the
mandible, two trends were mainly found in the literature: a similar cortical density in males
and females, or a denser cortical bone in males compared to females. Indeed, the absence of
sexual dimorphism was observed in el studies, using different techniques or variables

assessing the cortical bone dengitpn Wowern and Stoltze, 1978, 1979; Kingsmill and
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Boyde, 1998; Shapuriagt al, 2006; Parlket al, 2008; Buyukkaplaet al, 2013; Ozdemiet
al., 2014)

However, some autho(Bartlettet al, 1992; Basset al, 1999; Cassettet al, 2013)
using different techniques (histology, QCT and BMD, CT and HU, respectively), noted the
preence of sexual dimorphism in the cortical bone density of the mandible. Bartlett and
colleagueq1992) even noted that the increase in cortical porosity with age was weaker in
males than in females, and that the greater the ages, the greater the differences. The influence
of aging on the sexual domphism of the cortical bone density was also observed in several
other studies. Von Wowel({1988)for example divided theirasnple according to the age and
dentition status of the individuals. In the young groups42§ears, dentate or tooth loss), a
higher BMC was always detected in men compared to women. They also observed that the loss
in BMC with age was more important women than men, increasing the sehated
differences with the years. bt al.(2011)studied BMD values derived from DXA and did not
find any sexual dimorphism in the young groups of the sampl242@039, 4049 years).
However, in the oldegroups (5669, 6069, 70+), aconsiderabla@ifference in cortical density
appeared. Taguclat al. (1996)analysed BMD values obtained with QCT in a woroaty
sample As women reach menopause at gligldifferent ages, the authorompare the
mandibular cortical bone density in women of similar dgéisin a recent postmenopausal
status or a longerm postmenopausal status. They reported that the cortical bone density was
higherin the recent postmepausal status than in the letegm group, even if the ages were
similar. Indeed, the cortical bone remodelling process, and its rate, is known to be influenced
by sex hormones and is accelerated after the beginning of the men(geristochat al,

2019 for a review)

The bone remodelling dynamics are also influenced by population vari@uomhaet
al., 2019) For instance, rates of cortical bone turnover (in ribs) were shown to differ between
African and European Americans, withskr rates in African American individual€ho et
al., 2006) Similar results were found in studies on the South African populé@itaiffer et
al.,, 2016) with greater BMD values in South Africans of African ancestry than European
ancestry(Micklesfield et al, 2011; Bothaet al, 2019) Unfortunately, whereamanyclinical
studies focusing on the cortical bone density of postcranial bones while considering population

variation exist, none could be found on the mandible.
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3.1. Materials

To investigate the effects of aging and tooth loss on the morphology and microstructure
of the mandible, skeletonisegandibleof South African individualsvere collected from two
modern human skeletal collections: the Pretoria Bone Collection, housged@niversity of
Pretoria, and the Raymond A. Dart Collection of Modern Human Skeletons, housed at the
University of the Witwatersrand. Furthermore, as it is not known whether the mandible ages in
the same way and at the same rate as the rest of thoskslesletonised femora were selected
from the Pretoria Bone Collection. Used as a proxy for the rest of the skeleton, the analysis of
the femur specifically the femoral neclill give additional information whether mandibular
bone loss is associatedrply with tooth loss, or whether it is also associated with a generalised

tendency of bone loss in the skeleton with aging.

3.1.1. Skeletal collections

The diversity and genetic heterogeneity of the South African popukatamique and
mainly dueto histori@al and recent migrations from Africa, Asia and Eurdpé also to the
political history of the countryDayal et al, 2009; Peterseat al, 2013; Stullet al, 2016;
Krugeret al, 2018) Underracial segregation lawmtil 1990, South Africans were classified
into several categoridsased on their ancestfyi . e. , t he geographical o}
ancestar individuals of African, European, Asiamr Indian ancestries for examplas to
controlthar life on manydifferent levels(e.g., marriage, education, employmessidence,
freedom of movemeht Nonetheless, even after the end of #gpartheid era, many South
Africans continue to refer to themselves according to thategoriesand selidentify into

these graps, notably for governmental and survey purp@Sestistics South Africa, 2016)

The largest part of the sample was collected from the Pretoria Bone Collection (PBC),
housed at the Department of Anatomy, University of Pretoria, Pretoria, South Africa. The PBC,
initiated in 1943 for medical training, is a welbcumented collection wittknown
demographicé L 6 Adbdb, R005) According to the collection curator (G.C. Kriiger, personal
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communication, November 2018), the PBC includes 1092 South African (SA) adult individuals
with complete skulls and mandiblésthese comprise mostly males of African ancestry
(54.9%), followedby males of European ancestry (21.5%), females of European ancestry
(15%) and females of African ancestry (8.6%). SA males of African ancestry are the most
numerous and are represented in all age ranges, up to 90 years, while a large number of SA
individuals from European ancestry (both male and female) are older than 50Tyearsst

of the sample originated from the Raymond A. Dart Collection of Modern Human Skeletons
(RADC), housed at the School of Anatomical Sciences, University of the Witwatersrand
Johannesburg, South Afridaitiatedin the early twentieth century (1920s), it is nowadays one

of the largest documented human skeletal collestiathin Africa, with at least2 226 skulls
present with an associated mandi@ayalet al, 2009) Despite the large sample size of the
collection,females (29%) are underrepresented in comparison to males. (Fl&hermore,
South Africanndividuals of African ancestry represent the largespprtion (72%) compared

to individuals ofEuropearancestry(18%) andndividuals fromotherSouth African ancestral
groups é.g.,individuals ofAsian and Indianancestries(Dayalet al, 2009.

Both collections are cadavbased, originating from two sources: either donated or
unclaimedbodies Permission for researcan begiven either by family members in the case
of donatioswhen possible or i s protected and regul ated b
Act No. 61 of 2003Republt of South Africa, 2004jand by previous Human Tissues and
Anatomy Acts) in the case alonated human remains as well asudoclaimed bodies. The
provenance of the cadavers implies different potential ssmmomic backgrounds. Most
unclaimed individials in both collections are of African descent and are suspected to have been
migrant workers moving from rural areas for economic reasons, and thus, of lower socio
economic statugKkeoughet al, 20009, L6 Ab b ® Recentdy hdsveverynmte 2 01 2
donations as opposed to unclaimedibs have been received at both institutiitiamer et
al., 2019) and are starting to contribute increasingly muvethe collectionsAs both
institutions actively and continuously accession more skeletons into their collections, a modern

sampe reflective of thepopulationis ersured.

Only South African individuals from the two major population groups available from
these collectionsof African and Europeaancestrieswith availabledemographienformation
(i.e., age, sexpopulation affinity cause of deajhwere sampled. Thus, the analyses were
conducted on four sex/ancestral groups: South African malefearades of African ancestry,

and South African males and females of European ancestry.
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3.1.2. Mandibles

Adult individualsonly were selecteds to avoid the influence of growth, amttording
to the following inclusion/exclusion criteria: (i) presenceluof ertire mandible and maxilla
without any damage; (ii) absence of mandibular pathology or abnormalities; (iii) no evidence
of significant medical or dental history (e.g., no surgical intervention on the mandible); (iv) no
disease or cause of death that migifec the musculoskeletal system and functions; (v)

absence of large metal restorations causing artefacts in imaging acquisitions.

In total, 357 mandibles of individuals between 18 and 98 years were identified to be
relevantfor the researchlable3.1). Thesamplecomprisedof 153South African (SAmales
and 60SA females of Africarancesty (AA), as well as 81SA males and 63A females of
European ancest(EA). A limited number of females (n = 1L23., 34.5% for both anceatr
groupg was available in comparison to male individuals (n = 284 65.5%for both ances#l
groupy. In the same way, the proportion of individuals of African ange@8ir= 213 i.e.,
59.7%)was larger tharthosefrom European ancest(n = 144 i.e., 40.3%)

Table3.1. Sex/ancestral group distribution in the mandibskmple

F M Total %
AA 60 153 213 59.7
EA 63 81 144 40.3
Total 123 234 357
% 345 65.5

F: female, M: male; AASA of African ancestry, EASA of European ancestry.

Individuals were stratified in decadbased on their age order to obtain the most
homogeneouand uniformly distributedample in termsf age (se@able3.2 andFigure3.1).
African malesand femalesrewell represented imostdecadesHowever young individuals

(under 40) of European ancgsaire underrepresented in comparison to older decades.
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Table3.2. Age distribution (per decade) of the sex/ancestral groups in the mandibular sample.

F M

AA EA AA EA Total
18-29 7 5 13 2 27
30-39 13 1 24 5 43
40-49 12 10 27 8 57
50-59 10 7 28 11 56
60-69 9 11 25 15 60
70-79 8 12 18 22 60
80-89 1 10 15 10 36
90+ 0 7 3 8 18

F: female, M: male; AA: SA offrican ancestry, EASA o European ancestry.
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Figure3.1. Bar plots of the four sex/ancestral groups distributed in function of age (per diectde)
mandibular sample. F: female (light grey), M: male (dark grey); AA: SAfotan ancestryfirst
row), EA: SA of European ancestigecond row).
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Individuals werealsoselectedaccording to their prenortem dentition status in order
to obtaina wide range of tooth loss patterns: from edentulous mandibles to complete dentition
To oontrol for the different degrees of tooth loss and its consequences on the masticatory
performances, the mandibles were classified into different dentition groups according to the
Eichner Index (EI Eichner, 199Q)rather than using the number of teeth present. This tooth
loss scoring methors$ based on the presence of occlusal contagislainng the importance
of having access to each mandible with its associated m&hkeEl,mostly used in dentistry
becausef the validated relatiowith the masticatory performanc@gebeet al, 2005, 2010,
2012; Nakatsukat al, 2010; Olofssoret al, 2017) has also been used some recen
anthropological studig®arret al, 2017)

The EI classifies the various dentition patterns into three main groups of tooth loss (A,
B, C), but consistof ten subgroups in total (A1, A2, A3, B1, B2, B3, B4, C1,C3, (Figure
3.2). Thesegroups, from A to C, are associated with a loss in occlusal contacts, and thus, a
reduction in bite force and masticatory performances. The El classification is mainly defined
by the presence or absence of occlusal contacts/pairs in both premolar anc:giote, also
referredtoas t he four posterior AOccl usal Support
teeth: upper and lower premolars (P1, P2), or upper and lower molars (M1, thiXhird

molar (M3), erupted or not, is not considered. Withinth&d 6 cat egor vy, i ndi v
occlusal contacts in all four OSZs, wherdasn A B 0, contacts are pres:
O0SZs, or even in the anterior teeth only (i

characterised by the total absenceaflusal contacts in both posterior and anterior zones. The
subgroups for each category are explained furthéeiail inFigure3.2.
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Category A - Occlusal contacts in all four posterior OSZs
U (upper)

L (lower)
complete dentition, at least one missing at least one missing
no missing teeth tooth in one arch tooth in both arches
(Uand L) (UorL) (Uand L)

Category B - Occlusal contacts in three to one posterior OSZs
or in the anterior region only

FAEN

three OSZs two OSZs one OSZ only anterior support

.
.
C

Category C - Absence of occlusal contacts

v
WAN

»

3

()
C

at least one tooth at least one tooth fully edentulous,
in each arch in one arch both arches
(Uand L) (UorlL) (Uand L)

Figure3.2. Schematic illustrations of thadbhnerindex(redrawn fromkebeet al, 2010 and Past
al., 2017. Coloured teeth are in contact with thaitagonisticeeh: anterior teetll1: central
incisor, 12: lateral incisor, C: canine) dareyellow, first and second premolars (P1, P2) in green, first
and second molars (M1, M2) in blue; while white teeth are not in occlusion.
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The sex/ancestral digtution of the individuals according to the El scoring system is
detailedin TablesTable 3.3 andTable 3.4 aswell asillustrated inFigure 3.3. As expected,
category C is mainly represented in tihdeo decades (over 50) of the four sex/ancestral groups
but is more frequent in males and females of European ancestry. However, individuals from

category A (especially the subgroup Al) are more often of African ancestry.

Table3.3. Sex/ancestrajroup distributiorper main dentition category (A, B and &cording to
Eichner, 1990

A B C Total
F 32 39 52 123
AA 22 26 12 60
EA 10 13 40 63
M 82 64 88 234
AA 76 35 42 153
EA 6 29 46 81

F: female, M: male; AA: SA offrican ancestry, EASA of European ancestry

Table3.4. Age distribution (per decade) of teex/ancestragroupsdivided in the three main
dentition categories (A, B, C accorditmEichner, 1990

F M
AA EA AA EA

A B C A B C A B C A B C
18-29 4 3 0 4 1 0 12 0 0 1 |
30-39 4 8 1 ] 0 0 17 5 2 1 2 2
40-49 7 5 0 2 3 5 18 4 5 | 3 4
50-59 4 2 4 1 3 3 13 11 4 1 5 5
60-69 2 3 4 1 2 8 7 7 11 2 & 5
70-79 1 4 3 0 | 11 7 0 11 1 8 13
80-89 0 1 0 1 3 6 2 6 7 0 2 8
90+ 0 0 0 0 0 7 0 1 2 0 0 8

F: female M: male;AA: SA of African ancestry, EASA of European ancestry.
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Figure3.3. Bar plots of the four sex/ancestral groups distributed in function of age (per decade) and
divided in the ten dentition subgroups defineddighner (1990)F: female, M: male; AA: SA of
African ancestry, EASA of European ancestry.

3.1.3. Femora

Sixty-eightleft femorabelonging to the sansault individuals previously selected from
the PBC for their mandiblegere chosen. The following additional inclusion/exclusion criteria
were applied: (i) abseroof femoral pathology or abrmalities; (ii) no evidence of surgical
interventions grosthesis, hip replacement, etor) the lower limbs(iii) no signs of trauma
Finally, the femoral sample consisted of 6& individuals between 21 and 9gears
(summarised inTable 3.5, detailed per decade Table 3.6): 14 females and 22 males of
African ancesty (AA), as well as 15 females and 17 males of European an¢&st). The
sample distributiorbetween both ancestriedlustrated inFigure 3.4, was well balanced
(52.9% AA, 47.1% EA)althoughthe proportion of males (57.4%) was larger than females
(42.8%).
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Table3.5. Sex/ancestral group distribution in the femoral sample.

F M Total %
AA 14 22 36 52.9
EA 15 17 32 47.1
Total 29 39 68
% 42.6 57.4

F: female, M: male; AA: SA offrican ancestry, EASA of European ancestry

Table3.6. Age distribution (per decadej the sex/ancestral groups in the femoral sample.

F M
AA EA AA EA Total
18-29 4 2 4 1 11
30-39 2 0 2 1 5
40-49 1 3 3 1 8
50-59 2 2 2 2 8
60-69 2 2 3 1 8
70-79 3 4 3 2 12
80-89 0 | 3 5 9
90+ 0 1 2 4 7

F: female, M: male; AA: SA offrican ancestry, EASA of European ancestry
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Figure3.4. Barplotsof the four sex/ancestral groups distributed in function of age (per dendte)
femoral sample. F: female (light grey), M: male (dark grey); AA: SAfoitan ancestryfirst row),
EA: SA of European ancestigecond row).
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3.2. Methods

The mandibularskdetal material describenh the previous sectiowasimagedusing
two different norinvasive and noflestructivescanningtechniques All mandibles were
detailed withMicro-Focus Xray Computedlromography (micreCT), while a subsample was
re-scannedy Cone-Beam Computed omography (CBCTjo compare the findings between
modalities The virtual database acquired was used to asggedsatively andquantitatively
the morphology and cortical microstructure of the mangi@e comparisos to the femur

were peformed

Themethodology implemented in this thesis is summaris&iguare3.5. The first part
[3.2.1], focusing on the mandible, describes the data acquisition procedures that are specific to
both modalities (mickCT and CBCT), the processing of the images and subsequent
measurements. In the secqpait [3.2.3, the threedimensional imaging and analysis of the

femur are detailed. Finally, the third pa3tZ.3 is concernedvith all statistical analyses

3 ) O
Skeletal /l Data Acquisition

Material
Measurements
CBCT Alignment Parameters
Mandible Sections
[Rcconstruction] [chmcmation [ Statlstlc;al ]
) analysis
I
Registration ——
Deviation
[ analysis ]
N Fa™ J

Figure3.5. Workflow summarisinghe virtualmethodsused.
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3.2.1. Methods applied to the mandible
3.2.1.1.Micro-CT and CBCT data acquisition

Micro-CT scaming procedure

Each mandible was scanned using the same fi&rba Nikon XTH 225L industrial
ComputedTomography gstem(Nikon Metrology, Belgium) housed at the Mick&ocus X
ray Radiography and Tomography facility (MIXRAD) of the SoAfnican Nuclear Energy
Corporation (Necsa, Pelindaba, SoAfihica) (Hoffman and De Beer, 2012; De Beer, 2018)
The system consists of different separate foneti units: a cabinet housing thery tube,
sample manipulator and flat panel detector, as well as computers for control, acquisition and
reconstructiomproceduresKigure3.6 A). During the acquisition, the specimesas placed on
the sample manipulator inside the cabinkich is therrotated over 360 degrees, while the X
ray source and the detector stay immobile. The mandviake secured within a squared
polystyrenebox to avoid any movement or vibration during fhvcessKigure3.6 B).

- o oy A e - -
Figure3.6. Micro-CT system at Necsa (Pelindapa], and experimental settingsed for each

mandible[B].

During the acquisition, a set of0DO twodimensional (2D) radiographic projection
imageswas created and directly imported into thehiouse Nikon CIPro ®ftware (Nikon
Metrology, Belgium) where the reconstruction into a thh@ienensional (3D) volumevas

performed Figure3.7), applying automatically optimised transformation paramegersh as
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an isotropic resolution adjusted to the size of egmdcimen. The finabolumes were then

VUV

exported in vol float format or in 1Bit TIFF images.

A

VUV

Figure3.7. Reconstruction procesExamples of radiographic projections obtained for one riXfo
scannednandible[A] and of reconstructed slices constituting the final vol{iBje

Two hundred and sixtfive micro-CT scans(i.e., 265 scanned mandibleg)ere
performed with a resolution ranging between 0.066 mm and 0.084 mm, a 100 kV voltage and
a beam current of 100 pA or 200 pk addition,92 micro-CT scamed entire mandibles
conducted for previous research projects were collected and included in this worksgcofirte
A.C. Oettlé and C. Sutherland). The scans were performed at Necsa with the same machine
and reconstructed with the following parameters: isotropic voxel sizes ranging from 0.068 mm
to 0.106 mm, a 100 kV voltage and a current of 100 pA, 120 pA op&2Therefore, in total,

357 micreCT scans of entire mandibles were used, and the acquisition parameters thereof are
detailed inAppendix D(TableD.1 andrableD.2).

CBCT scanning procedure

Twenty-four mandiblesof male individuals withintact dentition that have been

previously scanned by mici©T, were randomly selected to be imaged by CBGHith a
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Planmec#@roMax3D¥ (Planmeca, Finland) at the Oral and Dental Hospital of the University

of Pretoria. The CBCT system consists of a reconstructarputerand a X-ray unit with a
movable Gshapeearm (containing the Xay source) andsensors Kigure 3.8). During
acquisition, theX-ray sourcenoves around the patiénsupport table to perform a single 360°
scan(Scarfeet al, 2006) In order to position the specimeorrectly on the patient support

table of the unit, the adjustable head support was attached, and the chin support removed. The
adapable arms of this support allow#tke researcheo secure a cardboard box containing the

mandible in place of the chin support.

1

X-Ray Sensor

source

I — - Adjustable head support
l J ’ - 4 — Chin support
)

Patient support table

=

Figure3.8. General viewand descriptiomf the Planmeca ProMax3OCBCT systen (Planmeca,
Finland) available athe Oral and Dental Hospitabm theUniversity of Pretoria.

As with micraCT, 3D projection imagewere acquired and reconstructed into 3D
volumes using the ihouse Planmeca RomeXisoftware (Plarmeca, Finland)with the
following settings: 0.200 mm isotropic voxel size, 88 kV voltage aridl1GnA current.
Acquisition parameters asvailablein Appendix DTableD.3. These volumesvere finally

exported in DICOM format.

3.2.1.2.Image processing

In order to perform consisteanaly®s of the images, the same proceduasapplied
to all the micreCT and CBC¥based volumes. Each dataset was importedtie analysis and
visualisation software VGStudiMAX 3.1. (Volume Graphics GmbH, Germanyor the
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following steps:(i) segmentation(ii) alignment (iii) definition and extractiorof the cross
sections used for measurementse. avoid erros and optimise the importation and analysis
time, various importation parametewgere verified throughthe Loading module of the
software, such as the type of the datasegolution, as well as the grey value distribution
histogram Figure3.9 A). Thesize of the datasetwa al so verified and Are
unrecessary surrounding air around the object by defining a region of inféigse3.9 B).

This reduces the RandeAtcess Memory (RAM) use of the computer, dndsaccelerate

the loading time of the dataset nrakthe analysis easier and fast®nce the dataset is loaded,
the software displays the thrdemensional rendering of the specimen, as well as 2D slice
views as seen along theaxis, the yaxis and the-axs of the original coordinate system (also
named thescenecoordinate systenm VGStudio MAX 3.1).

B port preview [76%)

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 R
A

Hide

Figure3.9. Importation process iWGStudio MAX 3.1 Snapshots of the moduldisplaying the grey
value distribution histogram with the peaks corresponding to the different materials/bacKdgthund
and themandibulavolume preview with the movable lines (in blue) cropping unnecessary
surrounding aifB].

Segmentation

The segmentaon procedure is a prerequisite fany analysis @ a3D volume. This
essential step allows the user to define and extract regions within the image by delineating the
contour of the different structures of interése.g.,bone and tootlvs. air i based a the
greyscale contained in the imaddany different technique exist (Dawant and Zijdenbos,

2000; Toennies, 201ut theAutomatic Surface Determinati@pproach was first selected.
This global thresholding method uses the grey value distribution histogram to dedine an
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globally apply one threshold to the volume. Then, #ttvanced Modemplemented in
VGStudio MAX 3.1. was applied. This methodeealuates and adapts the previously defined
contour in function of the grey values of therrounding voxelsHigure3.10) (i.e., the same
grey value can be processed differently according tonghghbouring voxels{VGStudio
MAX Reference Manual, Dawant and Zijdenbos, 200B)s adaptive local thresholding
method providsa highlevel of accuracy (up to 1/10 of the voxel size) and low measurement
error as it mininses user influence and compensafier artefacts(VGStudio MAX Reference
Manual; Dawant and Zijdenbos, 2000; Borges de Oliwatiia., 2016)

Figure3.10. Closeup view of a slicewith theadvanced modef the surface determination process:
white line shows the first contour calculated, yellow hairlines represent the search direction for the
local grey values, anldold yellow lines show a preview of the finad-evaluatedsurface

Once the surfaces of the segmented structures of interest have been carefully
determined, 3D rendering of the volume can be performed witlstiserfaceRenderettool
(Figure 3.11). However, before starting the analyses, theiat step of alignment has to be
performed.

Alignment

Each mandible was scanned with its own orientation and imported into the software
with its own coordinate system, depending on how it was placed in the box or in the scanner,
and also depending on thge of modality (micreCT, CBCT) used. In order to standardise
the analyses, all the volumes were aligned following a similar reference coordinate system.
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Figure3.11. Threedimensional rendering of aandible (lateral views) with the different materials
(cortical and trabecular bones, teeth) in saamsparencybptton). Scale bar: 10 mm.

TheVGStudio MAX 3.1.Measurementenu allowdor the creation of different types
of geometry elements, such Bsints Planeé U s Paints, three anatomical landmarks
(definedinK k can and Steyn, 20 )erecdketqu brecach 3Ddnodekt e p h a r
left andright gonions(go), located on the most posterior point of the inferior margin of the
mandibular bodyandmenton(me) the most inferior point of the inferior margin of the body
at the mental symphysis. TRelylineinstrument was then used to fit a spline curve along the
inferior margin of the mandibular body, between the leftragit gonionsand passing through
thementon(Figure3.12 A). A bestfit i referencé plane positionedunderthemandible was
automaticallycomputedfrom theseanatomicalandmarksand semtlandmarks(Figure 3.12
B), allowingthe creationof a newcoordinatesystemof referenceTheinstallationof this new
systengeneratethethreefollowing orthogonaplaneshorizontal parallelto thebestfit plane
computedand dividing the mandibleinto inferior and superiorparts; coronal, dividing the
anteriorand posteriorpartsof the mandible;andsagittal,dividing the mandibleinto left and
right sides(Figure3.12 C-D).

The volumeswereall realignedallowing the definition of nomblique and analogous
crosssections independent of the modality (CB@md micreCT) and of the individual

(regardless odlentition group. The aligned images were saved and exported in TIFF format.
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coronal

horizontal

Figure3.12. Alignment procesd ateral and inferior views of the mandible with the landmarks (black
dots,me mentongo: gonian) and the spline curve (red and yellow lifia] allowing the automatic
computation of the besit plane (red) positioned under the mandilB¢. New reference coordinate
system installed generating the horizontal (blue), coronal (red) and sagittal) (gieeeedC] and the

sections associat¢®]. Scale bars: 10 mm.
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Sections

The first crosssection,the midline(m), was defined in the midagittal plane, i.e., at
the mental symphysis passing through several landmarston(me) pogonion(pg), the
most anterior projecting point on the mental emineace} infradental€id), the projecting

point between the two central lower incisors on the busnadéce Figure3.13 A-B).

The left side of the mandible was chosen to define the remainingsgoissns of the
body, as it was previously shown that no differences in microstructural parameters exist
between the sides of the jaischwartzDabney and Dechow, 2003; Degueéitial, 2006)
The distance between the menton and the left gonion on the spline curve was recorded and was
divided automatically into four equal parts. Two landmarks were defined in precisenscatio
easily reproducible in demteand edentulous individuals: anteri@) at 1/4" of the menton
gonion distance; posterigp) at 2/4" of the mego distance ihidpoint) Figure 3.13 A).
Because of the particular-\ér U-shape of the mandible, the cresections located atandp
were oblique relatigto the mandibular body. A rotation of the mandible along the veaitsl
was achieved in order to have the sagittal (or the coronal) plane tangent to the spline curve (i.e.,
perpendicular to the surface) ataind to obtain the anterior cressction (shortest distance
across) afterealignmentffigure3.13C). The same process was appliediatorder to define
the posterior sectiorF{gure3.13D). The 3/4" posiion along thenentongoniondistance was
not considered a practical section to do uniform measurements as it inconsistently included the

beginning of the anterior part of the ramus.

Finally, two crosssectons were defined on the ramustioé mandible: the minimum
height(rah) and the minimum breadtnab). First, to obtain the height sectiorf-eeeform line
was fitted to the mandibular notch, between the condyle and the copmociEssesHigure
3.14 A). The Extract min./max pointbol allowed the automatic extraction of the minimum fit
point of theFreeform linerelative to thego landmark. This point, nametb was usually the
deepest pat of the mandibular notch. The section containiegandgo was defined as the
minimum ramus heiglgection Figure3.14 A-B). Then, two otheFreeform lineswere drawn
on the anterior and on the posterior margins ofréimeus Figure3.14 A). Using theExtract
min./max pointool, the closest potrof the anterior margin relative to the posterior margin
was extracted and nameor_min The same process was applied to the posterior margin where
the cond_min point was extracted. The minimum ramus breadth section was defined

perpendicularly to the hgiht and passing througior_minandcond min (Figure3.14 A-C).
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m - midline a - anterior p - posterior

Figure3.13. Sections on thenandibular body. Lateral view of the mandible with landmarks used (
infradentalepg: pogonionme menton a: anterior p: posterior go: gonion)[A]. Threedimensional
models (upper row) with the corresponding fdimensionatrosssections defined otine body
(lower row) at the midlingB], anterioC] and posteriofD] landmarks. Orientatioro: occlusaj b:
buccal. Scale bars for the 3D moddl® mm, and for the sections: 2 mm.
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rah - ramus height rab - ramus breadth

Figure3.14. Sections on the mandibuleamus. Lateral view of the mandible with the landmarks
defined Qo: notch,go: gonion,cor_min, cond_minon theFreeform linegin green) fitted to the
mandibular notch, the anterior and posterior margins of the ramus [A].-@imeasional models
(left) with the corresponding twdimensional crossection(right) defined on theninimumramus
height betweemo andgo [B]; on theramus breadth betweeor_minandcond_minC]. Orientation:
s:superior; a: anteriof; lingual. Scale bars for the 3D model) mm, and for the sections: 2 mm.
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3.2.1.3.Data analysis

From the 357 mic&CT scans of entire mandibles performed, only 333 welexted
for analysis (se@able3.7 for more details)The 24 remaining scans were not analysed because
of either: (i) technical issues duritige scanning proess, e.g.the mandible was not secured
firmly enoughand moved during the acquisitiomsulting in blurry images; (iipresenceof
pathologies; (iii) presence of dentaktorationgundetectable with visual inspections) causing

significantartefacts.

Table3.7. Sex/ancestral group distributiaf the mandibles analysed.

F M Total %o
AA 56 152 208 62.5
EA 46 79 125 37.5
Total 102 231 333
% 30.6 69.4

F: female, M: male; AA: SA offrican ancestry, EASA of European ancestry

The analysis of the mandibular volumes was performed thraifferent types of
parameters computed in VGStudio MAX 3.1. softw@relume Graphics GmbH, Germany)
First, external distances were recorded on the 3D models in order to quantitatively assess the

external morphology of the mandible.

Then, he microstructural properties of the cortical bone were evaluated through the
measurement of the cortical thickness on the sections, as well as through histomorphometric
parameters, allowing the assessment of the cortical bone density. Each analysietvas aa
vgl project file containing all the information, registered alignment and analyses.

The two imaging modalities (CBCT and mie@d’) were compared with regard to the
above 2D and 3D measurements (distances, cortical thickness, histomorphometréteyaja
but also with a specific analysis (explained later), i.e., the cartography of the geometric

deviations between the two volumes obtained for each specimen.
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External distances

As explainegreviously in B.2.1.3 Sectionsthedistance (on the spline curve) between
the menton and the left goniowas recorded and was used to assess the body lgngth
go_length) TheCaliperinstrument provided by VGStudio MAX 3.1. was used to measure the
different heights and breadths of the mandibular body and rafmsé€ 3.15 A). The Snap
modewas activated to automatically position the handles of the instrument on the material
boundary defined by the surface determination process. The alveolar height of the body was
measired perpendicularly to the reference plane (horizontal) at the location of the three
following sections: midline (m_h), anterior (a_h) and posterior (pFigufe 3.15 B-D). On
the two sections of the ramus, the height (ra_h) and the breadth (ra_b) were recorded,
respectively Figure 3.15 E-F). All the distancesral abbreviations are summarisedTiable
3.8.

Cortical thickness

The thickness of the cortical bonevas defined as the thickness from
periosteum/external surface to the endocorsadlace(SchwartzDabney and Dechow, 2002;
Humphries, 2007)and was not sizadjusted according to each individual. Indeed, the
mandibular size variation is often considered minimal and is characterised by a relatively small

coefficient ofvariation

The mandibular cortical thicknessas measuret three sitegbasal, buccal and
lingual) of each crossection previously definedFigure 3.15 B-F). All the names,
abbreviations and sites of measurement are summaristable 3.8. For example, on the
midline section, the basal cortidghickness (m_ba_CtTh) was recorded from the most inferior
point of m_h, tangentially to the outer cortical layer. Therglger bisecting perpendicularly
m_h was positioned. At the intersection sites with the buccal and lingual surfaces, the buccal
and lingual cortical thicknesses were measured respectively (m_buc_CtTh, m_ling_CtTh)
(Figure3.15 B). The same process was repeated on the antedopa@sterior sections at the
respective cortical thickness sites: a_ba_CtTh, a_buc_CtTh, a_ling_Figling3.15 C); and
p_ba CtTh, p_buc_CtTh, p_lin@tTh Figure3.15 D). On the crossections located on the
ramus, only the buccal and lingual cortical thicknesses were measured. As explained for th
corpus sections, the middle of the height and breadth distances were used to locate the four
sites: rab_buc_CtTh and rab_ling_CtTrgure 3.15 E); rah_buc_CtTh and rah_ling_CtTh
(Figure3.15F).



F

rah - ramus height

B

m - midline

m_h ph rab - ramus breadth

a - anterior

D

p - posterior

Figure3.15. Measurements athe mandibulabody and ramus. 3D model of the mandible showing the three different alveolar heights and the ramus breadth
and height (re lines) [A]. On each corresponding cressctions of the bodiy midline [B], anterior [C], posterior [D], ramus breadth [E] and height [F]
basal, buccal and lingual cortical thicknesses are recoiaegd]. Orientationo: occlusaj b: buccal I: lingual; s:superior; a: anterioScale bars for the 3D
modet 10 mm, and for the sections: 2 mm.

76



CHAPTER 3. MATERIALS AND METHODS

Table3.8. List and descriptions of the linear variables recorded on the mandibles.

Section Abbreviation Description
Midline m
m_h height of the body at the midline
m_ba CtTh basal cortical thickness at the midline
m_buc CtTh buccal cortical thickness at the midline
m_ling CtTh lingual cortical thickness at the midline
Anterior a
ah height of the body on the anterior section
a_ba CtTh basal cortical thickness on the anterior section
a_buc_CtTh buccal cortical thickness on the anterior section
a_ling CtTh lingual cortical thickness on the anterior section
Posterior P
p_h height of the body on the posterior section
p_ba CtTh basal cortical thickness on the posterior section
p_buc CtTh buccal cortical thickness on the posterior section
p_ling CtTh lingual cortical thickness on the posterior section
Ramus breadth rab
ra b minimum breadth of the ramus (between cor min and cond min)

rab _buc CtTh
rab_ling CtTh

buccal cortical thickness on rab

lingual cortical thickness on rab

Ramus height

rah

ra_h
rah_buc_CtTh
rah_ling CtTh

minimum height of the ramus (between #o and go)
buccal cortical thickness on rah

lingual cortical thickness on rah

Histomorphometric parameter

The cortical bone density was assessed through various histomorphometric indices as
defined by Parfit{1988) TheDraw sphereool from theSelectmenu in VGStudio MAX 3.1.
was used to create and extract spherical 3D volumes of interest (VOIs) from the original
volume. Ttese spheres, having a 0.4 mm radius, were placed in the cortical bone of each site
of each crossection previouslyused for the cortical thickness measurements. Using the
automatic surface determination values, Rinepertiesmenu of the software providggneral
information on each VOI, such as dimensions (in voxel and mm), total volume (T¥, mm

taking into account the volume of bone and the volume of the surrounding air (e.g., air in the
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porosities for example), and the bone volume itself (BV,®mi@ran these parameters, the

software then calculates the bone volumetric fraction (BV/TV, %), an histomorphometric

parameter quantifying and accurately estimating the bone densitheAlarameters recorded

aresummarised iTable3.9.

Table3.9. List and abbreviations of the mandibular histomorphometric parameters recorded.

Section Site BV (mm?3) TV (mm3) BV/TV (%)
bone volume total volume bone volumetric fraction!

Midline

basal m_ba BV m ba TV m_ba BV/TV

buccal m_buc BV m_buc TV m_buc BV/TV

lingual m_ling BV m_ling TV m_ling BV/TV
Anterior

basal a_ba BV a ba TV a_ba BV/TV

buccal a_buc BV a buc TV a buc BV/TV

lingual a ling BV a ling TV a ling BV/TV
Posterior

basal p_ba BV p_ba TV p_ba BV/TV

buccal p_buc_ BV p_buc TV p_buc_ BV/TV

lingual p_ling BV p_ling TV p_ling BV/TV
Ramus breadth

buccal rab_buc BV rab buc TV rab_buc BV/TV

lingual rab_ling BV rab_ling TV rab_ling BV/TV
Ramus height

buccal rah_buc BV rah_buc TV rah buc BV/TV

lingual rah ling BV rah ling TV rah ling BV/TV

1BV/TV: bonevolume/total volume rabi.

Micro-CT and CBCT volume registration

As 24mandibles werscanned with two imagingnodalities see sectiond.2.1]), two

datasets were obtained for each of the 24 specimens: one fromGiiiened one from CBCT.

In order to visualise and quantify the general volumetric discrepancies bdtveeeolumes

(i.e., to which extent the CBCT volume deviates from the mi€Toreference), a registration

process was first performed, followed by a nominal/actual comparison analysis (see section

[3.2.3.3). The registration, conducted in VGStudio MAX 3.1., allows the minimisation of the
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distances between the datasets by mapping redundant information and finding correspondence
between the two volumé&3oennies, 2012)Using theRegisterobjectmenu(VGStudio MAX
Reference Manual)the registration was computed within two steps: a Gaudigasbfit
registrationof the CBCT volume against the mie@Y; and then, &eaturebased registration

using the iterative closest point algorithm, with the miCD as thereference Figure 3.16).

This superimposition procedure determines significant points on the volume to be registered
and matches them to corresponding significant points on the reference object. The quality of
the final registration was calculated as a percentage and was rejfeatdchecessary (i.e.,
superior to 95%).

microCT

CBCT

Figure3.16. Registration process. Superior views of mi€b-based [A] and CBCIased [B] three
dimensional mandibular volumes bef@ugperimpositionand afte [C]. Micro-CT volume is in grey,
CBCT in blue. Scale bars: 10 mm.

3.2.2. Methods applied to the femur
3.2.2.1.Micro-CT data acquisition

The femora were scanned at Necsa (Pelindaba) with the sameGiiiaysten{Nikon
Metrology, Belgium)used for the imaging of the mandibles. Following a similar acquisition
protocol, each femur was immobilised in a polystyrene tube to avoid angnmeow and
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vibrations during the rotation of the sample manipulator. Because of the large size of the bone,
and in order to optimise the resolution, only the proximal end of the femur was scanned (from
mid-shaft).In total, 50 micreCT scans were conductadd 18 were collected from a previous
project (courtesy of M. Cazenave), all with the following voltage and current parameters: 100
kV and 100 pA. The reconstruction process of the radiographic projection images into a 3D
volume was performed in the Niko@T-Pro software(Nikon Metrology, Belgium)with
optimised parameters, and an isotropic resolution ranging from 0.06 1®.100 mm (all the
acquisition parameters are detailedAppendix D (Table D.4 and Table D.5). The final

volumes were then exported in vol float format or iAGlGTIFF images.

3.2.2.2.Image processing

All the volumes were imported in the VGStudio MAX 3.1. softw@felume Graphis
GmbH, Germany)As for the mandibles, the importation parameters, and more particularly the
grey value histograms, were checked and followed by the crop of the images to remove the

unnecessary surrounding ahidure3.17).

import preview

-0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 ':*
Q

Y=Y

Figure3.17. Importationprocessn VGStudio MAX 3.1. Snapshots of the modules displaying the grey
value distribution histograiff\], andthe vdume previewof a femur[B].

Segmentation

The contour of the different types of tisueortical and trabecular bons. airi were

defined following the segmentation procedure, using the grey dliségsgram. Therocess,
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like that applied on the mandible, was also divided into two stepsAut@matic Surface
Determinationfirst, and then the adaptivAdvanced modeOnce the segmentation was

completed, the 3D rendering was computed witHgbsurface Renderdool (Figure3.18).

Figure3.18. Threedimensional rendering of a left femur (posterior views) with the different materials
(cortical and trabecular bones) in semainsparency (right). Scale bar: 10 mm.

Alignment

Femora were scanned with different positions and angles, afijebe orientation of the slices.

To correct this factor and standardise the analyses between individuals, all the scans were
aligned following the same coordinate system. A set of sliding landmarks was collected around
the femoral head, avoiding the degsed fovea of the ligament of the head. UsingSibleere
geometrical element from tHdeasuremenmenu, a bestit sphere around the femoral head

was automatically computed from those landmaBRigure3.19 A). A new coordinate system

was installed and was used as a reference, with the centre of the sphere situated in the centre of
the femoral head. However, the system was rotated in order to obtain the sagittal plane
perpendicularly to the femoral neck, thhansversal plane parallel to the long axis of the neck,
and the coronal plan&igure3.19B). This coordinate system was used as a referencdignrea

all the images and obtain the following three fodaique sections: medilateral, supero

inferior and antergoosterior, analogously defined in all individuakigure 3.19 C). The

aligned slices were saved and exported in TIFF format.
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Figure3.19. Alignment process. Snapshot of the software showing thditiedtsphere around the
femoral head (redyellow, and green dots) [A]. 3D model of a femur (posterior view) after alignment
in the new coordinate system of reference, generating three orthogonal planes: transversal (green),
sagittal (red) and coronal (blug]; and the sections associated: sopeferior (green), medidateral
(red) and anterposterior (blue) [C]. Scale bar: 10 mm.
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3.2.2.3.Data analysis

Sixty-four scanned femora out of the skaight were selectedr analysis Table3.10).
Four scans were not analysed because of the same type of problems encountered with the micro
CT scans of mandibles: (i) technical issues during the scanning process causing blurry images;

(i) presence of metahclusions within the bone generating artefacts.

Table3.10. Sex/ancestral group distributiaf the femora analysed.

F M Total %
AA 13 20 33 51.6
EA 14 17 31 48.4
Total 27 37 64
%o 422 57.8

F: female, M: male; AA: SA offrican ancestry, EASA of European ancestry

As for themandibles, the analyses of the femora were perform&Giatudio MAX
3.1.softwareg(Volume Graphics GmbH, Germanyll the analyses were saved as a vgl project
file containing all the information, alignment and measurements. After the a&ignoh the
femur to the new coordinate systedescribed in 3.2.2.3 the medielateral section,
perpendicular to the maximum femoral axis, and comegding tothe minimum femoral neck
diameter was extracted. On this section, the irgegerior (is_n) and anteqmosterior (ap_n)
neck diameters were traced using @&iper instrument Figure 3.20) allowing the precise
localisation of four sites: inferiorly and superiorly at the most inferior and superior points of
is_n, respectivelyRigure3.20 B); anteriorly and posteriorly at the most anterior and posterior

points of ap_n, respectivelfFigure3.20 C).

Then, inner cortical parameters (BV/TV) were collected on the 3D models from the
sections defined previously. Furthermore, only histomorphometric parameters were compared
between the mandible and the femur. Indeed, as cahicihesses are twdimensional linear
measurements and highly influenced by the gross morphological features of the bone on which
they are recorded, comparing them in the mandible and the femur would not be meaningful.
However, the cortical histomorphometparameters are ratios of thréenensional parameters

(bone volume on total volume, in %) allowing the comparison between two bones, which has
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been performed by other researchers in the (gash as Hildebrandt al, 1999; Liuet al,
2008)

Threedimensional spherical VOIs were thus extracted usindtiagv spheretool in
the four sites of the mediateral section defined above. Basea the Advanced surface
determination,the following structural and textural parameters were computed from each
cortical VOI (Table 3.11): total volume (TV, mr), bone volume (BV, mi) and bone
volumetric fraction (BV/TV, %)

A

superior

inferior

loLue

g
)
-
173
o
o

Figure3.20. Selection of the mediateral section of intest. 3D model of a femur, in posterior view,
with the femoral neck section (in red]) and the perpendicular femoral neck axis (in grésa),[A].
Medio-lateral section corresponding to the minimum femoral neck diameter with the-$ufeeoor
neck dianeter (is_n) and the inferior and superior VOI sites in [B]; and the aptesterior neck
diameter (ap_n) with the anterior and posterior VOI sites inQ@gntation: s: superior; a: anterior.
Scale bar for the 3D model: 10 mm, and for the sectionsn2 m
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Table3.11. List and abbreviations of tifemoralhistomorphometric parameters recorded

Site BV (mm?3) TV (mm3) BV/TV (%)
bone volume total volume bone volumetric fraction!
Inferior 1 BV 1TV 1 BV/TV
Superior s BV s TV s BV/TV
Anterior a BV a TV a BV/TV
Posterior p_ BV p TV p_ BV/TV

1 BV/TV: bone volume/total volume ratio

3.2.3. Statistical analyses

All statistical analyses were performed using the egmirce software lR Core Team,
2020)and especially the RStudio environm@rgtudio Team, 2020Y he statistical tests were
performed using differenpackages and functiorsf R, cited accordingly later, while the
graphicsand plotswere all computed with thggplot2packaggWickham, 2016)

First, basic descriptive statistics were executed using Rhéase packageand
paticularly the summary() function, automaticallycomputinglocation parameters such as
minimum, maximum, mean, median and quartiles. A difference between the mean and the
median of a variable suggests the presence of several outliers, and/or a dissymmhetry
distribution of the values. Variances and standard deviations were also cal(udatfdand
sd() functions)in order to indicate the dispersion of the values. All these descriptive parameters
were usually illustrated witlplots andooxploss, fadlitating the detection of outliers.

3.2.3.1.Repeatability of measurements

The intraobserver reliability was tested by describing the differences between repeated
measures performed by one observer (the author) for each scanning modality used in the thesis.
Ten micro-CT and ten CBCT scans of mandibles were randomly selected from the entire
sample and were analysed twice by the principal investigator (a total of 180 measurements for
each modality). Inter-observer repeatability was not practical (volume/number of
measurements) or deemed mandatory as the aim of this study was not about advocating a certain
method, but mainly descriptive, and data from various researchers were not amalgamated for

statistical analyses.
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The intraobserver repeatability was firstly assed by calculating Intraclass
Correlation Coefficients (ICCs) using tiex () function from theirr packaggGameret al,
2019) The oneway random model examining consistency (with a 95% toleraawd)lwas
chosen as only the subjects (i.e., the individuals) are random, but not the ob%&veanad
Li, 2016) However, as the ICCs are correlation coefficients, only the strength of the
relationship between thvo measurements is evaluated, but not their magnitude. Thus,
absolute and relative technical errors of measurement (TEM, and %TEM) were also calculated,
as they give precise values of the magnitude to which repeated measur@agpy, 1992;
Brutonet al, 2000; Byrne®t al, 2017)

Although the ICCs are reflecting both consistency and agredBrertonet al, 2000)
Bland-Altman plots were also computed to illustrate the wotbaerver agreement and facilitate
the understandin@Bland and Altman, 1986, 199%specially in complegases when a high
correlation ceexists with a poor agreement (e.g., one scanning modality may always
overestimate by 2 mm: the correlation between sets of measurements would be high, but the
agreement poor). Systematic bias and outliers are also edsityetkon these plots, where the
differences between the repeated measurements performed for each individual (vexiggal y
are plotted against their means (horizontakis). The 95% limits of agreement are calculated
as the mean difference + two stiand deviations of the differences, providing the upper and
lower limits of a 95% confidence interval (different for each sample). FurtherBilarej and
Altman (1986, 1999yecommended that, for a high agreement, 95% of the points should lie
within these limits (i.e., the scatterplot is not extending far from the mean).

3.2.3.2.Exploratory statistics

For each researclugstion (i.e., each statistical test), two statistical hypotheses have to
be postulatedH , the principal or null hypothesis; aht, the alternative hypothesiMillot,
2018) According to thep-value obtained after each test and the significance level/threshold
defined ¢ = 0.05 or0.01 in our case), the null hypothesis was rejected or not:giif 0. 05 ,
thenH is rejected il is accepted); (ii) ijp > 0.05, therH cannot be rejected( cannot be
accepted). In the firstcase ipQ 0. 05) , i tp-valusis Sgificant. t hat t he

Choosing the appropriastatisticakest(i.e., parametric vs. neparametricidependgon
the nature and number of variables analysed example, in the case of a quantitative variable

(as opposed to a qualitative variable), a parametriccastoe used if: (i) the values of the
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variable are normally distributed and if the variances are equal (i.e., homoscedasticity); (ii) or
if the sample sizes are large enough (N > 30), as their distribution tends to be (Mitioigl

2018) Using theR statgackage, the distributions of thiariables were checked with Shapiro

Wilk tests[shapiro.test () and were graphically represented with kernel density plots giving a
good estimate of each variable distribution in the chosen sample without making any
assumption on the probability function. The homogeneity of variances (i.e., homoscedasticity
vs. heterscedasticity) was tested using FisBeredecor or Bartlett testwdr.test () or
bartlett.test () depending on the number of variances observed. Depending on the distribution
of the variable and the homogeneity of the variances, parametric -ganametic tests were
chosen.

Micro-CT analysis of the mandible

Severalstatisti@l testswere runin order to analyse and compare the effects of tooth
loss and advancing age on the mandible, and more particularly: between sexes, among

populations, as well as withe location of the section or the VOI.

To compare the means between two independent sartidldst, 2018), such as
between sex (male vs. female) or population (South African of African vs. European
ancestries), p-testsd.res (] oritsmonfarametre ooundegart, the Mann

Whitney-Wilcoxon tests\yilcox.test () were used.

To compare theneasurements across more than two groups, such as the sex/ancestral
subsamples, the dentition categories, or the location of the measurement/\/@gyoaad
two-way ANOVASs [aov () or MANOVAs [manova () could be used. Both ANOVAs and
MANOVASs use variance to determine whether there are significant differences in the means
of groups. However, the assumptions for ANOVAs and MANOVAs include a normal
distribution and homoscedasticity. If these assumptions were not mgiaremmetric Kruskal
Wallis rank sumdsts kruskal.test) wer e run. This test andmpar e:
not the means. Furthermore, when necessary, -hpast tests tukeyHSD () or
pairwise.wilcox.test {)were run to confirm where the differences occurred between groups

(i.e.,which pairs of means are significantly different from the rest).

Correlationanalysedcor.test ()function] investigated the presence (or not) of linear
relationships between the differemeasurementgexternal distances, cortical thickness,
histomorphometc parameters), but also between the measurements and advancing age.

Pearsonbdés correlation coefficient was used v
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normally distributed quantitative variabl es.
coefficient was calculatecespeciallythaPe ar sondés correlation coeff
extreme values (outlierdn addition,correlation coefficients were adjusted for multifdsting

usi ng Hol mpbscauseoothe legh nuimbar oEomparisonsperformed on similar
variableswhich mayincrease the probability @btainingType | errors (i.e., rejectingpe null
hypothesis also called a false positivdn bothPe ar sonés and Sp,gh@r mano s
coefficient quantitatively measures the dependence between two variables and provides the
power and direction of the correlatifRosner, 2016; Millot, 2018)t ranges betweeri and

1, where-1 indicates a strong negative relationship and 1 a sposigjve relationship (i.e., the

variables are perfdgtcorrelated) Generally the correlation is interpreted as: very strorip&

correlation coefficient ranges between 1 ar&i(0r -1 and-0.8); strong ifbetween @ and 06

(or -0.8 and-0.6); moderate ibetween @G and 04 (or -0.6 and-0.4); weak/bw if between Q1

and 02 (or -04 and-0.2); very weak if between B.and 0 (or-0.2 and 0). Finallywhen the

coefficient is close to 0, the relationship is null, or+eostent(Rosner, 2016; Millot, 2018)

The correlation coefficients were provided in tables but alsbarform of correlation
matrices, llustrated using theorrplot package(Wei and Simko, 2017)In these types of
matrices, all the variables are presented in the first row and column, and the number at the
intersectiorbetween each row and column is the coefficient obtained for the correlation of the
two corresponding variables. Thus, the central diagonal of the matrix presents the correlation

of each variable with itself (i.e., 1).

When correlations against age werengigant, linear regression analyses were
performed, using two possible types of regression models, i.e., the linear mo{gIdr the
generalised linear modegln ()] in the case of nonormal data. Scatterplots with local
regression lines were usatiliustrate the correlation of each measurement with separated and

pooled sexes and ancestries.

Micro-CT analysis of théemur and its comparison with the mandible

In order to bring the mandibular measurements into context with the rest of the skeleton,
statistical tests were also performed to compare the measurements collected on the mandible
with the ones on the femur. As the measurements were done on the mandible and the femur of
the same individuals, the samples are considered paired and not inde@endefore. Thus,

the direct comparisons were made using parametric pairedampled-tests[t.test (] or its
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non-parametric counterpart, the pairsa@mples Wilcoxon tegwilcox.test (), also known as
the Wilcoxon signedank test.

Correlation andegression analyses were computed between mandibular and femoral
parameters as to see if the cortical density in the mandible is correlated to the cortical density
in the femur, and reciprocally. Hemrtessflpnoés o1

followed bylinear model m ()] or generalised linear mode]lin ()] analyses were used.

Furthermor e, correlations (Pearsonods or
generalised linear models) with advancing age were also performed in the mandible a
compared to the femur, as to see if the cortical density of the two bones was similarly influenced
by age.

3.2.3.3.Comparison between scanning modalities

As the same 24 mandibles were scanned with both fi¢r@and CBCT, the two
modalities could beompared. Four complementary statistical techniques were used to evaluate
the agreement and the accuracy of CBfa2Eed measurements in comparison to mifoThe
concordance was first assessed with BlAltchan plots, and then through regression analyses.
The direct comparison of the measurements was then performed with paired samples tests.
Finally, the general volumetric discrepancies between ridrand CBCT were visualised
and quantified through the deviation analysis.

Agreement between miefol andCBCT

Bland-Altman plots were computed for each pair of measurements obtained with both
techniques. Furthermore, according to Bland and Alt{d&86, 1999; Brutoret al, 2000)
correlation coefficients and ICCs are not the most appropriate statistical methods when
comparing te reliability of two different instruments in measuring the same variables.
However, thePassingBablok (1983) regressionmethod is a noiparametric approach
especially recommended for studies comparing two diffeemitniques, and was calculated
using themcr (Method Comparison Regressigpackage(Model et al, 2014) For each
measurement, the method tested (i.e., CBCT) is regressed agaimstthod of reference (i.e.,
micro-CT) and illustrated as scatterplots with the regression line and 95% confidence intervals,

calculated by means of a resampling method, the bootstrap.
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Comparison of measurements

CBCT-based measurements were comparechéonicreCT-based reference using
paired sample tests, as each pair of volumes computed is resulting from the same individual.
Foll owing assumpt i o nttestse(gatametrig),or Wileoxon sgtkeah8 t u d e n t
test (nonparametric) were conductexh each variable using the following functiohgest ()

or wilcox.test ()

Deviation analysis: comparison of volumes

After the registration of each CBCT volume against its respective 18i€rsee section
[3.2.1.3 and Figure 3.16), the Nominal/Actual Comparisomodule of VG$udio MAX 3.1.
was applied directly to the registered volumes. The m@Fovolume was defineds the
nominal objectwhile the CBCT volume was thactual objecti.e., the object for which the
comparison was performelor each specimen, the analysis gatesl three different types of
colourcoded outputs quantifying the extent to which the CBCT volume deviates from the
micro-CT reference: a colour map showing the topography of the geometric discrepancies; a
histogram of the calculated deviations for tinéire surface of the object; a second histogram
indicating the cumulated absolute deviation values for the entire surface. In these three outputs,
the colours comprised green for a deviation of 0 mm, and then passed through yellow for small
deviations, wHe the largest deviations were coded in red (positive deviations) and blue

(negativedeviations) Figure3.21).
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Figure3.21. Nominal/Actual comparison process. Examples of coloured outputs computed for an
individual: deviation map showing tlggometric discrepancies on the entire volume [A], and
histogram indicating the calculated deviations for the entire surface (in mm) [B]. Scale bar: 10 mm.
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Chapter 4. Results Micro -CT analysis of the mandible

The complete mandibular sample scanned by r@¥oncluded 333 individuals aged
between 18 and 98 years (S€kapter 3Materials and Method®r more details about the
distribution of the sample across sexes, ancestries and dentition groups). As explained in the
previous chapter, external distances and cdrtidaknesses, as well as histomorphometric

parameters, were recorded for all individuals.

In the first part of thisection f.1], the repeatabilitypf micro-CT-based measurements
was assessed through three different methods: intraclass correlation coefficients (ICC),
technical errors of measurement (TEkd %TEMN and BlandAltman (BA) plots. The second
part [4.2] detailed the process of assumption testing, i.e., all the variables were tested for
normality of distributions and homogeneity of variances. The next three parts focused,
respectively, orthe analyses of the external distancés)][ cortical thicknesses4[4] and
histomorphometric parameterd.|. In each of these three sections, a similar approach was
applied (outlined in the workflowigure4.1), starting with basic descriptive statistics of the
measurements recorded, followed by exploratory statistics investigating the influence of
various variables, such as sex, ancestry, tooth loss, location of measurement and aging. Finally,
the most substantial results of each section were summarised4(34% fpr the external

distances,4.4.9 for the cortical thickness, and 5.6 for the cortical density).
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Micro-CT repeatability Assumption testing
ICC normality
TEM homogeneity of variances

BA

1. Descriptive statistics

2. Influence of sex or/and ancestry

sex ancestry
Fvs. M AA vs, EA

sex/ancestry
FAA vs. FEA vs. MAA vs. MEA

3. Influence of tooth loss

comparing dentition groups controlling for dentition groups
in the entire sample while comparing sexes

Avs. Bvs. C inA, in Bandin C: Fvs. M

while controlling for sex while comparing ancestries

in Fandin M: A vs. Bvs. C inA, in Bandin C: AA vs. EA
while controlling for ancestry while comparing sex/ancestries

in AA and in EA: A vs. Bvs. C ind, inBandin C:
FAA vs. FEA vs. MAA vs. MEA

while controlling for sex/ancestry
in FAA, in FEA, in MAA and in MEA:

Avs. Bvs. C
4. Influence of measurement location
sections sites
midline vs. anterior vs. posterior vs. basal vs. buccal vs. lingual

ramus height vs. ramus breadth

13 sections/sites

inter-variables correlations

correlations & regressions
entire sample
per sex, per a}’ICESfij’
per sex/ancestry
per dentition category

Figure4.1. Generaworkflow followed for the analyses of the external distances, cortical thicknesses
and cortical densities recorded on the mi€rb scans of mandibles.
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4.1. Repeatability of micro-CT-based measurements

Intra-observer reliability was assessed throughrépeagd analysis of ten micr&€T
scans by the same observer. The Intraclass Correlation Coefficients (ICCs) were calculated and
resulted in excellent intrabserver reliability, with ICCs between 0.9991 and 1.08¥e
Appendix ETable E.1). Both external distances and cortical thicknesses showed very high
ICCs.

Following on this for all the variables, absolute and relative Technical Errors of
Measurement (TEM, %TEM) were estimai@ad are presented fppendix E(TableE.1).
Very low TEMs were found for both external distances (mean TEM at 0.020 mm, range: 0.013
T 0.031 mm) and cortical thicknesses (mean TEM at 0.010 mm, range:1000Z4 mm).
The mean %TEMs we also particularly small (always less than 0.80%), even if slightly
greater for the cortical thicknesses (mean % TEM = 0.505%, range:i00183%) than for the
external distances (mean % TEM = 0.057%, range: 0.@3694%).The highest % TEMs wer
calcultedfor the buccal midline cortical thicknegs_buc_CtThandthe cortical thicknesses

located on the ramubut were still considered repeatable.

Finally, the intraocbserver agreement was examined using the B#dimdan method.
For each ploti.e., each measurement), the differences between the two analyses performed
(observation 1 vs. observation 2) were computed Appendix EFigureE.1 for the external
distances andrigure E.2 for the cortical thicknesses). All the measuremexttall sections
showed a very high agreement, with no measuring differences exceeding 0.15 mm for the
external distanceand even as low as 0.05 mm for the cortical thicknesses. This spread of
differences reflects a tendency for the indteserver agreemenf the cortical thicknesses to
exceed that of the externdistancesthe smalle the measurement (cortical thickness vs.

external dimensions), the better the agreement.

In summary, both types of mandibular measurements (external distances and cortical
thicknesses),presenteda very high intreobserver repeatability and agreement, when

performed on micrCT scans.
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CHAPTER 4 RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE

4.2. Assumption testing

4.2.1. Normality of distributions

Before further statistical analyses, various assumptions, including ikyrnadl
distributions and homogeneity of variances, must be verified. First, kernel density estimates
were calculated and plotted asyhgive a good estimate of the variable distribution in the
chosen sample, without making any assumption on the probability function (e.g., normal
distribution or not).These kernel density plotperformed for each variable (age, external
distances, cortad thicknesses and densities) presented i\ppendix E andwere followed
by ShapireWilk tests.

4.2.1.1.Age

The age variable did not show a normiskribution (seé\ppendix EFigureE.3) when
the entire samplevas considered, or when the sample was subdivided by population groups
(AA, EA). However, shapes of the age distribution of-segarated groups were different:
females were found to have a normal distribution, while males did not. For sex/ancestral
subgraups, the age distribution curves were normal in FAA and approached normality in MAA,
while skewed for FEA and MEA. A sampling bias towards older individuals of European
ancestry was observefige distribution in the different Eichner dentition categories &lso
tested for normalityAppendix EFigureE.3). As expected, categories A and C were skewed:
A towards the left and younger ages, while C was skewed towards oldanggs.rHowever,
category B was normally distributed. When the sample was subdivided per sex, males showed
a normal distributioronly for category B, while females were normally distributed across alll
three groups (A, B, C).

4.2.1.2 External distances

Kernel density plots of the six external distances are displayagpendix EFigure
E.4. Within the entire pooled sample, the length of the mandibular bodygémiergth) and
the three alveolar heights (m_h, a_h, p_h) showednoomal distributions. Only the two

external distances performed on the ramus (ra_b, ra_h) were following normal distributions.
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The length of the body (rrgo_length) was normally distributed afi subsamplesAppendix

E FigureE.4): in maks and females; in African and European individuals (AA, EA); in the
four sex/ancestral subgroups (MAA, MEA, FAA, FEA); and in the three dentition categories
(A, B, C) (Appendix EFigureE.5). Alveolar heights (m_h, a_h, p_h), however, showed non
normal distributions in both sexes, both ancestries, and in three sex/ancestral subgroups (MAA,
MEA, FEA). Ramus breadths (ra_b) anddas (ra_h) were roughly normally distributed in

the entire sample and all subgroups except AA. When divided into the three dentition
categoriesAppendix EFigureE.5 andrigureE.6), all external éstances were found to follow

a normal distribution in A, while it was more diverse in B and C.

4.2.1.3.Cortical thickness

Most ofthe corticathickness measurements (9 of 13) showedmamal distributions
in the entire sampleAppendix EFigureE.7). When divided into subsamples, almost all the
CtTh recorded on females were normally distributed, while this was the case in only five males
(from the posterior or ramus sections only). A iampattern was observed in ancestry
separated samples: the CtTh from the midline and anterior sections were not found to follow a
normal distribution. The shapes of distribution of the cortical thicknesses were approximately
normal in three sex/ancestealbgroups (MEA, FAA, FEA), but not in MAA. When the sample
was divided into the three dentition categorigépendix EFigureE.8 andrigure E.9), most
of the CtTh from the midline and anterior sens were not normally distributedormality

was more frequent posteriorly and on the ramus.

4.2.1.4 Histomorphometric parameters

None of the cortical densities (BV/TV) measured was found to follow a normal
distribution in the entire sample, in the taexseparated groups (M, F), in the two anastr
groups (AA, EA), in the sdancestral groups (FAA, FEA, MAA, MEA) or even in the
subsampledefined with the three dentition categories &ppendix EFigureE.10andFigure
E.11).
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CHAPTER 4 RESULTS: MICROGCT ANALYSIS OF THE MANDIBLE

4.2.2. Homogeneity of variances

Homoscedasticity/heteroscedasticity wmasessedn all the measurements taken on the
full mandibular sample between sex, ancestry, sex/ancasthpetween dentition groups.
Homogeneity of/ariances was detected between sexes for all the external distances except for
the mandibular body length and ramus height. However, between ancestries, sex/ancestral
groups and dentition categories, the body lengthdmdength), ramus breadth and height
showed equal variances, while the alveolar heights (m_h, a_h, p_h) di@heotortical
thicknesseslid notpresentsuch constant patterns. At the midline, equal variances were only
detected between ancestries, but not between sexes, sex/arstdsteaples or dentition
groups, while in the anterior section, homoscedasticity was found between sexes and dentition
categories only. The posterior section showed equal variances between sex, ancestry and
sex/ancesyr, but not between dentition categories. Rindhe cortical thicknesses recorded at
the ramus (on the height and breadth) had equal variances between sexy,aacdstr
sex/ancestral groups well abetween dentition classédomoscedasticity was also tested on
the histomorphometric parameteradawas detected between sexes in four sites only
(m_ba_BVTV, a_buc_BVTV, a_ling BTV and rah_ling_BVTV). All the other cortical
densities were not found to have equal variances between ancestries, sex/ancestral groups and

between dentition categories.

4.2.3. Conclusion

In conclusion, even if the sizes of the entire sample (N total = 333) and certain
subdivided samples were large enough (more than 30 individuals in each of the following
groups: M, F, AA, EA, MAA, MEA, FAA, FEA) to assume and tend to normsiritiutions
for the external distances and cortical thicknesses, asasotite dentition categories were
added, the sample sizes were considered too small to approximate normality (e.g., five males

of European Ancestry in Eichner categoryifAgeeAppendix EFigureE.9.

To keep a consistent methodaofalysis for all the variables (external distances, cortical
thicknesses, histomorphometric parameters) and because of the absence of normality and
homoscedasticity in most of tlsebsamplesnonparametric statistical tests were selected for

the subsequémnalyses
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CHAPTER 4 RESULTS: MICROGCT ANALYSIS OF THE MANDIBLE

4.3. External distances

4.3.1. Basic descriptive statistics

Means, standard deviations and ranges (mininiumaximum) calculated for the
mandibular body length (mgo_length), alveolar heights (m_h, a_h, p_h), ramus heights and
breadths ardetailed inTable4.1 andTable4.2.

As seen inTable 4.1, the lowest mean mandibular body len@the-go_length and
lowest minimal valugwere found in females (meanSD = 81.00 £ 4.79 mm, range: 70.67
97.97 mm) or in individuals from Europeancesty (mean +SD = 81.42 + 4.91 mm, range:
70.671 95.55 mm).The FEA subgroupspecifically,showed the lowest medwody length
followed by FAA, MEA and MAA.

The mean alveolar heights were higher at the midline for all subgroups as well as for
the poded group (mean 5D = 29.12 + 6.82 mm}han at the posterior location for all
subgroups and entire sample (mea8x= 23.85 + 5.77 mm). Between sexes, lowean
values ofmidline (m_h) and posterior (p_h) heightsre recorded in females than in males,
but not forthe anterior heigh( . All three alveolar heights were higher in the sdbsample
than in the EAsubsampleThe mininum values were particularly low in EA (e.g., AA range:
17.787 45.78 mm vs. EA range: 5.5239.51 mm) showing the degreaf resorption in some
of the European ancestry individudls the sex/ancestral subgroups, the mean alveolar heights
of the midline (m_h), anterior (a_h) and posterior sections (p_h) were higher in MAA and FAA
than in MEA and FEA especially: MAA > FAA > BA > FEA. However, high minimum
values of m_h, a h and p_h were found for FAA (18.51 mm, 20.88 mm, 15.41 mm,
respectivelylcomparedo the other subgroups, and more particuladynparedo FEA (5.52
mm, 6.35 mm, 6.66 mm) and MEA (8.60 mm, 8.10 mm, 7.04.nfimese findings might be
related to the difference in edentulism duration of the EA subgroups as compared to the other

groups. This aspect will be addressed in later sections.

As expected, ramus breadths were alwayservedo be smaller than ramus heights in
the entire samples well as in all the subgroups. When comparing sex groups, mean ramus
breadths were founi begreater in males than in females (M mea®= 31.33 + 4.10 mm
vs. F mean SD= 34.65 + 4.58 mm), buhe lowest minimm values were detected in males
(M range: 21.26 50.72 mm vs. F range: 22.9341.47 mm). Furthermore, AA individuals

alsoshowedhigher mean values than in the EA subgroup. Following the same pattern noticed
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for the alveolar heights ithe sex/ancestral subgroups, the ramus breadths presented the largest
mean ra_b in MAA and the lowest in FEA. On the other hand, the ramus heights showed a
different pattern. Indeed, even if the mean heights were also smaller in females than in males
(F man £SD=43.05 = 4.29 mm vs. M meanSD = 49.03 + 5.18 mm), lower mean values
were detected in the AA subgroup than in EA (AA me&DE 45.96 + 5.20 mm vs. EA mean

+ SD = 49.32 £ 5.74 mm). In the sex/ancestral subgroups, the ramus heightsighenen

MEA and MAA, than in FEA and FAA particularly.

Basic descriptive statistics were also calculated in each of the three main dentition
categories defined with the Eichner Indébalfle 4.2). The mandibular body length (me
go_length), the three alveolar heights (m_h, a_h, p_h) and the ramus breadth (ra_b) showed
lower mean values in the category C (i.e., edentulous mandibles) than in B and particularly A,
in which the vales were always the greatest. In addition, particularly low mummalues
were recorded in the C category (e.g., m_h range in C:154827 mm vs. m_h range in A:
22.717 45.70 mm). Furthermoréke the entire sample and the previeubsamplebased on
demographics (sex, ancestry, sgcestry), the posterior sectimomparedo the midline and
anterior sections, consistently displayed the lowest mean alveolar heightgroups On the
other hand, values recorded on the ramus height were relativalgr in all three dentition

categories.
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Table4.1. Descriptivestatistics of the external distances (mm) measured on4@itrecans of mandibles in the entire sample and then separated per sex (F,

M), per ancestry (AA, EA) and per sex/ancestral gsdtpA, FEA, MAA, MEA).

Sex Ancestry Sex/ancestry
Total F M AA EA FAA FEA MAA MEA
n=333 n=102 n=231 n=208 n=125 n=>56 n=46 n=152 n=79

me-go_length

min — max 70.67 —101.64 70.67 — 9797 72.80-101.64 72.68 —101.64 70.67 —9555 72.68 —9797 70.67 —87.06 73.39-101.64 72.80—95.55

mean = SD 8468+ 6.00 8100+ 479 8631+ 567 8665+ 575 8142+ 491 8257+ 482 7909+ 405 8817+ 531 8278+ 487
m_h

min — max 5.52-45.70 552 —4475 8.60-4570 17.78 — 4570 5.52 - 3951 1851 — 4475 552 -3292 17.79-4570  8.60 —39.51

mean = SD 2912+ 682 2693+ 7.08 30.09%x 649 3199+ 485 2435x 697 30,66 = 415 2239+ 729 3248x 501 2549 6.56
ah

min — max 6.35 - 4234 6.35 —40.53 8.10-4234 1383 —4234 635 —39.17 2088 —40.53 635 -33.14 13.83-4234 8.10-39.17

mean = SD 2870 653 2645+ 6.76 22.69=% 6.18 3118+ 454 2457+ 723 2964+ 356 2257« 768 31.74x 474 2574+ 6.73
p_h

min — max 6.66 — 34.15 6.66 —31.73  7.04-3415 1482 -3415 6.66 —3415 1541 —-31.73 666 —29.73 1482 -34.15 7.04-3415

mean = SD 2385+ 577 2204+ 6.12 2465+ 542 2584+ 394 2054% 674 2461 = 347 1891« 715 2630 401 2149+ 634
ra b

min — max 2126 - 50.72 2293 —41.47 21.26-50.72 2413 -50.72 21.26 -40.74 2413 — 4147 2293 -3394 28.66-50.72 21.26 —40.74

mean + SD 3364+ 469 3133+ 410 3465+ 458 3588+ 389 2986+ 331 3386+ 328 2818+ 255 36.63+ 384 3086+ 332
ra_h

min — max 3500 -61.49 3500 —53.84 35.16-61.49 3500 -5728 3516-6149 3500 -5031 3870 -5384 36.56-5728 35.16-061.50

mean = SD 4721« 564 4305+ 429 4903 518 4596+ 520 4932x 574 4138+ 372 4513+ 406 4764 462 5170 517
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Table4.2. Descriptive statistics of the external distances (mm) measured on@licsoans of
mandibles separated per dentition categacgording to the Eichner Ind¢kl A, B, C: from full
dentition to edentuloys

EI A EI B EIC
n=112 n=97 n=124

me-go_length

min — max 7339 —101.64 72.68 — 9689  70.67 —100.13

mean+SD  86.79+ 6.13 8410+ 535 8323+ 587
m_h

min — max 2271 — 4570 2500 — 4348 552 —44.27

mean+SD 3316+ 449 3105+ 371 2396+ 722
a_h

min — max 2537 — 4234 2286 —41.64 635 —3794

mean+SD 3258+ 3.68 30.69+ 337 2362+ 7.15
p_h

min — max 2090 —34.15 1345 - 3415  6.66 —30.61

mean+SD 2777+ 293 2529+ 339 19.18+ 594
ra b

min — max 26.09 — 50,72 2293 —48.80 21.26 —44.13

mean = SD 36.05+ 419 3338+ 403 31.69+ 4.65
ra_h

min — max 3572 — 6149 35.16 — 5930  35.00 — 60.59

mean+SD 4708+ 548 47.14+ 578 4739+ 5.70
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4.3.2. Influence of sex or/and ancestry

4.3.2.1.Sex

Using nonparametric MarWhitney Wilcoxon tests, all external distances {me
go_length, m_h, a_h, p_h, ra_b and ra_h) were foohe statistically significantly different
between sexesvith p-values < 0.001although some overlap was notic@eigure 4.2).

Measurements recorded on males were alwargel tharthoseobtainedn females.
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Figure4.2. Boxplots of external distances (mm) per sex (F: light blue; M: dark dhge3$. depict
outliers.Significance*** p < 0.001.
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CHAPTER 4. RESULTS: MICRE&T ANALYSIS OF THE MANDIBLE

4.3.2.2.Ancestry

As in the sexseparated samples, Malivhitney Wilcoxon tests performed on all
external distances indicated significant differences between ancestrigswaifilnes <0.001
(Figure 4.3). South Africans from Africarancesty (AA) were found to have significantly
larger distances (rpgo_length, m_h, a_h, p_h, ra_b) than South African individuals from

Europearancesty (EA), except foithe ramus height, significantly greaterEA.

Figure4.3. Boxplots of external distances (mm) per ancestry (AA: light green; EA: dark giass).
depict outliersSignificance*** p< 0.001.
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