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The mandible plays a crucial role in many biological functions (especially mastication, 

swallowing and speech) and its efficiency to perform these functions depends on its intactness. 

Aging and tooth loss are biological processes that may compromise the normal functioning of 

the mandible by changing its morphology. While many studies address the macroscopic 

mandibular variations, there is a paucity regarding its microstructure. 

The aim was to investigate microstructural mandibular changes, with reference to the 

macrostructure, with advancing age and across various tooth loss patterns in South Africans. 

As the reasons why individuals are differently affected (extent, rate) by senescence or tooth 

loss are unclear, the influence of other biological factors (sex, ancestry) was also considered. 

Using micro-focus X-ray computed tomography (micro-CT) scans of 333 mandibles, external 

dimensions, and inner parameters, namely the cortical thickness (CtTh) and cortical density 

(approximated by histomorphometric parameters, BV/TV) were measured. To assess whether 

the mandible ages in the same way and rate as the rest of the skeleton, a comparison of 
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mandibular and femoral cortical BV/TV, using a micro-CT subsample of 68 individuals, was 

included. 

A comprehensive assessment of the mandibular morphology and cortical 

microstructure of fully dentate individuals highlighted 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 absent for BV/TV. Sexual dimorphism and 

ancestral variations were confirmed for the external distances and CtTh, but not for BV/TV. 

With tooth loss, a general decrease in external distances (aggravated by edentulism), CtTh and 

BV/TV was observed, except at the midline where the lingual CtTh increased with edentulism. 

Sexual dimorphism and ancestral variations of the external dimensions and CtTh were 

emphasised in edentulous mandibles. The cortical density decreased with aging, corroborating 

the general decline in bone mass of the skeleton, as noted in the femur. By contrasting the 

effects of tooth loss and aging, it was concluded that both external distances and CtTh were 

mainly influenced by tooth loss and not age, whereas the cortical bone density displayed an 

age-related decrease independent of tooth loss. 

To ascertain the applicability of the findings in a dental setting, where cone-beam 

computed tomography (CBCT) is commonly used, measurements were performed on 24 

mandibles scanned by both CBCT and micro-CT (considered as the reference). The accuracy 

and repeatability of CBCT was confirmed for large-scale measurements, and CtTh in a lesser 

manner, whereas results were uncertain for BV/TV, revealing a distinct lack of reliability. 

In conclusion, this thesis inferred the precise role of aging and tooth loss, but also sex 

and ancestry, on the variations of the mandibular macro- and microstructure. Not only does 

knowledge and understanding of these changes have implications in dentistry fields, as cortical 

thickness and density are essential for many dental procedures; but also in biological 

anthropology, in which the microstructure of extant human mandibles gives valuable insights 

into intra- and interspecific variations (e.g., sexual dimorphism), or functional considerations 

(mastication, diet) of archaeological/fossil specimens. 
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Chapter 1. Introduction 

 

 

 

The mandible participates in several essential biological functions of the human body, 

such as mastication, swallowing/deglutition, and speech. The “normal” functioning and 

efficiency of these physiological processes of utmost importance are highly dependent on the 

condition and “fitness” of the lower jaw (Posnick, 2014; Laguna et al., 2017). 

The loss of teeth is for example one of the principal causes of ineffective mastication 

(Fontijn-Tekamp et al., 2000; Ikebe et al., 2012; Scheid and Weiss, 2012; Bourdiol et al., 

2020), as even intermediate degrees of tooth loss may have substantial consequences and often 

prompts considerable morphological changes to the mandible (Kingsmill, 1999; White et al., 

2012). Tooth loss and more particularly edentulism are on the rise in many developing 

countries (Kailembo et al., 2017; Al-Rafee, 2020). In recent years, middle- and low-income 

countries have been particularly affected by oral diseases, such as dental caries and periodontal 

diseases, which are generally considered to be the principal causes of tooth loss (either 

naturally or by extraction) (Watt et al., 2015; Al-Rafee, 2020). In South Africa for example, 

the number of cases of dental caries and periodontal disease continues to increase yearly, albeit 

that they already are the most prevalent oral disease of the country (Bhayat and Chikte, 2019). 

The mandible is known to have a continuing “growth” throughout adult life, which is 

considered as a normal maturational process by many authors (Bishara et al., 1994; Akgül and 

Toygar, 2002; Albert et al., 2007; Pessa et al., 2008; Oettlé et al., 2016). However, advancing 

age, even if often associated with tooth loss, is a confounding factor on its own and can 

independently cause many impairments in the ability to masticate or speak and articulate, 

notably because of age-related decreases in muscle and bone mass and the emergence of age-

related pathologies (Newton et al., 1993; Peyron et al., 2004; Ikebe et al., 2012; Laguna et al., 

2017; Park et al., 2017). Due to the general aging of the world population, the number of 

patients affected by these age-related conditions is 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 tooth loss on the mandible and its cortical microstructure are 

important and have implications in clinical fields, such as dentistry. For example, information 
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on the thickness and density of the cortical bone and their distributions within the mandible is 

crucial for common dentistry procedures like tooth extraction (Humphries, 2007), or for more 

complicated procedures, such as oral and maxillofacial surgeries, orthodontic treatments, and 

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 mandible is a robust and particularly 

resistant bone with high rates of preservation and recovery (Standring, 2009; White et al., 2012; 

Stodder, 2019), leading to a large number of mandibles found worldwide in archaeological and 

fossil records. A few fossil specimens affected by tooth loss or even edentulism have also been 

recovered (Russell et al., 2013). In the literature, the archaeological/fossil specimens are 

usually compared to recent nonhuman and/or human primate samples to give 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 years, virtual exploration of cranial and mandibular structures has been 

employed extensively for anatomical and anthropological purposes. With the development of 

imaging technologies, from X-ray Computed Tomography (CT) to more advanced scanning 

modalities, such as Cone-Beam Computed Tomography (CBCT) or micro-focus X-ray 

Computed Tomography (micro-CT), researchers are now able to answer many more questions 

on bone and particularly on the quantification of its microstructure in a non-invasive and non-

destructive way. While many studies exist on the external morphology and shape of the human 

mandible, its microstructure itself has not really garnered much attention, even if changes in 

the osseous external morphology are related to bone resorption events implying microstructural 

changes of the bone as well (Dechow et al., 2010; Chrcanovic et al., 2011; Swasty et 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 bone. Moreover, the methodology often employed for 

microstructural bone analysis (both for trabecular and cortical bone) is usually based on small 

bone biopsies (González-García and Monje, 2013a, 2013b; Van Dessel et al., 2013; 

Panmekiate et al., 2015; Parsa et al., 2015; Van Dessel et al., 2017; Suttapreyasri et al., 2018), 

which are not always able to capture 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 for clinical 
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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 doses (Danforth et al., 2003; Scarfe et 

al., 2006; Cotton et al., 2007; Scarfe and Farman, 2008; Dawood et al., 2009; Benavides et al., 

2012; Rios et al., 2017). The accuracy and reproducibility of CBCT-based measurements have 

been confirmed when compared to traditional digital caliper measurements (Lascala et al., 

2004; Loubele et al., 2007; Ludlow et al., 2007; Kamburoglu et al., 2011; Barreto et al., 2020) 

and CT (Kobayashi et al., 2004; Hilgers et al., 2005; Loubele et 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 or on the model (Liang et al., 2010a; Parsa 

et al., 2013; Pauwels et al., 2015; Stimmelmayr et al., 2017; Jacobs et al., 2018; Gaêta-Araujo 

et al., 2020). Furthermore, CBCT is usually characterised by a limited spatial resolution and 

artefact issues, which may hinder the analysis of the bone microstructure, especially in the case 

of small-scale measurements or parameters (Scarfe and Farman, 2008; Liang et al., 2010a, 

2010b; Maret et al., 2012, 2014; Forst et al., 2014; Rios et al., 2017). Micro-CT, on the other 

hand, even if developed initially for industry, is now acknowledged as the reference imaging 

method for dental and bone research. For instance, contrary to CBCT, micro-CT was found to 

be very reliable across models and manufacturers (Olejniczak et al., 2007). However, micro-

CT is limited to ex-vivo research due to high radiation exposure, and cannot be directly used 

on living individuals (Burghardt et al., 2011; Andronowski et al., 2018). 

In addition to the methodological issues highlighted above, several important 

limitations often encountered are directly associated to the samples studied and their 

composition. Many studies, both for the evaluation of the external and internal morphology of 

the mandible, are for instance limited 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 encountered in several studies of the mandible is the fact 

that the dentition status of the individuals is not always comprehensively evaluated, or not even 

considered and just ignored. This may result in discrepancies and contradictions between 

findings from different studies. For instance, for studies on the mandible, some authors do not 

even indicate the general presence/absence of teeth (Bartlett et al., 1992; İlgüy et al., 2014; 

Ishwarkumar et al., 2017; Motawei et al., 2020), while others will at least detail if the sample 

is only composed of dentate individuals and exclude individuals with tooth loss (Fukase and 

Suwa, 2008; Shaw et al., 2010, 2012; Swasty et al., 2011; Cassetta et al., 2013), or do the 
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opposite and only include edentulous individuals (Schwartz-Dabney 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 account the number of teeth, which was found to be not enough to 

reflect on the multiple possible patterns of tooth loss and their consequences (Oettlé et al., 

2009a). The precise distribution of the remaining teeth, as well as the occlusion patterns 

between maxillary and mandibular teeth, are of great importance (Oettlé et al., 2009a; Mays, 

2013, 2015a; Oettlé et al., 2016; Parr et 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 changes related to 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 do for a bone like the mandible. For instance, some studies 

will consider tooth loss only, without any available details on age (Cawood and Howell, 1988; 

Chrcanovic et al., 2011), while others will outline the composition of their sample but omit age 

in the analyses or in the interpretations (Kingsmill and Boyde, 1998; Raustia et al., 1998; 

Merrot et al., 2005; Joo et al., 2013). Furthermore, in articles supposed to focus on the aging 

process, some researchers based their analyses over a restricted time interval and therefore not 

covering the entire lifespan of the individuals (Bartlett et al., 1992; Schwartz-Dabney and 

Dechow, 2003; e.g., Dutra et al., 2004; Deguchi et al., 2006; Swasty et al., 2009; Leversha et 

al., 2016; Ishwarkumar et al., 2017). Compared to studies with comprehensive age 

distributions (e.g., von Wowern and Stoltze, 1980; Kingsmill and Boyde, 1998; Shaw et al., 

2010; Oettlé et al., 2016; Parr et al., 2017), inconsistencies and contradicting results might 

appear, both for the mandibular external morphology and the inner structure. 

The reasons why some individuals are affected to a greater or lesser degree and at 

differing rates by tooth loss and/or advancing age are still not clear (Carlsson, 2004). Beyond 

the dentition status and the age of the individuals, other biological factors, such as sex and 

ancestry, are essential to consider and thus include all the variations encountered. Indeed, like 

the rest of the skeleton, the mandible is highly influenced by demographic factors (Albert et 

al., 2007; Swasty et 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 studied, most 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. 

 

 

 

The main aim of this study is to investigate, assess, and evaluate in detail, within a 

South African population, macrostructural and microstructural changes in the mandible with 

advancing age and across various patterns of tooth loss. Using high-resolution micro-CT scans, 

the study employs a unique methodology combining external dimensions with inner distances 

and 3D parameters, in order to provide a better understanding of the cortical bone 

microstructure in the mandible. This research focused particularly on the cortical bone with the 

analysis of its thickness and density, as these parameters reflect two fundamental bone 

properties, namely the cortical thickness and cortical bone density. Cortical thickness informs 

on the bone quality (via its geometry and distribution), while the bone density gives an 

indication of the bone quantity (i.e., the bone mass) (Agarwal, 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 the skeleton, the cortical microstructure of the mandible is compared 

to that of the femur. Used as a proxy for the rest of the skeleton, this gives additional 

information as to whether mandibular bone loss and changes in morphology are associated 

purely with tooth loss, or whether it is also associated with a generalised age-related tendency 

of bone loss in the skeleton. 

As CBCT is the most widely used scanning technique in dentistry (and not micro-CT 

for safety reasons), another aim of the project is to compare the findings between modalities 

and confirm the feasibility and applicability, or not, of the micro-CT-based measurements in 

CBCT. While micro-CT is acknowledged as the gold standard modality for dental and bone 

microstructural research, the accuracy and reliability of CBCT is still questioned regarding 

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

• To select a relevant sample (mandibles and corresponding maxillae from South African 

skeletal collections), depicting a wide range of tooth loss patterns – from completely 

dentate mandibles (category A) to edentulous mandibles (category C), using the Eichner 

Index. This tooth loss scoring 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. 

• To constitute a large micro-CT scan database by imaging the selected mandibles, from 

which a reproducible data collection protocol is established in order to collect external 

measurements, cortical thicknesses and cortical densities: 

• To describe and quantify the changes of the external mandibular morphology in 

various patterns of tooth loss, with advancing age, sex, and ancestry. 

• To describe and quantify the changes in mandibular cortical thickness in various 

patterns of tooth loss, with advancing age, sex, and ancestry. 

• To describe and quantify the changes in mandibular cortical bone density (using 

histomorphometric parameters) in various patterns of tooth loss, with advancing 

age, sex, and ancestry. 

• To discuss these findings to enable reflection of the effects of tooth loss and aging 

on the mandibular macro- and microstructure within a South African population. 

• To constitute a dataset of micro-CT-scanned femora from individuals of which 

mandibles have already been scanned (Eichner categories A and B only – no extreme 

tooth loss or edentulous to avoid any tooth loss-related bias): 

• To describe and quantify the changes in cortical density at the level of the femoral 

neck with advancing age, sex, and ancestry, and compare them with the changes 

noted in the mandibles of the same individuals. 

• To reflect on the age-related tendency of bone loss in the femur and to consider 

its relationship with tooth loss in the mandible by integrating these findings. 

• To constitute a subsample of mandibles scanned by both micro-CT and CBCT: 

• To assess the accuracy and repeatability of the CBCT modality in measuring 

external distances, cortical thickness, and density by comparing CBCT-based and 

micro-CT-based measurements performed on the same skeletonised mandibles, 

using micro-CT as the reference. 
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This PhD thesis consists of eight chapters with, first, a general introduction in Chapter 

1, followed by Chapter 2, a comprehensive review of the literature available on the mandible, 

its biological functions, its known macro- and microstructure, as well as some technical aspects 

on the 3D imaging modalities used. This chapter also highlights the knowledge 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 obtained. Chapter 3 presents the material selected, 

and the methodology designed to address the objectives, while Chapters 4 to 6 detail all the 

results obtained. These results are first presented for the mandible in Chapter 4, followed by 

results of the comparative study on the mandibular and the femoral microstructure in Chapter 

5, and thirdly, results of the comparison between scanning modalities in Chapter 6. Finally, the 

integration of all these results, their interpretation and their discussion with the literature are 

done in Chapter 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. Lastly, Chapter 8 concludes the thesis. 

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 8 

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 microstructure are considered in [2.1]. 

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 macro- and 

microstructure are discussed in [2.3], [2.4] and [2.5], along with the influence of non-

mechanical factors, such as sex and ancestry. Indeed, the mandible, like the rest of the skeleton, 

is highly impacted by these systemic factors and their complex relationships (Swasty et al., 

2009; Ruff, 2019). 

 

 

 

A brief overview of the biological functions of the mandible is first given, followed by 

a description of its external morphology, which is important to consider as a reference to where 

assessments of morphological changes are made to 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. 

 

 

 

The mandible is highly involved in various essential physiological and functional 

processes of the human body, such as mastication and swallowing, but also speech. As detailed 

later in the Chapter (see section [2.1.2]), several muscles (and associated ligaments, tendons, 

nerves) have attachments on the mandible, assuring its mobility, and thus its different 

movements. Their coordinated actions ensure specific sequences of mechanisms, leading to 

effective masticating, swallowing or speaking abilities (Posnick, 2014; Lucas, 2016; Laguna 

et al., 2017). 

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

via movements of the mandible, i.e., depression and protrusion followed by elevation and 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 2. LITERATURE REVIEW 

 9 

retraction, allowing the ingestion of food (Lucas, 2016). Mastication is then initiated with a 

succession of chewing cycles processing food into smaller-sized particles that are 

blended/mixed with saliva until forming a cohesive bolus, easy to swallow and digest (Lucas, 

2016; Laguna et al., 2017; Laird et al., 2020). Each chewing cycle is defined by the opening 

and closing of the mouth, interrupted by lateral 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 compromised, the entire masticatory capability is compromised and 

becomes less efficient (Posnick, 2014; Laguna et al., 2017). For example, one of the principal 

causes of ineffective mastication is the loss of teeth (Fontijn-Tekamp et al., 2000; Ikebe et al., 

2012; Scheid and Weiss, 2012). Indeed, teeth, by their number, occlusion patterns and location 

in the jaw, have a central role as soon as the masticatory process begins (Fontijn-Tekamp et 

al., 2000; Herring, 2007; Nakatsuka et al., 2010; Lepley et al., 2011; Ikebe et al., 2012; 

Posnick, 2014). Teeth are a unique “tool” in the mouth having the capability of efficiently 

breaking the food in swallowable reduced-sized particles (Posnick, 2014; Lucas, 2016; Laguna 

et al., 2017). Attached to the mandible, the tongue also has a significant role during mastication, 

notably by mechanically manipulating the food, pushing and transporting it towards the 

swallowing step (Posnick, 2014; Lucas, 2016; Laguna et al., 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 edentulism (Bucca et al., 2006). Indeed, as teeth are lost, 

the tongue starts to fill the empty space previously occupied by the missing teeth and  becomes 

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 genioglossus (Morelli et al., 2011), with the accompanying elongation of 

the mental spines where it attaches (Jindal et al., 2015). 

Elderly individuals, apart from being more prone to tooth loss, are also more subjected 

to other age-related impairments of mastication, including a decline in saliva secretion, in 

tongue motor skills or even a decrease in bite force, which are not only linked to the general 

progressive age-related reduction in muscle mass, but additionally linked to the emergence of 

other age-related pathologies (such as osteoarthritis at the temporomandibular joints) (Newton 

et al., 1993; Peyron et al., 2004; Ikebe et al., 2012; Laguna et al., 2017; Park et 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 

phase (Daegling, 2012; Posnick, 2014). Indeed, the articulation process involves synchronised 

movements of the upper and lower jaws, tongue, and lips, in order 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 other’s movements and positions, and if one of the 

components (such as the mandible) is unusually located or shifted forward (due for example to 

a variation in shape), the articulation can be affected (Posnick, 2014). 

 

 

2.1.2.1. Mandibular bone 

 

The adult human skull, usually comprising 28 bones, can be subdivided into two 

principal parts: the cranium – with 27 of these 28 bones – and the mandible, the only mobile 

bone of the entire skull (e.g., White and Folkens, 2005; Standring, 2009; White et al., 2012). 

The mandible, with its primary function of mastication, is the most inferior, largest, and 

strongest bone in the face. It consists of three elements (illustrated in Figure 2.1): the body (or 

corpus) which is horizontal U- or V-shaped, particularly dense and solid; and the two ascending 

paired rami on both left and right sides, considerably thinner than the body, each bearing 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 mobility to the 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 alveoli and their associated teeth (see Figure 2.1). 

On the ramus, the superior border, often named the mandibular notch, separates the coronoid 

process from the condyle. On the other 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. 
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Figure 2.1. Bony features of an adult mandible (3D model reconstructed from a micro-CT 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), on which many specific bony features can 

be observed. First, on the external surface (Figure 2.1 A), the following characteristics are 

evident: (i) the mandibular symphysis (or midline), 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, 

located at 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 the anterior border of the 

ramus and running on the external surface of the body under the molar regions. Then, as 

illustrated in Figure 2.1 B, the following bony features are observed 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 region, 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 through the 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 projection, the 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 biting, chewing) and ensure 

the mobility of the mandible, four pairs of primary muscles of mastication have insertions on 

the mandible (illustrated in orange, Figure 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 the mouth): the masseter and medial 

pterygoid muscles particularly, but also the temporalis; while the lateral pterygoid muscle 
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keeps the temporomandibular joint immobile and stable with its superior head. The lateral 

pterygoid muscle is also a depressor (i.e., moving the mandible away from the maxilla, opening 

the mouth) via its inferior head, and is assisted by suprahyoid and infrahyoid muscles, such as 

the digastric muscle. Other movements are possible: protrusion (i.e., moving the mandible 

towards the anterior, 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 (by the asynchronous contraction of the masseteric and medial 

pterygoid muscles). 

 

 
Figure 2.2. Muscle attachments on an adult mandible in buccal [A] and lingual views [B] (3D model 

reconstructed from a micro-CT scan). Insertions of the primary muscles of mastication 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 below (Standring, 

2009; White et al., 2012; Netter, 2014): (i) the temporalis, 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) the masseter, 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 the attachments are 

specifically strong and the tuberosities project laterally, the gonial angle is described as 

“everted”. Still on the external surface of the ramus, but superiorly to the masseteric tuberosity, 

the attachment of the masseter causes a deepened mark, the masseteric 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, attaching 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 muscles (Standring, 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 muscles and 

extrinsic muscles of the tongue. Muscles of facial expression (in red, Figure 2.2 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 incisive fossa of the mandible, and protruding the lips; 

(iii) 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 muscles (in blue, Figure 2.2 B), located on the floor of the oral cavity, elevate the 

tongue and the hyoid bone, while depressing the mandible, and comprise: (i) the mylohyoid 

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 prompting the protrusion of the mental 

spines. Finally, the extrinsic muscles of the tongue (in green, Figure 2.2 B) include four 

different muscles altering the position of the tongue, but only one attaches to the mandible 

itself: the genioglossus, inserting on the mental spines. 

 

 

 

Despite the great variability in external shape (long, flat, irregular, etc.), the 

organisation of the inner structure of bones, in general, 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 stored (Standring, 2009; White et al., 2012). The 

microstructural organisation of the mandible is not different from the other bones, as illustrated 

in Figure 2.3. The border between trabecular and cortical bone is delineated by the endosteum, 

the internal surface of the cortical bone; while on the external surface, the cortical bone is 

coated by a thin, highly vascularised tissue, the periosteum membrane, nourishing the bone 

itself during life. 

 

 
Figure 2.3. Micro-CT cross-sections of the corpus of 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 from each other in their physical organisation. Even if they both 

have a lamellar-type structure, the cortical bone is considerably less porous than the trabecular 

bone and so dense that it even needs a specific system – called Haversian system – to 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 crucial role in maintaining bone 

homoeostasis, notably by inducting a remodelling process through mechanotransduction 

(transmission of signals) (Frost, 2004; Pearson and Lieberman, 2004; Martin et al., 2015; 

Andronowski, 2016). 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 osteoblasts, intervening after 

osteoclastic activities during remodelling, will deposit new bone tissue (“packets” of bone) in 

the same area. Maintaining the equilibrium between resorption and formation is a constant 

process throughout life and control of the osteoclastic and osteoblastic activities is of 

paramount importance for bone health and integrity (Martin et al., 2015; Gocha et al., 2019). 

Indeed, the mechanical functions of bone are maintained by the remodelling process, through 

the sequential steps of resorption and replacement of non-healthy bone tissue (old, diseased, 

fractured, micro-damaged, etc.) (Parfitt et al., 1983; Parfitt, 1984; Andronowski, 2016; Barak, 

2019). Remodelling is, however, only a microscopic process (at molecular 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; Gocha et al., 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 to non-habitual loading (Frost, 1973, 1990b; 

Barak, 2019; Gocha et 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 (or resorptive modelling) and deposition activities are now 

independent (in terms of time, location, etc.) (Pearson and Lieberman, 2004; Andronowski, 

2016; Barak, 2019; Gocha et al., 2019). Modelling is not just to maintain biomechanical 

functions as in remodelling, but also to adapt and improve the loading resistance of the bone 

in areas under high strains, for example. The concept of bone functional adaptation responding 

to an altered mechanical loading (also often referred as “Wolff’s law”, see Ruff et al., 2006) 

states that, as loading on a particular bone increases, the bone will adapt over time to become 

stronger and to have a greater resistance to this particular sort of loading (Pearson and 

Lieberman, 2004; Ruff et al., 2006; Hansson and Halldin, 2012; Andronowski, 2016; Barak, 

2019; Ruff, 2019). Thus, bone modelling cause changes in the external morphology associated 

with adaptations in the trabecular and cortical microarchitectures (Gocha et al., 2019). 

Mastication, but also speech, and more particularly the articulation phase, generate 

various biomechanical stresses inducing many strains on the maxilla and on the mandible, and 

more specifically at the insertions of the muscles involved in the movements (Kasai et al., 

1996; van Eijden, 2000; Sato et al., 2005; Herring, 2007; Daegling, 2012; Hansson and Halldin, 

2012; Posnick, 2014; Toro-Ibacache et al., 2016). The strains, different between these two 

types of activities (high-amplitude strains during mastication; vs. low-amplitude strains at 
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higher frequencies during speech), have both a strong influence on the trabecular and cortical 

microstructures (Kasai et al., 1996; van Eijden, 2000; Herring, 2007; Daegling, 2012; Hansson 

and Halldin, 2012; Toro-Ibacache et al., 2016). However, while the maxilla can transfer the 

mechanical loads to the rest of the cranium via its morphological integration, the mandible, due 

to its relative independence from the rest of the cranium, must sustain the entire force (Bastir 

and Rosas, 2005; Daegling, 2012; Toro-Ibacache et al., 2016; Roberts, 2020). The 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 other bones (van Eijden, 

2000). Von Cramon-Taubadel (2011) for example showed that the mandibular shape was 

correlated with diet, while 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 maxilla (Roberts, 2020). In other words, while the maxilla 

has generally a thin cortical bone associated with a fine network of trabeculae, the mandible 

has thick cortices interconnected by coarse strictly orientated trabeculae (Roberts, 2020). In 

addition, the mandible itself is subjected to different types of stress and loads depending on the 

region (i.e., wish-boning effects at the symphysis; bending, twisting, and shearing on the 

corpus; muscle atonement sites on the ramus), directly influencing the regional microstructure 

of the cortical and trabecular bone. 

Influence of non-biomechanical 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 theory) (Turner, 1999; Frost and Turner, 

2000), bone cells react not only to mechanical changes but also to non-mechanical changes in 

their environment (such as varying hormone levels) and adapt their activities to face these 

changes. Several authors confirmed this theory (Pearson and Lieberman, 2004; Ruff et al., 

2006; Gocha et al., 2019; Ruff, 2019) proposing that non-mechanical but systemic factors (not 

just hormones, but also genetics, sex, age, etc.) play a role in the modelling/remodelling 

process. 
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Three-dimensional (3D) imaging methods are based on the capability of X-rays to 

penetrate and propagate through an object, which will, according to its particular physical 

properties, attenuate X-rays to a greater or lesser degree (De Beer, 2018). The differences in 

attenuation of the beam going through the object are then mapped with different levels of grey 

values and are projected onto an X-ray sensitive detector system (e.g., an array, a panel…), 

generating a 2D radiographic projection of the object. The intrinsic characteristics of the panel 

detector, and particularly its pixel size, define the future resolution of the object imaged (i.e., 

small pixel sizes will give high-resolution images). The discovery and further refinement of 

this technology allowed the development of X-ray Computed Tomography (CT) imaging 

(Hounsfield, 1979), which computes altogether a large 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 

generated (Scarfe and Farman, 2008; Braga, 2016; De Beer, 2018), both characterised by their 

particular volumetric pixel (voxel) sizes. 

In this thesis, the mandibular external morphology and inner structure are explored in 

detail thanks to the use of two advanced 3D scanning modalities: cone-beam computed 

tomography (CBCT) and micro-focus X-ray computed tomography (micro-CT). These two 

imaging methods, both non-invasive and non-destructive, and their most common applications 

are detailed in the following sections. 

 

 

 

As cone-beam computed tomography (CBCT) was first developed for dental and 

maxillofacial fields, it is entirely dedicated to the imaging of the maxillofacial region (Scarfe 

et al., 2006; Scarfe and Farman, 2008; Dawood et al., 2009). Since its invention, CBCT has 

been widely adopted and employed as it provides easier, safer and faster information on 

patients compared to conventional medical CT (Danforth et al., 2003; Scarfe et al., 2006; 

Cotton et al., 2007; Scarfe and Farman, 2008; Dawood et al., 2009). CBCT is used nowadays 

in many aspects of the clinical dental practice and has a particularly 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 Vos et al., 2009; Benavides et al., 2012; Rios et 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 dentistry-associated specialities, such as (in decreasing order of 

application/use according to Rios et al. (2017)) in oral and maxillofacial surgery to locate and 

characterise the type of injuries/trauma, or to assess the presence and volume of cysts and 

tumours in oral and maxillofacial pathology (Stoetzer et al., 2013); in endodontics to evaluate 

the anatomy of the pulp chamber, pulp canals and roots (Cotton et al., 2007; Nair and Nair, 

2007; Tyndall and Rathore, 2008); in implant dentistry, where CBCT helps to assess the 

alveolar bone microstructure, the presence/absence of fenestrations and dehiscences, as well as 

the pathways of nerves and arteries canals (Benavides et al., 2012; Oettlé et al., 2015; Rios et 

al., 2017; Jacobs et al., 2018); in orthodontics to evaluate the possible malocclusion or 

impaction of teeth for instance (Hechler, 2008; De Vos et al., 2009; Lee et al., 2015); in general 

dentistry and periodontics to detect and characterise caries, periodontal lesions and bony 

aspects of periodontal disease (Tyndall and Rathore, 2008). 

However, compared to conventional CT machines, CBCT follows a peculiar procedure, 

as the X-ray source and sensors (detectors) themselves rotate around the object (i.e., the 

patient), which stays immobile (Danforth et al., 2003; Scarfe et 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 material and scanning procedure used in the thesis. 

Due to its specificities, CBCT distinguishes itself from most of the other computed 

tomography-based modalities and displays several technical advantages: lower costs, easier 

accessibility and handling, reduced imaging time, and most importantly, lower radiation doses 

with a higher resolution than in medical CT (Danforth et al., 2003; Scarfe et al., 2006; Cotton 

et al., 2007; Scarfe and Farman, 2008; Benavides et al., 2012; Rios et 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 scans (De Vos et al., 2009). Accuracy and 

reproducibility of CBCT measurements were tested and confirmed by comparing them to 

traditional digital caliper measurements performed on dry human skulls or mandibles (Lascala 

et al., 2004; Loubele et al., 2007; Ludlow et al., 2007; Kamburoglu et al., 2011; Barreto et al., 

2020); as well as comparing them to surface areas and diameters of root canals obtained via 

histologic sections of teeth (Michetti et al., 2010). CBCT measurements were also compared 

to other imaging techniques such as CT and were found to be accurate and reliable (Kobayashi 
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et al., 2004; Hilgers et al., 2005; Loubele et al., 2007), even in the case of small-scale 

measurements, like cortical thicknesses (Loubele et al., 2006; Benavides et al., 2012).  

On the other hand, one of the main concerns about CBCT imaging is the lack of 

agreement and standardisation between 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 manufacturer (Liang et al., 

2010a; Parsa et al., 2013; Pauwels et al., 2015; Stimmelmayr et al., 2017; Jacobs et al., 2018; 

Gaêta-Araujo et al., 2020). Limited spatial resolution, ranging generally between 0.08 mm and 

0.4 mm (Scarfe and Farman, 2008; Jacobs et al., 2018), is also a disadvantage when using 

CBCT, as reconstruction quality and precision of measurements on three-dimensional volumes 

are resolution-dependent. 

 

 

 

Micro-focus X-ray computed tomography (micro-CT) is a sophisticated X-ray 

technology rendering high-quality micron-level information of the interior and constitution of 

samples (Hoffman and De Beer, 2012; De Beer, 2018). Initially, micro-CT was developed for 

industry and only started to be considered and used for biological applications much later. From 

the 2000s, micro-CT became a proficient tool commonly used in animal and human studies for 

both dental and bone research (Swain and Xue, 2009; Burghardt et al., 2011). Currently, the 

applicability of micro-CT in dental and bone research has evolved to such an extent that it is 

acknowledged as the gold standard modality not only for dental analysis (Olejniczak and Grine, 

2006; Olejniczak et al., 2007; Swain and Xue, 2009; Maret, 2010; Bayle et al., 2011; Marciano 

et al., 2012; Maret et al., 2012, 2014) but also for bone microstructural assessment (Swain and 

Xue, 2009; Burghardt et al., 2011; González-García and Monje, 2013a; Kim and Henkin, 2015; 

Parsa et al., 2015; Andronowski et al., 2018; Andronowski and Cole, 2020). Indeed, contrary 

to other scanning modalities such as CBCT, where results are highly dependent on the 

manufacturers or on the models (Gaêta-Araujo et al., 2020), micro-CT was found to be very 

reliable across models and manufacturers (Olejniczak et al., 2007). Actually, Olejniczak and 

colleagues (2007) performed various types of dental measurements (surface area, volume, 

linear measurements) on scans obtained from four different micro-CT machines and obtained 

comparable, repeatable, and reliable results across all systems. 
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Micro-CT is characterised by an immobile X-ray source and detector, while a high 

number of radiographic projections are captured during the rotation of the sample (Hoffman 

and De Beer, 2012; De Beer, 2018). Furthermore, the flat panel detectors equipping the micro-

CT are of very high resolution, allowing the machine to reach much higher spatial resolution 

and lower voxel sizes than any medical counterparts (CT, CBCT, etc.). More detailed 

information follows in the Materials and Methods Chapter, in which micro-CT is discussed 

within context of the material and scanning procedure used. 

In different ways than CBCT, micro-CT 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 exposure (Burghardt et al., 2011; Hoffman and De Beer, 2012; 

Andronowski et al., 2018). In addition, micro-CT is generally limited to small ex-vivo 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 itself (Burghardt et al., 2011). Running costs as 

well as rarity of the machines might also impair and limit the access to micro-CT scanning. 

 

 

 

As detailed before, both CBCT and micro-CT allow the visualisation 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 image resolution and artefacts issues (Scarfe and 

Farman, 2008; Liang et al., 2010a, 2010b; Maret et al., 2012, 2014; Forst et al., 2014; Rios et 

al., 2017) compared to micro-CT (as seen in Figure 2.4). Indeed, small-scale measurements, 

like cortical or enamel thicknesses, might not be performed with the best accuracy and 

repeatability required (Liang et al., 2010a). As the methodology developed in this thesis might 

have implications in dentistry and associated specialities where CBCT is the preferred scanning 

modality, comparison of the two imaging techniques is of great importance to confirm the 

feasibility and applicability, or not, of the micro-CT-based measurements considered. 
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Figure 2.4. Micro-CT and CBCT cross-sections of the corpus of the same 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 using micro-CT as 

the reference. However, most of these studies were performed using dental samples only, and 

to a lesser extent using bone tissue. Indeed, comparison of CBCT to micro-CT was 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 linear distances (Olejniczak and 

Grine, 2006; Maret et al., 2010, 2012, 2014; Michetti et al., 2010; Wang et al., 2011; Galibourg 

et al., 2018; Kulczyk et al., 2019). However, when using bone samples, only one study 

(Suttapreyasri et al., 2018) was found in the literature comparing linear distances performed in 

CBCT and micro-CT. Indeed, when measuring cortical thicknesses in various regions of the 

mandible and maxilla using both modalities, Suttapreyasri and colleagues (2018) observed 

significant correlations between CBCT and micro-CT, 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.) or CT (Kobayashi et al., 2004; Hilgers et al., 

2005; Loubele et al., 2007; Ludlow et al., 2007; Barreto et al., 2020); while micro-CT is often 

compared to the various sorts of CT (conventional CT, multiplanar CT, multislice CT, 

synchrotron radiation micro-CT [SR-XCT], etc.) or dual X-ray absorptiometry (DXA) (Naitoh 

et al., 2004; Bodic et al., 2012; Humbert et al., 2016). Compiled together, these evaluations 

were rather inconclusive as CBCT compared to CT was found to be accurate and reliable even 

in the case of small-scale measurements (Kobayashi et al., 2004; Hilgers et al., 2005; Loubele 

et al., 2006, 2007; Benavides et al., 2012); while it was not always the case for CT compared 
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to micro-CT, especially in the case of small-scale measurements, like cortical thickness (Naitoh 

et al., 2004; Humbert et al., 2016). In both articles, the differences in cortical thickness between 

the modalities were hypothesised 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 micro-CT modalities. 

Traditionally, in CT, bone density was estimated 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 voxels (Benavides et al., 2012; Molteni, 2013; Campos, 2014; Cassetta et al., 

2014; Pauwels et al., 2015; Vitral et al., 2015; Rios et al., 2017; Jacobs et al., 2018). 

Researchers then started to evaluate bone density through the use of various bony structural 

parameters (Parfitt, 1988; Dempster et al., 2013), also called histomorphometric parameters 

(e.g., BV/TV: bone volume fraction) and commonly used in micro-CT or histology (Pauwels 

et al., 2015; Jacobs et al., 2018). However, the accuracy and reliability of CBCT still remain 

uncertain as no real consensus was reached yet for these parameters. For instance, Suttapreyasri 

and colleagues (2018) 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 micro-CT of 

the same sample, strong correlations were observed (Van Dessel et al., 2013, 2017; Kim et al., 

2015; Parsa et al., 2015; Tsai et al., 2020), even if these correlations were accompanied by 

significant differences between both sets of BV/TV values (Van Dessel et al., 2013, 2017; Kim 

et al., 2015). Panmekiate and colleagues (2015) also had a moderate conclusion as they 

observed correlations between BV/TV calculated from CBCT and from micro-CT, but with 

large ranges of errors and deviations. 

Furthermore, microstructural analyses by micro-CT or CBCT are often limited to bone 

biopsies (González-García and Monje, 2013a, 2013b; Van Dessel et al., 2013, 2017; 

Panmekiate et al., 2015; Parsa et al., 2015; Suttapreyasri et al., 2018) investigating the 

trabecular bone structure (Swain and Xue, 2009; Van Dessel et al., 2013, 2017; Panmekiate et 

al., 2015; Parsa et al., 2015; Andronowski and Cole, 2020; Tsai et al., 2020) and not the cortical 

bone. The cortical microstructure is perhaps not considered as being influenced by external 

factors, yet it has important implications for dentistry (Klemetti et al., 1993; De Oliveira et al., 

2012; Pauwels et al., 2015) and other relevant fields (Burghardt et al., 2011; Andronowski and 

Cole, 2020).  
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External morphological variations of the mandible are important to evaluate and 

consider to achieve a comprehensive understanding of the inner structural changes. 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), anterior (around premolars) 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 the mandible 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 influence of sex and population on 

the external morphology is presented. 

 

 

 

Tooth loss, a common pathology in humans, is considered to be one of the most 

important factors altering the morphology of the mandible during life (Kingsmill, 1999; 

Standring, 2009; White et 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 consequences. In a substantial review, Kingsmill (1999) 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 mechanical 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, the size 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 diseases, caries), 

or its direct consequences (local trauma after tooth extraction, development of an infection, 

etc.). Eventually, these three types of factors are themselves all related to non-biomechanical 

systemic factors, such as the skeletal status of each individual, 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 high-, middle- and low-income countries are all 

subjected to it (Cunha-Cruz et al., 2007; Watt et al., 2015; Shen and Listl, 2018). In the recent 

decades, middle- and low-income countries have been intensely affected by an increase in 

dental caries and in periodontal disease cases (Watt et al., 2015). In South Africa for example, 

dental caries is the most frequent oral disease among children and adults, followed by 

periodontal diseases and their prevalence continues to rise every year (Bhayat and Chikte, 

2019). The individuals’ socioeconomic statuses are also of great importance when accessing 

professional dental care (Ayo-Yusuf et al., 2013; Watt et al., 2015; Shen and Listl, 2018). As 

a result, individuals from lower socioeconomic groups generally suffer from tooth loss at an 

earlier age, leading to consequent premature mandibular morphological changes 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 groups (Cunha-Cruz et al., 

2007; Kailembo et al., 2017; Al-Rafee, 2020) and on the rise in many developing countries 

(Al-Rafee, 2020). 

Loss of teeth is accompanied by a reduction in strains in specific regions of the bone, 

and thus in the appearance of localised events of bone resorption (Pearson and Lieberman, 

2004; Bodic et al., 2005). The areas, directly impacted by tooth loss, such as 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 increase in bone stiffness (i.e., its 

biomechanical strength, its ability to resist deformation) and hence a further reduction in 

biomechanical strains, resulting in an aggravation of bone loss/resorption (Bodic et al., 2005; 

Hansson and Halldin, 2012; Mendelson and Wong, 2012). The total loss of teeth, known as 

edentulism, can lead to the most extreme changes of mandibular morphology (White 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 and resorbed (as seen in Figure 2.5) 

(Ulm et al., 1992; Kingsmill, 1999; Bodic et al., 2005; Chrcanovic et al., 2011; Hansson and 

Halldin, 2012; Dekker et al., 2018). Several vital structures, such as the mental foramen, are 

especially affected by edentulism. Indeed, as 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 surface (Standring, 2009; 

White et al., 2012). 
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Figure 2.5. 3D models reconstructed from micro-CT scans of adult mandibles in lateral, anterior, and 

superior views: with complete dentition (Eichner category A) [A], advanced tooth loss (Eichner 

category B) [B] and edentulism (Eichner category 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 year after the loss or the extraction of the tooth 

(Kingsmill, 1999; Bodic et al., 2005). Local severe atrophy is, however, not typically observed 

during the first five years (Ozan et al., 2013). In the case of total tooth loss, Raustia et al. (1998) 

showed that the duration of edentulism was associated with an increased bone resorption as 

well as with the alteration of 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 prognathism (Kloss 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 the possible effects 

of tooth loss. A first example could be the mandibular body length, which was observed by 

some authors to increase (Enlow et al., 1976; Parr et al., 2017), decrease (Raustia et al., 1998; 
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Chrcanovic et al., 2011; Hutchinson et al., 2015; Guevara Perez et al., 2019) or even remain 

the same (Merrot et al., 2005; Mays, 2013; Ozturk et 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 several masticatory muscles, such as the elevators, have the main 

part of their insertions 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 strains (Newton et 

al., 1993; Raustia et al., 1998). Coleman and Grover (2006) 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 edentulous individuals had particularly obtuse angles compared to 

dentate individuals (Enlow et al., 1976; Raustia et al., 1998; Xie and Ainamo, 2004; Merrot et 

al., 2005; Oettlé et al., 2009a; Huumonen et al., 2010; Chrcanovic et al., 2011; Joo et al., 2013; 

Oettlé, 2014; Hutchinson et al., 2015; Oettlé et al., 2016; Parr et al., 2017), and that even with 

initial tooth loss, an increased angle was noticed (Oettlé et al., 2016; Parr et 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 important factor (Oettlé et al., 2009a). A few studies, however, did not find any 

significant changes to the mandibular angle with the loss of teeth (Israel, 1973; Dutra et al., 

2004; Chole et al., 2013; Mays, 2013; Ozturk et al., 2013). 

The influence of tooth loss on the ramus itself was also extensively investigated and 

produced variable results when looking at its breadth or height: either a significant decrease in 

the ramus breadth was observed (Chrcanovic et al., 2011; Parr et al., 2017; Guevara Perez et 

al., 2019), or no change at all (Merrot et al., 2005). A similar pattern was seen for the ramus 

height: a decrease (Chrcanovic et al., 2011; Ozan et al., 2013) or no changes at all with tooth 

loss (Raustia et al., 1998; Merrot et al., 2005; Ozturk et al., 2013; Parr et al., 2017). One study 

however (Hutchinson et 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 agreement with 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, while is of great importance 
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for mastication as shown by Fontijn-Tekamp et al. (2000), who observed a severe decline in 

chewing efficiency between individuals having a high symphyseal bone height (>16 mm) and 

individuals with a low symphyseal bone height (<15 mm). Dekker et al. (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 active sites in the skeleton in 

terms of bone turnover (Bodic et al., 2005). Cawood and Howell (1988), dividing the 

mandibular body height horizontally, separately measured the alveolar and the basilar/basal 

processes, and found that the decrease in body height was only observed in the 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 midline) (Merrot et al., 2005; Mays, 2013; Ozturk et al., 2013; Parr 

et al., 2017); at the level of the mental foramen (Kingsmill and Boyde, 1998; Merrot et al., 

2005; Chrcanovic et al., 2011; Hutchinson et al., 2015); or more posteriorly in proximity of 

the molars (Raustia et al., 1998; Mays, 2017; Parr et 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 almost horizontal with a general and near 

complete resorption of all the alveoli (Kingsmill, 1999; Chrcanovic et 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, confirming that 

the molar region was generally the most affected by bone loss (Ulm et al., 1992). Lastly, in 

their review, Hansson and Halldin (2012) highlighted the fact that in general, the diminution 

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. Oettlé et 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 between maxillary and 

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, Mays (2013, 2015a) considered “units” of teeth 

comprising of a pair of opposing teeth, while Oettlé et al. (2016) constituted dentition groups 
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according to a more complete pattern of tooth loss (number, location and occlusion). Finally, 

Parr et al. (2017) used the Eichner Index (Eichner, 1990) classifying maxillae and mandibles 

according to the presence of specific occlusal pairs, considering anterior teeth (incisors and 

canines), premolars, and molars as distinct occlusal 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 

(Ikebe et al., 2005, 2012; Nakatsuka et al., 2010; Olofsson et 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 factor (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 available (Cawood and Howell, 1988; 

Chrcanovic et al., 2011), others did detail the composition of their sample, but only considered 

the dentition status as a factor, without including any age-related aspects (Kingsmill and 

Boyde, 1998; Raustia et al., 1998; Merrot et al., 2005; Joo et al., 2013). 

In conclusion, external morphological 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 age, it is difficult to discuss changes related to tooth loss without considering 

aging, a major confounding factor. 

 

 

 

Even after adulthood has been reached, some age-related changes of the facial skeleton 

are happening and are considered part of a normal maturational process of bones rather than 

growth (Bishara et al., 1994; Akgül and Toygar, 2002; Albert et al., 2007). The aging process 

of the facial skeleton has been extensively studied, mainly for plastic and reconstructive 

surgery purposes (Doual et 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 age. Several reviews (Coleman and Grover, 2006; Kloss and Gassner, 2006; Albert 

et al., 2007; Mendelson and Wong, 2012) highlighted the increasing vertical height of the facial 

skeleton with age and linked it particularly to changes in the lower region of the face. Indeed, 

the mandible was found to have a continuing “growth” throughout adult life, as observed in 
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various longitudinal studies focusing on adult individuals (Bishara et al., 1994; West and 

McNamara, 1999; Akgül and Toygar, 2002; Pessa et al., 2008). In their extensive review, 

Albert and colleagues (2007) summarised the age-related changes of the facial skeleton across 

the adult age span, starting in the 20- to 30-year-old decade with already a slight increase in 

the height of the lower facial skeleton accompanied by an increase in mandibular length. In the 

following decades, the mandibular length continued to increase while dento-alveolar regression 

was increasingly present, with possible remodelling of the alveolar bone and decrease of the 

dental arch lengths. Although Mendelson and Wong (2012) argued that this resorptive change 

occurs regardless of dental 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 and working 

conditions in general), and might influence, or even directly affect, the aging process (Albert 

et al., 2007). 

Several cross-sectional studies also observed that the external mandibular morphology 

undergoes age-related changes and assessed these changes with specific measurements. As 

seen before with the longitudinal research, the length of the mandible was often measured and 

analysed. While some researchers (West and McNamara, 1999) found an increase with age, as 

stated before, others did not find any significant length changes with age (Ozturk et al., 2013; 

İlgüy et al., 2014; Hutchinson et al., 2015; Ishwarkumar et al., 2017; Parr et al., 2017), or even 

observed a decrease (Shaw et 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 angle with aging (Shaw et al., 2010; İlgüy et 

al., 2014; Hutchinson et al., 2015; Leversha et al., 2016), an even greater number did not find 

any significant change when only considering aging (Israel, 1973; Bartlett et al., 1992; Dutra 

et al., 2004; Xie and Ainamo, 2004; Dutra et al., 2006; Oettlé et al., 2009a; Chole et al., 2013; 

Ozturk et al., 2013; Oettlé et al., 2016; Parr et al., 2017). A number of researchers also focused 

on changes in mandibular body height, mainly because of its importance for mastication 

(Fontijn-Tekamp et al., 2000). In a review, Kloss and Gassner (2006) observed that, generally, 

with age, the height of the mandibular body decreased, and that this phenomenon was more 

common in the posterior than in the anterior area of the body. Even if Bartlett et al. (1992) as 

well as Shaw and colleagues (2010) also found a decrease in body height, results are not in 

agreement since. For instance, no significant changes in mandibular body height with aging 

were found when measuring at the midline (chin) (Ozturk et al., 2013; Parr et al., 2017), or 
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when measuring posteriorly (at the level of the molars) (Mays, 2017). However, Swasty et al. 

(2009) noticed a decrease in mandibular body height, but thanks to a sample stratified in six 

age groups (from 10- to 65-year-olds), 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 40- to 49-year-old 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 

(Shaw et al., 2010; İlgüy et al., 2014), while Parr et al. (2017), measuring the maximum ramus 

breadth, found a significant increase. Analyses of the ramus height were even more 

contradicting, as several researchers (Ozturk et al., 2013; Hutchinson et al., 2015; Ishwarkumar 

et al., 2017; Parr et al., 2017) did not find any significant changes, others a decrease (Shaw et 

al., 2010; Leversha et al., 2016) or even an increase (West and McNamara, 1999; Motawei et 

al., 2020). 

All the studies reviewed so far, however, are influenced by the fact that many different 

modalities of measurements (caliper/mandibulometer, microscribe, radiographs, CT, CBCT, 

etc.) were used and that they might not be all comparable to each other. For example, when 

measuring the mandibular angle on CBCT, İlgüy and colleagues (2014) obtained different 

results than Parr et al. (2017) using a mandibulometer, or Ozturk et 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 be explained by the samples studied and their 

compositions. Indeed, some researchers claim to study the aging process, but perform age-

related analyses on samples not covering the entire lifespan, or even just a very restricted 

interval. While one study (Ishwarkumar et al., 2017) had a particularly restricted sample with 

radiographs from patients between 16 and 30 years old only, at least four other study samples 

had limited age distributions (Dutra et al., 2004; Swasty et al., 2009; Leversha et 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, respectively). Compared 

to studies such as Shaw et al. (2010), Oettlé et al. (2016) or Parr et al. (2017) having individuals 

comprehensively distributed until the tenth decade (20 to 93, 18 to 98, and 16 to 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 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 2. LITERATURE REVIEW 

 32 

was not available at all in some of the studies cited above (Bartlett et al., 1992; İlgüy et al., 

2014; Ishwarkumar et al., 2017; Motawei et al., 2020; Costa Mendes et al., 2021) causing 

uncertainties 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 them (Shaw et al., 2010). Recently, 

however, a larger number of authors studied age-related changes while integrating the dentition 

status of the individuals in their analyses (Xie and Ainamo, 2004; Chole et al., 2013; Ozturk et 

al., 2013; Hutchinson et al., 2015; Oettlé et al., 2016; Mays, 2017; Parr et al., 2017). 

Particularly interesting results were found by Parr et al. (2017), as they detected significant 

changes of external morphology when considering separately tooth loss or aging, but did not 

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

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

However, the reasons why some individuals are affected to a greater extent and at a 

greater rate by the aging process or by tooth loss remain unclear (Carlsson, 2004). Other non-

biomechanical factors, and their interactions, may be important and must be considered. For 

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

 

 

 

Sexual dimorphism is well known in the mandible and is often studied because of 

forensic archaeological and anthropological applications. Generally, in males, mandibles 

display larger dimensions, more robust morphological aspects, and more developed muscle 

insertion sites than in females. Some sex-specific features, like the chin, are often analysed and 

described as prominent, square-shaped (also bilobed) in males, whereas in females this region 

is more gracile and rounded (and even pointed) (Thayer and Dobson, 2010; Coquerelle et al., 

2011; Garvin and Ruff, 2012; Oettlé, 2014; Fan et al., 2019). The sexual dimorphism in the 

mental protuberance was hypothesised to be linked to the difference in the mandibular arch: 

broad in males and much narrower in females (Franklin et al., 2008a; Coquerelle et al., 2011; 

Ramphaleng, 2015). Dimorphic features of the mandibles are also often located around the 

ramus, such as an elongated coronoid process, a deeper ante-gonial notch, a more pronounced 

gonial eversion and flexed ramus in males compared to females (Loth and Henneberg, 1998; 

Oettlé et al., 2005, 2009b; Franklin et al., 2007; Ramphaleng, 2015). These sex-specific 

features could be the result of very well-developed insertion sites of the mandibular muscles 
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on the ramus, such as the masseter and medial pterygoid (Franklin et al., 2006; Bejdová et al., 

2013). Indeed, these mandibular muscles are particularly known to be larger in males than in 

females, causing different bite forces, which are then greater in males (Lavelle, 1988; Ferrario 

et al., 2004; Mays, 2013; Posnick, 2014). Furthermore, it was confirmed by Sella-Tunis et al. 

(2018) that a significant correlation exists between the force of the mandibular muscles (and 

more particularly their cross-sectional 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 using different methodologies): either sexual dimorphism was detected with males 

having greater dimensions than females, or no significant differences between sexes were 

found. For instance, the mandibular body length was almost always found to be significantly 

greater in males than in females (Merrot et al., 2005; Franklin et al., 2008b; İlgüy et al., 2014; 

Dong et al., 2015; Ishwarkumar et al., 2017; Sella-Tunis et al., 2017; Gillet et al., 2020), except 

for a few authors (Franklin et al., 2006; Kharoshah et al., 2010; Ozturk et al., 2013) who did 

not find any sex-related difference. In a similar way, the mandibular body height is also in 

general greater in males than females, especially at the mental symphysis (Franklin et al., 2006, 

2008b; Swasty et al., 2011; Ozturk et al., 2013; Mays, 2017; Sella-Tunis et al., 2017; Gillet et 

al., 2020). However, two studies (Merrot et al., 2005; Chrcanovic et al., 2011) did not find any 

differences between males and females. On the ramus, and more particularly for the ramus 

breadth dimension, some authors detected greater values in males than in females (Kharoshah 

et al., 2010; İlgüy et al., 2014; Dong et al., 2015; Sella-Tunis et al., 2017), while others did not 

(Merrot et al., 2005; Chrcanovic et al., 2011). Ramus heights, however, were in general longer 

in males than in females (Merrot et al., 2005; Franklin et al., 2006, 2008b; Huumonen et al., 

2010; Joo et al., 2013; Ozturk et al., 2013; Dong et al., 2015; Leversha et al., 2016; 

Ishwarkumar et al., 2017; Sella-Tunis et al., 2017; Gillet et al., 2020; Motawei et al., 2020); 

only two studies did not find significant sexual dimorphism (Kharoshah et al., 2010; 

Chrcanovic et al., 2011). Finally, the mandibular angle, displaying a different pattern than the 

other measurements, was often found to be greater in females than in males (Xie and Ainamo, 

2004; Merrot et al., 2005; Huumonen et al., 2010; Chole et al., 2013; Joo et al., 2013; Mays, 

2013; Dong et al., 2015; Leversha et al., 2016; Sella-Tunis et al., 2017), or did not vary 

between the sexes (Dutra et al., 2004; Oettlé et al., 2009a; Chrcanovic et al., 2011; Ozturk et 

al., 2013; İlgüy et al., 2014; Gillet et 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 sex-related differences are not completely understood, 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 tooth loss than males, and even edentulism 

(Al-Rafee, 2020), as they are for example more prone to periodontal diseases (Kailembo et al., 

2017). Thus, even if the mandible appears to maintain a global sexually dimorphic morphology 

and shape with tooth loss (Oettlé, 2014; Ramphaleng, 2015), some measurements might be 

affected differently in males and females. For instance, comparing dentate and edentulous 

individuals, Merrot 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 Parr et al. (2017) as they detected 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 caused by tooth loss was observed to be more important in females 

than in males (Mays, 2013, 2017; Parr et 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, Parr et al. (2017) 

observed significant changes with tooth loss only in males, while Xie and Ainamo (2004) found 

a “loss” of sexual dimorphism with tooth loss, also confirmed by Oettlé et al. (2016), who 

noted that the sexual dimorphism was present as long as tooth loss was limited. The opposite 

consequence was noticed for the ramus height, where sexual dimorphism appeared in 

edentulous individuals, but was not present in individuals without any tooth loss (Chrcanovic 

et al., 2011). This increase in sex-related differences with tooth loss was also reported by Mays 

(2013) and Joo et al. (2013) as they observed significant decreases of ramus height in females, 

and not in males. 

However, to nuance the findings above, several studies comparing dentate and 

edentulous individuals did not observe changes in sexual dimorphism with tooth loss for some 

measurements, such as the body height (Merrot et al., 2005; Chrcanovic et al., 2011), the ramus 

breadth or height (Merrot et al., 2005; Huumonen et al., 2010) and the mandibular angle 

(Merrot et al., 2005; Huumonen et al., 2010; Chrcanovic et 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 Mendelson and Wong (2012), 

with age, sex-related differences in rates and in extent of change are observed on the facial 

skeleton. Later on, Gillet et al. (2020) confirmed these findings and added that sexual 

dimorphism increased with 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 Ainamo (2004) also observed that the sexual dimorphism was more 

important in older dentate than in younger individuals. Another study (İlgüy et al., 2014) 

nuanced these results as they found that, with 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 different authors: Parr et al. (2017) 

who observed a significant decrease in body height with age in females only; and Mays (2017) 

who showed the presence of a significant negative age-related correlation in females only. 

In the literature, 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 groups (Humphrey et al., 1999; Franklin et al., 2008a; Garvin and 

Ruff, 2012; Bejdová et al., 2013; Oettlé, 2014). Franklin 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, Bejdová and colleagues (2013) confirmed the influence of external factors but 

also highlighted the fact that size changes in males reflected the changes in external conditions 

(environment, climate, diet, etc.) to a lesser degree than in 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 Brazil (Gamba et al., 2016), China (Dong et al., 2015; Zheng 

et al., 2018), Czech Republic (Bejdová et al., 2013), Egypt (Kharoshah et al., 2010), France 

(Coquerelle et al., 2011), Israel (Sella-Tunis et al., 2017), the United States (Garvin and Ruff, 

2012), but also South Africa (Franklin et al., 2006, 2007, 2008a, 2008b; Nicholson and Harvati, 

2006; Oettlé, 2014; Ramphaleng, 2015). In comparison with European populations, 

Ramphaleng (2015) observed that South Africans showed similar sex-related mandibular shape 

characteristics, which confirmed what was reported by Franklin et 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 the expression of these dimorphic 

features. For instance, Franklin et 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 expressing sexual dimorphism within 

South African populations themselves. 

While not considering sexual dimorphism at all but studying several worldwide 

populations, Nicholson and Harvati (2006) 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 females, Franklin et 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 Oettlé (2014). These variations were especially seen 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 ancestry had longer and narrower mandibles, more rounded 

chins with less marked mental tubercles, and displayed more often prognathic features than 

what was observed in South Africans of European ancestry (Oettlé et al., 2009a; Oettlé, 2014), 

or in North American of European ancestry (Franklin et 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 as well (Dechow et al., 2010; Chrcanovic et al., 2011; Swasty et al., 2011; Williams 

and Slice, 2014). 
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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 (cortical and trabecular bone) reflects this variability (Bodic et al., 2005; 

Swasty et al., 2009, 2011; Dekker et al., 2018; Gocha et al., 2019). Indeed, depending on the 

biomechanical forces applied on the bone, the trabecular structure will first undergo adaptive 

changes, followed by the cortical bone (Gocha et 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 the bone (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) (see Figure 2.3) (Swasty et al., 2009; Dechow et al., 2010). 

In this thesis, the cortical bone thickness is considered throughout the entire mandible: 

corpus (midline or symphysis, anterior, posterior) and ramus, as well as basal, buccal and 

lingual sides, so as to provide a comprehensive perspective of the mandibular cortical bone 

distribution. In the following sections, a review of the regional variations in cortical thickness 

is first provided. The changes accompanying tooth loss are then considered in detail, followed 

by the effects of advancing age, often associated, and integrated with tooth loss. Finally, a brief 

overview of the influence of sex and population variation on the thickness of the mandibular 

cortical bone is done. 

 

 

 

Several authors showed that the mandibular cortical bone thickness is related to the 

mechanical loads and strains exerted by mandibular muscles, notably during mastication (Kasai 

et al., 1996; Daegling, 2007; Holmes and Ruff, 2011; Swasty et al., 2011; Gröning et al., 2013), 

and thus that variations in cortical thickness at specific locations can provide unique insights 

about the biomechanical stresses experienced (Swasty et al., 2011; Gröning et al., 2013). 

Conducting a finite element analysis, Gröning et al. (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, the literature agrees on the fact 

that cortical thickness is similarly and symmetrically distributed when comparing left and right 

sides of the mandible (Knezović-Zlatarić and Čelebić, 2005; Deguchi et al., 2006; Ono et al., 

2008; de Souza Fernandes et 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 use (Daegling and Hotzman, 2003; Gröning et al., 2013). Firstly, 

as observed by many authors (Daegling and Grine, 1991; Kasai et al., 1996; Schwartz-Dabney 

and Dechow, 2003; Fukase, 2007; Humphries, 2007; Swasty et al., 2009, 2011; Cassetta et al., 

2013), the thickest cortical bone is located at the base of the mandible (the inferior border), 

which is an area known to be of depository nature throughout life (Enlow et al., 1976) and 

subjected to particularly high strains (Gröning et al., 2013). 

The second asymmetry often studied concerns the antero-posterior uneven distribution 

of cortical bone. Indeed, several authors (Carter et al., 1991; Kasai et al., 1996; Masumoto et 

al., 2001; Katranji et al., 2007; Farnsworth et al., 2011; Al-Jandan et al., 2013; Cassetta et al., 

2013; Ko et al., 2017), using several different modalities (caliper, radiograph, CT, CBCT), 

noticed that the cortical bone was particularly thick in the posterior area of the corpus, below 

the molars, when compared to the anterior region and even more so to 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 (Fayed et al., 2010; Kim and Park, 2012; Zhang, 2012; Sathapana et al., 2013; Grover 

and Gupta, 2021) or absent (Swasty et al., 2011). 

Finally, bucco-lingual asymmetrical patterns were also reported in the literature. At the 

mandibular symphysis, the lingual bone is thicker than the buccal cortex (Kasai et al., 1996; 

Kingsmill and Boyde, 1998; Daegling and Hotzman, 2003; Fukase, 2007; Katranji et al., 2007; 

Fukase and Suwa, 2008; Swasty et al., 2009, 2011), most certainly because of the presence of 

the mental spines in the area (Kingsmill and Boyde, 1998). However, when moving from the 

symphysis towards the anterior corpus, the lingual thickness gradually decreases until 

eventually the buccal bone becomes the thickest. For instance, while at the level of the canines, 

the thickness is still greater lingually than buccally (Kasai et al., 1996; Kingsmill and Boyde, 

1998; Daegling and Hotzman, 2003; Katranji et al., 2007); at the level of molars, the buccal 

cortical bone is thicker than the lingual bone (Enlow et al., 1976; Daegling and Grine, 1991; 

Kasai et al., 1996; Daegling and Hotzman, 2003; Schwartz-Dabney and Dechow, 2003; Sato 

et al., 2005; Swasty et al., 2009). Interestingly, the effects of tooth loss on the cortical bone 
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distribution and its asymmetrical patterns were not studied in particular. While some authors 

(Schwartz-Dabney and Dechow, 2003; Katranji et al., 2007) reported similar patterns of 

cortical bone thickness asymmetry in dentate and edentulous individuals, Schwartz-Dabney 

and Dechow (2002) did not, as they observed a lack of bucco-lingual asymmetry in edentates. 

 

 

 

Tooth loss was found to affect not only the external morphology of the mandible, but 

also its cortical microstructure (Dechow et al., 2010). Indeed, the reduction in strains associated 

with changes in dentition was observed to cause localised events of bone resorption (Martinez-

Maza et al., 2013). For instance, on mandibles at various stages of tooth loss, Enlow et al. 

(1976) detected specific remodelling 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 dentition. However, most 

of these authors measured the cortical thickness at the gonial angle area (Xie and Ainamo, 

2004; Dutra et al., 2005; Joo et al., 2013; Oettlé, 2014), and only a limited number performed 

measurements elsewhere on the mandible, e.g., at the symphysis or on the corpus (Schwartz-

Dabney and Dechow, 2002; Katranji et al., 2007; Oettlé, 2014; McKay, 2019). 

On the contrary, 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 al. (1976) 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 was later confirmed by several authors comparing dentate and 

edentulous individuals directly, and observing a direct increase in lingual cortical thickness 

with tooth loss (Schwartz-Dabney and Dechow, 2002; Katranji et al., 2007; Oettlé, 2014). This 

thickening was explained 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 loss (Schwartz-Dabney and Dechow, 2002, 

2003). Furthermore, with a specific microscopic analysis allowing mapping of growth 

modelling activities, Martinez-Maza et 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 loss on cortical thickness 

by comparing dentate to edentulous individuals. Only a few studies considered individuals with 

various degrees of tooth loss. Dutra et al. (2005) for example, observed that, while the cortical 

thickness was decreasing with edentulism, there were no differences between dentate and 

partially dentate individuals, which was confirmed by Oettlé (2014), for most of the sites 

analysed. Nonetheless, at a few sites, such as the buccal side of the midline, the three dentition 

groups examined (completely inefficient 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 the alveolar bone to restore important masticatory 

functions in patients. However, as summarised by Resnik (2020), removable dentures might 

have adverse consequences, such as changes in the direction of biting (Dechow et 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. Lestrel et al. (1980) found in a cephalometric 

study that the mandibular cortical bone thickness at the inferior margin or at the symphysis was 

thinner in denture wearers than in dentate subjects, in groups of young (33-43 years old) and 

old (54-62 years old) patients. While the authors controlled for the effects of age by comparing 

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 not the wearing of dentures. On the other hand, Knezović-

Zlatarić and Čelebić (2005), also measuring the 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 bone in patients 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 better performances (bite force, 

chewing efficiency, less frailty, etc.) compared to complete denture wearers (Fontijn-Tekamp 

et al., 2000; Hoeksema et al., 2017). Interestingly, implant-supported overdentures also 

performed well in restoring masticatory functions (even if never at the level of natural 

dentition), especially compared to the traditional dentures mentioned above (Fontijn-Tekamp 

et al., 2000; Hoeksema et al., 2017; Resnik and Misch, 2020a). Indeed, osseo-integrated dental 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 2. LITERATURE REVIEW 

 41 

implants were observed to stimulate the surrounding bone and thus mitigate the bone loss in 

the short-term, and preserve its overall volume and microstructure in the long-term (Watzek et 

al., 1995; Carlsson, 2004; Hattingh et al., 2020; Resnik, 2020). 

Although the literature regarding mandibular cortical thickness and tooth loss is not as 

extensive as for the external morphology, 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 not always comparable, or even just accurate enough for small-scale distances. 

Other factors than tooth loss, such as age, might also influence cortical thickness and are 

important to consider. For instance, Dutra et al. (2005) observed a continuous remodelling in 

the mandibular cortex with increasing age, which was influenced by dental status, and thus the 

duration of tooth loss. As for the external morphology of the mandible, as described in section 

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

confounding variable. 

 

 

 

When extrapolating from the postcranial skeleton, age-related changes in the trabecular 

and cortical bone microstructure are well known. In their review, Chen et 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 bone quantity and quality with increasing age. In other 

terms and as summarised by Ruff (2019), the cortical bone becomes thinner (i.e., bone quantity) 

and the bone mass (i.e., bone quality) declines 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 age, it 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 stays unaltered with aging. For instance, 

several researchers noted a decline in cortical thickness associated with senescence, either at 

the buccal or lingual symphysis, parasymphysis or at the gonion (von Wowern and Stoltze, 

1979; Kribbs et al., 1990; Dutra et al., 2005, 2005; McKay, 2019; Grover and Gupta, 2021). 

Dutra et al. (2005), comparing individuals divided in decades, observed that this decrease in 
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cortical thickness was more pronounced in females, particularly from the 40 to 49-year-old 

decades (40-49 years old > 50-59 > 60-69 > 70-79). In a later article (Dutra et 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 aging (with its 

hormonal changes, and associated diseases), or rather caused by edentulism and duration of 

tooth loss. 

On the other hand, a few other articles detected significant age-related differences in 

some of their measurement locations, but not in the others. In a sample of healthy individuals 

with teeth, Lestrel et al. (1980) for example, observed a decrease in cortical thickness with age 

at the symphysis, but not at the inferior margin. Oettlé (2014), using CBCT scans, showed that 

cortical thickness decreased with aging in all the mandibular sites studied, except one, the 

lingual site at the level 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 studied (Ono et al., 2008; 

Fayed et al., 2010; Farnsworth et al., 2011; Cassetta et al., 2013). Indeed, these studies were 

all comparing juveniles to adults, and not looking at the influence of age among adults. For 

instance, Ono et al. (2008) detected an age-related increase in cortical bone at some sites, but 

compared a group of adolescents (13-19 years) to a group of adult individuals (20-48 years). 

Fayed et al. (2010) evaluated cortical bone thickness on 34 mandibles within two age groups 

(13-18 years and 19-27 years). Farnsworth et al. (2011) assessed age and regional differences 

in the maxillary and mandibular cortical bones of 52 patients, also within two age groups: 11-

16 years and 20-45 years. Cassetta et al. (2013), using CT scans, investigated differences of 

alveolar cortical bone thickness also between adolescents (12-18 years) and adults (19-50 

years). The increase in cortical thickness noted in the above studies was explained by allometry 

and the continuation of growth processes in the juvenile groups rather than senescence. 

Sathapana et 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 

correlations throughout all the ages. They first found an increase between pre-puberty (11-20 

years) and post-puberty (11-20 years) groups, followed by a weak decrease in lingual cortical 

thickness starting from the 11-20 years until the last group (41-50 years). Swasty et al. (2009), 

also using a sample stratified in five age groups, found that the cortical thickness was thinner 
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in the younger age group (juveniles: 10-19 years) than in the other groups (adults: 20-29, 30-

39, 40-49, 50-59, 60-65 years), confirming the continuation of the maturation of the mandibular 

cortical bone. They, however, also showed that, while the cortical bone maintained its thickness 

for three decades (20-29, 30-39, 40-49), a decline was noted after the 40 to 49-year-old group, 

which was particularly significant after 60 years of age. 

On the other hand, some other studies could not confirm any of the results mentioned 

above. For instance, Kingsmill and Boyde (1998) obtained an absence of a significant 

relationship between age and cortical thickness at the midline and mental foramen. Similarly, 

Deguchi et al. (2006) measured buccal and lingual cortical plate thicknesses around premolars 

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 Boyde (1998) and only 10 in Deguchi 

and colleagues (2006), and may have compromised the statistical significance of the results. 

Furthermore, while, in the first article, age was nicely distributed (with a wide range of ages: 

19-96 years) and details 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 affected by inadequacies in the 

sample composition. For instance, while some articles were based on samples with adequate 

age distributions covering the entire lifespan (von Wowern and Stoltze, 1979; Kribbs et al., 

1990; Kingsmill and Boyde, 1998; Swasty et al., 2009; Oettlé, 2014), others were more 

restricted with only a few decades covered (Kribbs et al., 1990; Dutra et al., 2005; Dechow et 

al., 2010; Grover and Gupta, 2021). Inconsistencies might also be partly explained by the range 

of modalities used: from calipers (Dechow et al., 2010; McKay, 2019) to radiographs (Lestrel 

et al., 1980; Kribbs et al., 1990; Kingsmill and Boyde, 1998; Dutra et al., 2005), CT (Kribbs 

et al., 1990; Deguchi et al., 2006; Ono et al., 2008; Munakata et al., 2011; Cassetta et al., 2013; 

Sathapana et al., 2013; Grover and Gupta, 2021) or CBCT (Swasty et al., 2009; Fayed et al., 

2010; Farnsworth et 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 as Dutra et al. (2005), 

highlighted the influence of sex on the cortical thickness and on the continuous remodelling 

associated with aging. 
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As reviewed in section [2.3.3], sexual dimorphism in the general morphology of the 

mandible is well known, with mandibles in male individuals having more developed muscle 

insertions, more robust morphological aspects, and larger dimensions than in females. These 

sex-related differences are associated with the sexual dimorphism of the masticatory muscles 

themselves, generating greater bite forces in males than females. These differences in the gross 

morphology and 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 cortical bone than females, 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 (Fayed et al., 2010; Kim and Park, 2012; Cassetta et al., 2013), or at the angle (Dutra 

et al., 2005; Joo et al., 2013). On the other hand, some authors reported a lack of sex-related 

differences and thus similar cortical thickness in females and males (von Wowern and Stoltze, 

1979; Daegling and Grine, 1991; Deguchi et al., 2006; Swasty et al., 2011; Oettlé, 2014). Two 

of these studies (Daegling and Grine, 1991; Deguchi et 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 articles (Humphries, 2007; 

Ono et al., 2008; Farnsworth et al., 2011; Al-Jandan et al., 2013) also reported an absence of 

sexual dimorphism in cortical thickness, but these samples were restricted in terms of age, as 

the authors focused particularly on juveniles and young individuals (mean ages of the samples 

were generally in the twenties). Humphries (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 morphology in section [2.3.3], the sex-related differences in 

the morphology of the mandible appear to increase with aging. Two studies (Benson et al., 

1991; Dutra et al., 2005) highlighted the fact that cortical thickness might follow the same 

trend. Indeed, Benson et al. (1991) observed that sexual dimorphism in cortical thickness was 

appearing progressively with senescence (young females = young males, but older females < 

older males). It was also confirmed by Dutra et al. (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 older females. This “late/delayed” sexual dimorphism could be due to the age-related 

thinning of cortical bone, which was noted to be more important in females than in males. A 

few authors even focused on female-only samples and analysed for example the influence of 

menopause (Munakata et al., 2011) or osteoporosis (Kribbs, 1990; Kribbs et al., 1990; Dutra 

et al., 2006) on the cortical thickness. Both menopause and osteoporosis were found to 

aggravate or accelerate the age-related diminution in mandibular cortical thickness, and thus 

accentuate the sexual dimorphism with males of similar ages. 

In addition, most of the literature researched was based on samples of individuals not 

affected by tooth loss (Benson et al., 1991; Daegling and Grine, 1991; Deguchi et al., 2006; 

Humphries, 2007; Ono et al., 2008; Fayed et al., 2010; Farnsworth et al., 2011; Swasty et al., 

2011; Kim and Park, 2012; Al-Jandan et al., 2013; Cassetta et al., 2013). Only a small number 

of authors studying the mandibular cortical thickness considered different dental status and sex 

(Dutra et al., 2005; Joo et al., 2013; Oettlé, 2014). For instance, Joo et al. (2013) noticed that 

the cortical bone in edentulous women was more 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 population groups present in the United States (Benson et al., 

1991; Humphries, 2007; Zhang, 2012). 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 South African population reported similar findings, with a general non-

significant trend of a thicker cortical bone in South African Black individuals compared to their 

White and Coloured counterparts (Oettlé, 2014; McKay, 2019). This tendency 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, 2013). Indeed, the presence of third molars is 

usually linked to a higher mandibular body height and a thicker cortical bone, particularly on 

the buccal side (Swasty et al., 2009; McKay, 2019). 
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In addition to cortical thickness, which gives an indication of the inner geometry of the 

bone, bone density, among other parameters, describes its material properties (Ruff, 2019). 

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 between studies are 

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 or g/cm3), is measured by 

weighing bone with a scale, which is then divided by the specimen external volume. Kingsmill 

and Boyde (1998) 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 same (An, 2000; Zioupos et al., 2000). To measure its specific density, 

Schwartz-Dabney and Dechow (2003) harvested bone cylinders in mandibles and removed the 

cancellous bone to keep only the cortical part. Then, they determined the apparent density from 

weight measurements with an analytical balance and a densitometry kit. 

With the development of virtual modalities that allowed non-invasive, non-destructive 

and in vivo assessments of bone density, new ways of measuring bone density emerged. The 

areal Bone Mineral Density (BMD, in g/cm2) and Bone Mineral Content (BMC, grams of bone) 

are for example particularly used in clinical settings and measured with dual-energy 

absorptiometry (DEA) or dual-energy X-ray absorptiometry (DXA or DEXA) (An, 2000). 

DXA is even considered as the gold standard for osteoporosis and fracture risk diagnosis and 

monitoring (von Wowern, 2001; Singh and Tripathi, 2010; Dhainaut et al., 2016). However, 

several authors cautioned against 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 volumetric (Schwartz-Dabney and Dechow, 2003; Pearson and 

Lieberman, 2004; Dhainaut et al., 2016; Andronowski et al., 2018, 2018). Furthermore, it is 

often highlighted in the literature that DXA cannot differentiate cortical from trabecular bone 

and gives a “general” bone density (Pearson and Lieberman, 2004; Dhainaut et al., 2016). 

With the development of specific three-dimensional scanning modalities, like 

Quantitative Computed-Tomography (QCT) and High-Resolution peripheral Quantitative 

Computed-Tomography (HR-pQCT) among others, volumetric BMD (in g/cm3) started to 
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replace areal BMD in clinical research (Andronowski et al., 2018; Agarwal, 2021). While 

having several advantages (volumetric measurements, separation of cortical and trabecular 

bone structures, higher resolution than DXA, etc.), QCT and HR-pCT also have some 

important limitations: high radiation exposure, high sensitivity to movements of the patient 

during scanning, poor reproducibility, etc. (Munakata et al., 2011; Dhainaut et al., 2016; 

Andronowski et al., 2018). 

In the dentistry field particularly, bone density has been evaluated using 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 coefficients (Gulsahi, 2011; Resnik, 2020; Sharawy, 

2020) (see section [2.2] for more details). The Hounsfield scale describes the standardised 

range of HU from air (-1000), water (0) to enamel (+3000) and is considered as an objective 

method as HU are directly measured on CT images (Gulsahi, 2011; Sharawy, 2020). Several 

studies (Shapurian et al., 2006; Merheb et al., 2010) compared HU derived density and more 

subjective “manual” assessments obtained for instance via the Lekholm and Zarb bone quality 

classification (Lekholm and Zarb, 1985) or Misch bone density classification (Misch, 1988, 

1990). Some researchers even elaborated objective scales of bone density expressed in HU and 

related it to these bone classifications (Norton and Gamble, 2001; Shapurian et al., 2006). HU 

are, however, restricted to CT or MSCT modalities and were found to be inapplicable to CBCT 

(see section [2.2.3]). Since the spreading of CBCT in dental clinics, and the development of 

advanced imaging techniques like micro-CT, new bony structural parameters, also called 

histomorphometric parameters and “inspired” by quantitative bone histology techniques, were 

investigated as to assess bone density, and more particularly cortical bone density (Gocha et 

al., 2019). 

 

 

 

Many articles on regional variations of trabecular density in the skull 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, notably because of the functional heterogeneity of the 

mandible (Bassi et al., 1999; Schwartz-Dabney and Dechow, 2003). 

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

despite the number of different methodologies used. Firstly, similarly as for cortical thickness, 
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no record of an asymmetry in cortical bone density between left and right sides of the mandible 

was found in the literature (Knezović-Zlatarić and Čelebić, 2005; Shapurian et al., 2006; 

Ozdemir et al., 2014; Goyushov et al., 2020). Secondly, researchers concur on the presence of 

a denser cortical bone in the basal part of the mandible, especially compared to the crestal 

cortical bone (Atkinson and Woodhead, 1968; Sato et al., 2005; Park et al., 2008; Cassetta et 

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

from crest to base. 

However, the literature is inconsistent on other types of regional variations. For 

example, Kingsmill and Boyde (1998) observed that the apparent cortical density at the midline 

was greater than at the mental foramen, whereas Schwartz-Dabney and Dechow (2003) found 

the opposite, with buccal symphyseal sites less dense than buccal sites on the corpus. Similarly, 

on the corpus, an antero-posterior asymmetry is generally found. However, studies do not agree 

whether the densest cortical bone is located anteriorly (von Wowern, 1977; Shapurian et al., 

2006) or posteriorly (Park et al., 2008; Cassetta et al., 2013). Finally, the bucco-lingual 

asymmetry, often analysed, is also a source of disagreement. Although most of the authors 

(Atkinson and Woodhead, 1968; Kingsmill and Boyde, 1998; Sato et al., 2005; Cassetta et al., 

2013) detected a denser lingual cortical bone compared to a thinner buccal bone using a wide 

range of techniques (apparent density by weighting, density with QCT, HU density with CT, 

respectively), Klemetti et 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 bucco-lingual asymmetry (lingual > buccal) at mid-level of 

the corpus, while at the alveolar crest, it was not significant (lingual = buccal). On the other 

hand, Schwartz-Dabney and Dechow (2003) observed a denser lingual than buccal cortical 

bone at the symphysis, but no asymmetry on the body. While the large number of techniques 

employed to assess the cortical density does not 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 status (e.g., von Wowern, 1977; Klemetti et al., 

1993) while others, such as Schwartz-Dabney and Dechow (2003) and Cassetta et al. (2013), 

were restricted to dentate individuals only. Interestingly, Schwartz-Dabney and Dechow 

(2002) assessed the cortical bone density in edentulous individuals and found no significant 

bucco-lingual variation. 
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Tooth loss has a significant influence on several inner parameters, like cortical 

thickness, but might also effect the cortical density (Dechow et 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 local and global, microstructural changes. Using animal models, 

several studies (Sato et al., 2005; Guerreiro et al., 2013) analysed the consequences of an 

induced masticatory hypofunction, supposed to simulate the “natural” decreased strains 

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 about the effects of 

tooth loss on cortical density. One study (Bassi et 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 influenced by regional 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 molars). On the other hand, with a DXA analysis, Buyukkaplan et al. 

(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 strains caused 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 techniques, early studies, like Atkinson and Woodhead (1968) or von Wowern 

(1977), obtained similar values with or without teeth. Later, Kingsmill and Boyde (1998), also 

assessing the apparent cortical density by weighing, did not find any significant differences in 

apparent density between the three dentition categories analysed (completely dentate, partially 

dentate and edentulous). Schwartz-Dabney and Dechow (2002) confirmed these results, and 

also completed them by measuring various material properties of the mandibular cortical bone. 

The authors found several changes with tooth loss and concluded that, although changes in 

stiffness (i.e., its biomechanical strength, its ability to resist deformation) and anisotropy were 

present, the cortical density was maintained even in the case of edentulism. 
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Using DXA of patients, von Wowern (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 non-significant results between dentition groups (e.g., similar BMC values in 

young dentate women and young edentulous women), confirming the maintenance of 

mandibular cortical bone density.  

 

 

 

In a review by Chen et al. (2013), age-related 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 age (Ruff, 2019). As changes with age have an expected effect on several bones and 

the external shape and size of the mandible, age may also play a role on the modification of the 

structural properties of the mandibular cortical bone. However, Kingsmill (1999) stressed the 

uniqueness of a bone like the mandible, and that age-related 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, Atkinson and Woodhead (1968) observed a reduction 

in apparent cortical density with age, in dentate and edentulous regions of the mandible, which 

was later confirmed by others (von Wowern and Stoltze, 1979, 1980). Atkinson and Woodhead 

(1968) also noticed an increase in cortical porosity, correlated with age. This increase was 

confirmed later by several authors (von Wowern and Stoltze, 1978; Bartlett et al., 1992) at 

various sites of the mandible (buccal, lingual). Von Wowern and Stolze (1980) even specified 

that this increase in cortical porosity was particularly important after 50 years. In another study, 

von Wowern and Melsen (1979) measured the cortical bone mass in different “compartments” 

of the cortical bone: the subperiosteal layer (first layer from the outside) and the subendosteal 

layer (between the subperiosteal layer and the trabecular bone). They found an age-related 

decrease in the two layers, although the subendosteal showed a higher decline in mass, and 

thus a greater increase in porosity, than in the subperiosteal layer. More recently, an age-related 

decrease in bone density was also reported while assessing BMD values from DXA (Li et al., 

2011; Shaw et al., 2012). 
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On the other hand, a few authors described an increase in mandibular cortical density 

with aging. Kingsmill and Boyde (1998) noted a weak increase in apparent bone density only 

in males and not in the females of the sample; whereas Kribbs et al. (1990) observed an increase 

with age in a female-only sample. 

Lastly, several studies did not find any change in cortical bone density (no increase or 

decrease) related to age. Kribbs (1990) assessing both the mandibular cortical bone mass and 

bone density, did not notice any age-related association. Schwartz-Dabney and Dechow (2003) 

found in their study that the apparent cortical density was not significantly correlated with age. 

Nevertheless, in both Kribbs (1990) and Schwartz-Dabney and Dechow (2003), the samples 

used were somewhat restricted to older age groups (112 women, 50-85 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. Shapurian et al. (2006), as well as Cassetta et 

al. (2013), did not find any significant age-related changes in the cortical bone HU. The study 

by Shapurian and colleagues (2006) focused on edentulous sites of the mandible, which might 

have influenced the results. On the other hand, Cassetta et al. (2013) compared adolescent (12–

18 years) to adult (19–50 years) mandibles. One 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 different variables used are most probably 

the main reasons for the discrepancies. Many 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 bone density, while 

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

 

 

 

While sexual dimorphism is clear in the morphology of the mandible, it is less clear for 

the inner structure. When analysing the influence of sex on the cortical 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 several studies, using different techniques or variables 

assessing the cortical bone density (von Wowern and Stoltze, 1978, 1979; Kingsmill and 
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Boyde, 1998; Shapurian et al., 2006; Park et al., 2008; Buyukkaplan et al., 2013; Ozdemir et 

al., 2014). 

However, some authors (Bartlett et al., 1992; Bassi et al., 1999; Cassetta et al., 2013), 

using different techniques (histology, QCT and BMD, CT and HU, respectively), noted the 

presence of sexual dimorphism in the cortical bone density of the mandible. Bartlett and 

colleagues (1992) 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 dimorphism of the cortical bone density was also observed in several 

other studies. Von Wowern (1988) for example divided their sample according to the age and 

dentition status of the individuals. In the young groups (20-43 years, 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 in women than men, increasing the sex-related 

differences with the years. Li et al. (2011) studied BMD values derived from DXA and did not 

find any sexual dimorphism in the young groups of the sample (20-29, 30-39, 40-49 years). 

However, in the older groups (50-59, 60-69, 70+), a considerable difference in cortical density 

appeared. Taguchi et al. (1996) analysed BMD values obtained with QCT in a women-only 

sample. As women reach menopause at slightly different ages, the authors compared the 

mandibular cortical bone density in women of similar ages but in a recent postmenopausal 

status or a long-term postmenopausal status. They reported that the cortical bone density was 

higher in the recent postmenopausal status than in the long-term 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 menopause (see Gocha et al., 

2019 for a review). 

The bone remodelling dynamics are also influenced by population variation (Gocha et 

al., 2019). For instance, rates of cortical bone turnover (in ribs) were shown to differ between 

African and European Americans, with slower rates in African American individuals (Cho et 

al., 2006). Similar results were found in studies on the South African population (Pfeiffer et 

al., 2016), with greater BMD values in South Africans of African ancestry than European 

ancestry (Micklesfield et al., 2011; Botha et al., 2019). Unfortunately, whereas many clinical 

studies focusing on the cortical bone density of postcranial bones while considering population 

variation exist, none could be found on the mandible.  

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 53 

Chapter 3. Materials and methods 

 

 

 

To investigate the effects of aging and tooth loss on the morphology and microstructure 

of the mandible, skeletonised mandibles of South African individuals were collected from two 

modern human skeletal collections: the Pretoria Bone Collection, housed at the University 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 the skeleton, skeletonised 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 neck, will give additional information whether mandibular 

bone loss is associated purely with tooth loss, or whether it is also associated with a generalised 

tendency of bone loss in the skeleton with aging. 

 

 

 

The diversity and genetic heterogeneity of the South African population are unique and 

mainly due to historical and recent migrations from Africa, Asia and Europe, but also to the 

political history of the country (Dayal et al., 2009; Petersen et al., 2013; Stull et al., 2016; 

Krüger et al., 2018). Under racial segregation laws until 1990, South Africans were classified 

into several categories based on their ancestry (i.e., the geographical origin of an individual’s 

ancestor: individuals of African, European, Asian, or Indian ancestries for example) as to 

control their life on many different levels (e.g., marriage, education, employment, residence, 

freedom of movement). Nonetheless, even after the end of the apartheid era, many South 

Africans continue to refer to themselves according to these categories and self-identify into 

these groups, notably for governmental and survey purposes (Statistics 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 well-documented collection with known 

demographics (L’Abbé et al., 2005). According to the collection curator (G.C. Krüger, personal 
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communication, November 2018), the PBC includes 1092 South African (SA) adult individuals 

with complete skulls and mandibles – these comprise mostly males of African ancestry 

(54.9%), followed by 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 50 years. The rest 

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 Africa. Initiated in the early twentieth century (1920s), it is nowadays one 

of the largest documented human skeletal collections within Africa, with at least 2 226 skulls 

present with an associated mandible (Dayal et al., 2009). Despite the large sample size of the 

collection, females (29%) are underrepresented in comparison to males (71%). Furthermore, 

South African individuals of African ancestry represent the largest proportion (72%) compared 

to individuals of European ancestry (18%) and individuals from other South African ancestral 

groups (e.g., individuals of Asian and, Indian ancestries) (Dayal et al., 2009). 

Both collections are cadaver-based, originating from two sources: either donated or 

unclaimed bodies. Permission for research can be given either by family members in the case 

of donations when possible, or is protected and regulated by the South Africa’s National Health 

Act No. 61 of 2003 (Republic of South Africa, 2004) (and by previous Human Tissues and 

Anatomy Acts) in the case of donated human remains as well as for unclaimed bodies. The 

provenance of the cadavers implies different potential socio-economic backgrounds. Most 

unclaimed individuals 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 status (Keough et al., 2009; L’Abbé and Steyn, 2012). Recently, however, more 

donations as opposed to unclaimed bodies have been received at both institutions (Kramer et 

al., 2019), and are starting to contribute increasingly more to the collections. As both 

institutions actively and continuously accession more skeletons into their collections, a modern 

sample reflective of the population is ensured. 

Only South African individuals from the two major population groups available from 

these collections (of African and European ancestries) with available demographic information 

(i.e., age, sex, population affinity, cause of death), were sampled. Thus, the analyses were 

conducted on four sex/ancestral groups: South African males and females of African ancestry, 

and South African males and females of European ancestry.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 3. MATERIALS AND METHODS 

 55 

 

 

Adult individuals only were selected as to avoid the influence of growth, and according 

to the following inclusion/exclusion criteria: (i) presence of the entire 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 might affect 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 

relevant for the research (Table 3.1). The sample comprised of 153 South African (SA) males 

and 60 SA females of African ancestry (AA), as well as 81 SA males and 63 SA females of 

European ancestry (EA). A limited number of females (n = 123, i.e., 34.5% for both ancestral 

groups) was available in comparison to male individuals (n = 234, i.e., 65.5% for both ancestral 

groups). In the same way, the proportion of individuals of African ancestry (n = 213, i.e., 

59.7%) was larger than those from European ancestry (n = 144, i.e., 40.3%). 

 

Table 3.1. Sex/ancestral group distribution in the mandibular sample. 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 

 

Individuals were stratified in decades based on their age in order to obtain the most 

homogeneous and uniformly distributed sample in terms of age (see Table 3.2 and Figure 3.1). 

African males and females are well represented in most decades. However, young individuals 

(under 40) of European ancestry are underrepresented in comparison to older decades. 
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Table 3.2. Age distribution (per decade) of the sex/ancestral groups in the mandibular sample. 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 

 

 
Figure 3.1. Bar plots of the four sex/ancestral groups distributed in function of age (per decade) in the 

mandibular sample. F: female (light grey), M: male (dark grey); AA: SA of African ancestry (first 

row), EA: SA of European ancestry (second row).  
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Individuals were also selected according to their pre-mortem dentition status in order 

to obtain a wide range of tooth loss patterns: from edentulous mandibles to complete dentition. 

To control 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, 1990), rather than using the number of teeth present. This tooth 

loss scoring method is based on the presence of occlusal contacts, explaining the importance 

of having access to each mandible with its associated maxilla. The EI, mostly used in dentistry 

because of the validated relation with the masticatory performances (Ikebe et al., 2005, 2010, 

2012; Nakatsuka et al., 2010; Olofsson et al., 2017), has also been used in some recent 

anthropological studies (Parr et al., 2017). 

The EI classifies the various dentition patterns into three main groups of tooth loss (A, 

B, C), but consists of ten subgroups in total (A1, A2, A3, B1, B2, B3, B4, C1, C2, C3) (Figure 

3.2). These groups, from A to C, are associated with a loss in occlusal contacts, and thus, a 

reduction in bite force and masticatory performances. The EI classification is mainly defined 

by the presence or absence of occlusal contacts/pairs in both premolar and molar regions, also 

referred to as the four posterior “Occlusal Support Zones” (OSZ). Each OSZ consists of four 

teeth: upper and lower premolars (P1, P2), or upper and lower molars (M1, M2) – the third 

molar (M3), erupted or not, is not considered. Within the “A” category, individuals have 

occlusal contacts in all four OSZs, whereas, in “B”, contacts are present in only three to one 

OSZs, or even in the anterior teeth only (i.e., no posterior OSZ). The last category “C” is 

characterised by the total absence of occlusal contacts in both posterior and anterior zones. The 

subgroups for each category are explained further in detail in Figure 3.2. 
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Figure 3.2. Schematic illustrations of the Eichner Index (redrawn from Ikebe et al., 2010 and Parr et 

al., 2017). Coloured teeth are in contact with their antagonistic teeth: anterior teeth (I1: central 

incisor, I2: lateral incisor, C: canine) are in yellow, 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 distribution of the individuals according to the EI scoring system is 

detailed in Tables Table 3.3 and Table 3.4 as well as illustrated in Figure 3.3. As expected, 

category C is mainly represented in the older 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 A1) are more often of African ancestry. 

 

Table 3.3. Sex/ancestral group distribution per main dentition category (A, B and C, according to 

Eichner, 1990). 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 

 

Table 3.4. Age distribution (per decade) of the sex/ancestral groups divided in the three main 

dentition categories (A, B, C according to Eichner, 1990). 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry.  
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Figure 3.3. Bar plots of the four sex/ancestral groups distributed in function of age (per decade) and 

divided in the ten dentition subgroups defined by Eichner (1990). F: female, M: male; AA: SA of 

African ancestry, EA: SA of European ancestry. 

 

 

 

Sixty-eight left femora belonging to the same adult individuals previously selected from 

the PBC for their mandibles were chosen. The following additional inclusion/exclusion criteria 

were applied: (i) absence of femoral pathology or abnormalities; (ii) no evidence of surgical 

interventions (prosthesis, hip replacement, etc.) on the lower limbs; (iii) no signs of trauma. 

Finally, the femoral sample consisted of 68 SA individuals between 21 and 98 years 

(summarised in Table 3.5, detailed per decade in Table 3.6): 14 females and 22 males of 

African ancestry (AA), as well as 15 females and 17 males of European ancestry (EA). The 

sample distribution between both ancestries, illustrated in Figure 3.4, was well balanced 

(52.9% AA, 47.1% EA), although the proportion of males (57.4%) was larger than females 

(42.6%). 
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Table 3.5. Sex/ancestral group distribution in the femoral sample. 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 

 

Table 3.6. Age distribution (per decade) of the sex/ancestral groups in the femoral sample. 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 
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Figure 3.4. Bar plots of the four sex/ancestral groups distributed in function of age (per decade) in the 

femoral sample. F: female (light grey), M: male (dark grey); AA: SA of African ancestry (first row), 

EA: SA of European ancestry (second row).  
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The mandibular skeletal material described in the previous section was imaged using 

two different non-invasive and non-destructive scanning techniques. All mandibles were 

detailed with Micro-Focus X-ray Computed-Tomography (micro-CT), while a subsample was 

re-scanned by Cone-Beam Computed-Tomography (CBCT) to compare the findings between 

modalities. The virtual database acquired was used to assess qualitatively and quantitatively 

the morphology and cortical microstructure of the mandible, and comparisons to the femur 

were performed. 

The methodology implemented in this thesis is summarised in Figure 3.5. The first part 

[3.2.1], focusing on the mandible, describes the data acquisition procedures that are specific to 

both modalities (micro-CT and CBCT), the processing of the images and subsequent 

measurements. In the second part [3.2.2], the three-dimensional imaging and analysis of the 

femur are detailed. Finally, the third part [3.2.3] is concerned with all statistical analyses. 

 

 
Figure 3.5. Workflow summarising the virtual methods used. 
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3.2.1.1. Micro-CT and CBCT data acquisition 

 

Micro-CT scanning procedure 

Each mandible was scanned using the same micro-CT – a Nikon XT H 225L industrial 

Computed-Tomography system (Nikon Metrology, Belgium) – housed at the Micro-Focus X-

ray Radiography and Tomography facility (MIXRAD) of the South African Nuclear Energy 

Corporation (Necsa, Pelindaba, South Africa) (Hoffman and De Beer, 2012; De Beer, 2018). 

The system consists of different separate functional units: a cabinet housing the X-ray tube, 

sample manipulator and flat panel detector, as well as computers for control, acquisition and 

reconstruction procedures (Figure 3.6 A). During the acquisition, the specimen was placed on 

the sample manipulator inside the cabinet which is then rotated over 360 degrees, while the X-

ray source and the detector stay immobile. The mandible was secured within a squared 

polystyrene box to avoid any movement or vibration during the process (Figure 3.6 B). 

 

 
Figure 3.6. Micro-CT system at Necsa (Pelindaba) [A], and experimental settings used for each 

mandible [B]. 

 

During the acquisition, a set of 1 000 two-dimensional (2D) radiographic projection 

images was created and directly imported into the in-house Nikon CT-Pro software (Nikon 

Metrology, Belgium), where the reconstruction into a three-dimensional (3D) volume was 

performed (Figure 3.7), applying automatically optimised transformation parameters, such as 
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an isotropic resolution adjusted to the size of each specimen. The final volumes were then 

exported in vol float format or in 16-bit TIFF images. 

 

 
Figure 3.7. Reconstruction process. Examples of radiographic projections obtained for one micro-CT-

scanned mandible [A] and of reconstructed slices constituting the final volume [B]. 

 

Two hundred and sixty-five micro-CT scans (i.e., 265 scanned mandibles) were 

performed with a resolution ranging between 0.066 mm and 0.084 mm, a 100 kV voltage and 

a beam current of 100 µA or 200 µA. In addition, 92 micro-CT scanned entire mandibles 

conducted for previous research projects were collected and included in this work (courtesy of 

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 µA, 120 µA or 220 µA. Therefore, in total, 

357 micro-CT scans of entire mandibles were used, and the acquisition parameters thereof are 

detailed in Appendix D (Table D.1 andTable D.2). 

 

CBCT scanning procedure 

Twenty-four mandibles of male individuals with intact dentition, that have been 

previously scanned by micro-CT, were randomly selected to be imaged by CBCT – with a 
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Planmeca ProMax3D® (Planmeca, Finland) – at the Oral and Dental Hospital of the University 

of Pretoria. The CBCT system consists of a reconstruction computer and an X-ray unit with a 

movable C-shaped-arm (containing the X-ray source) and sensors (Figure 3.8). During 

acquisition, the X-ray source moves around the patient’s support table to perform a single 360° 

scan (Scarfe et al., 2006). In order to position the specimen correctly on the patient support 

table of the unit, the adjustable head support was attached, and the chin support removed. The 

adaptable arms of this support allowed the researcher to secure a cardboard box containing the 

mandible in place of the chin support. 

 
Figure 3.8. General view and description of the Planmeca ProMax3D® CBCT system (Planmeca, 

Finland), available at the Oral and Dental Hospital from the University of Pretoria. 

 

As with micro-CT, 3D projection images were acquired and reconstructed into 3D 

volumes using the in-house Planmeca Romexis® software (Planmeca, Finland) with the 

following settings: 0.200 mm isotropic voxel size, 88 kV voltage and 10–11 mA current. 

Acquisition parameters are available in Appendix D Table D.3. These volumes were finally 

exported in DICOM format. 

 

3.2.1.2. Image processing 

 

In order to perform consistent analyses of the images, the same procedure was applied 

to all the micro-CT and CBCT-based volumes. Each dataset was imported into the analysis and 

visualisation software VGStudio MAX 3.1. (Volume Graphics GmbH, Germany) for the 
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following steps: (i) segmentation; (ii) alignment; (iii) definition and extraction of the cross-

sections used for measurements. To avoid errors and optimise the importation and analysis 

time, various importation parameters were verified through the Loading module of the 

software, such as the type of the dataset, resolution, as well as the grey value distribution 

histogram (Figure 3.9 A). The size of the dataset was also verified and “reduced” by cropping 

unnecessary surrounding air around the object by defining a region of interest (Figure 3.9 B). 

This reduces the Random-Access Memory (RAM) use of the computer, and thus accelerates 

the loading time of the dataset making the analysis easier and faster. Once the dataset is loaded, 

the software displays the three-dimensional rendering of the specimen, as well as 2D slice 

views as seen along the x-axis, the y-axis and the z-axis of the original coordinate system (also 

named the Scene coordinate system in VGStudio MAX 3.1.). 

 

 
Figure 3.9. Importation process in VGStudio MAX 3.1. Snapshots of the modules displaying the grey 

value distribution histogram with the peaks corresponding to the different materials/background [A], 

and the mandibular volume preview with the movable lines (in blue) cropping unnecessary 

surrounding air [B]. 

 

Segmentation 

The segmentation procedure is a prerequisite for any analysis on a 3D volume. This 

essential step allows the user to define and extract regions within the image by delineating the 

contour of the different structures of interest – e.g., bone and tooth vs. air – based on the 

greyscale contained in the image. Many different techniques exist (Dawant and Zijdenbos, 

2000; Toennies, 2012) but the Automatic Surface Determination approach was first selected. 

This global thresholding method uses the grey value distribution histogram to define and 
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globally apply one threshold to the volume. Then, the Advanced Mode implemented in 

VGStudio MAX 3.1. was applied. This method re-evaluates and adapts the previously defined 

contour in function of the grey values of the surrounding voxels (Figure 3.10) (i.e., the same 

grey value can be processed differently according to the neighbouring voxels) (VGStudio 

MAX Reference Manual; Dawant and Zijdenbos, 2000). This adaptive local thresholding 

method provides a high level of accuracy (up to 1/10 of the voxel size) and low measurement 

error as it minimises user influence and compensates for artefacts (VGStudio MAX Reference 

Manual; Dawant and Zijdenbos, 2000; Borges de Oliveira et al., 2016). 

 

 
Figure 3.10. Close-up view of a slice with the advanced mode of the surface determination process: 

white line shows the first contour calculated, yellow hairlines represent the search direction for the 

local grey values, and bold yellow lines show a preview of the final re-evaluated surface. 

 

Once the surfaces of the segmented structures of interest have been carefully 

determined, 3D rendering of the volume can be performed with the Isosurface Renderer tool 

(Figure 3.11). However, before starting the analyses, the crucial 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 the type of modality (micro-CT, CBCT) used. In order to standardise 

the analyses, all the volumes were aligned following a similar reference coordinate system. 
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Figure 3.11. Three-dimensional rendering of a mandible (lateral views) with the different materials 

(cortical and trabecular bones, teeth) in semi-transparency (bottom). Scale bar: 10 mm. 

 

The VGStudio MAX 3.1. Measurement menu allows for the creation of different types 

of geometry elements, such as Points, Plane… Using Points, three anatomical landmarks 

(defined in İşcan and Steyn, 2013; Caple and Stephan, 2016) were collected on each 3D model: 

left and right gonions (go), located on the most posterior point of the inferior margin of the 

mandibular body; and menton (me), the most inferior point of the inferior margin of the body 

at the mental symphysis. The Polyline instrument was then used to fit a spline curve along the 

inferior margin of the mandibular body, between the left and right gonions and passing through 

the menton (Figure 3.12 A). A best-fit – reference – plane, positioned under the mandible, was 

automatically computed from these anatomical landmarks and semi-landmarks (Figure 3.12 

B), allowing the creation of a new coordinate system of reference. The installation of this new 

system generated the three following orthogonal planes: horizontal, parallel to the best-fit plane 

computed and dividing the mandible into inferior and superior parts; coronal, dividing the 

anterior and posterior parts of the mandible; and sagittal, dividing the mandible into left and 

right sides (Figure 3.12 C-D). 

The volumes were all realigned allowing the definition of non-oblique and analogous 

cross-sections independent of the modality (CBCT and micro-CT) and of the individual 

(regardless of dentition group). The aligned images were saved and exported in TIFF format.  
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Figure 3.12. Alignment process. Lateral and inferior views of the mandible with the landmarks (black 

dots, me: menton, go: gonion) and the spline curve (red and yellow line) [A] allowing the automatic 

computation of the best-fit plane (red) positioned under the mandible [B]. New reference coordinate 

system installed generating the horizontal (blue), coronal (red) and sagittal (green) planes [C] and the 

sections associated [D]. Scale bars: 10 mm.  
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Sections 

The first cross-section, the midline (m), was defined in the mid-sagittal plane, i.e., at 

the mental symphysis passing through several landmarks: menton (me); pogonion (pg), the 

most anterior projecting point on the mental eminence; and infradentale (id), the projecting 

point between the two central lower incisors on the buccal surface (Figure 3.13 A-B). 

The left side of the mandible was chosen to define the remaining cross-sections of the 

body, as it was previously shown that no differences in microstructural parameters exist 

between the sides of the jaws (Schwartz-Dabney and Dechow, 2003; Deguchi et al., 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 precise locations 

easily reproducible in dentate and edentulous individuals: anterior (a) at 1/4th of the menton-

gonion distance; posterior (p) at 2/4th of the me-go distance (midpoint) (Figure 3.13 A). 

Because of the particular V- or U-shape of the mandible, the cross-sections located at a and p 

were oblique relating to the mandibular body. A rotation of the mandible along the vertical axis 

was achieved in order to have the sagittal (or the coronal) plane tangent to the spline curve (i.e., 

perpendicular to the surface) at a and to obtain the anterior cross-section (shortest distance 

across) after realignment (Figure 3.13 C). The same process was applied at p in order to define 

the posterior section (Figure 3.13 D). The 3/4th position along the menton-gonion distance 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 cross-sections were defined on the ramus of the mandible: the minimum 

height (rah) and the minimum breadth (rab). First, to obtain the height section, a Freeform line 

was fitted to the mandibular notch, between the condyle and the coronoid processes (Figure 

3.14 A). The Extract min./max point tool allowed the automatic extraction of the minimum fit 

point of the Freeform line relative to the go landmark. This point, named no was usually the 

deepest point of the mandibular notch. The section containing no and go was defined as the 

minimum ramus height section (Figure 3.14 A-B). Then, two other Freeform lines were drawn 

on the anterior and on the posterior margins of the ramus (Figure 3.14 A). Using the Extract 

min./max point tool, the closest point of the anterior margin relative to the posterior margin 

was extracted and named cor_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 height and passing through cor_min and cond_min (Figure 3.14 A-C). 
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Figure 3.13. Sections on the mandibular body. Lateral view of the mandible with landmarks used (id: 

infradentale, pg: pogonion, me: menton, a: anterior, p: posterior, go: gonion) [A]. Three-dimensional 

models (upper row) with the corresponding two-dimensional cross-sections defined on the body 

(lower row) at the midline [B], anterior [C] and posterior [D] landmarks. Orientation: o: occlusal; b: 

buccal. Scale bars for the 3D models: 10 mm, and for the sections: 2 mm. 
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Figure 3.14. Sections on the mandibular ramus. Lateral view of the mandible with the landmarks 

defined (no: notch, go: gonion, cor_min, cond_min) on the Freeform lines (in green) fitted to the 

mandibular notch, the anterior and posterior margins of the ramus [A]. Three-dimensional models 

(left) with the corresponding two-dimensional cross-section (right) defined on the minimum ramus 

height between no and go [B]; on the ramus breadth between cor_min and cond_min [C]. Orientation: 

s: superior; a: anterior; l: lingual. Scale bars for the 3D models: 10 mm, and for the sections: 2 mm. 
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3.2.1.3. Data analysis 

 

From the 357 micro-CT scans of entire mandibles performed, only 333 were selected 

for analysis (see Table 3.7 for more details). The 24 remaining scans were not analysed because 

of either: (i) technical issues during the scanning process, e.g., the mandible was not secured 

firmly enough and moved during the acquisition, resulting in blurry images; (ii) presence of 

pathologies; (iii) presence of dental restorations (undetectable with visual inspections) causing 

significant artefacts. 

 

Table 3.7. Sex/ancestral group distribution of the mandibles analysed. 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 

 

The analysis of the mandibular volumes was performed through different types of 

parameters computed in VGStudio MAX 3.1. software (Volume Graphics GmbH, Germany). 

First, external distances were recorded on the 3D models in order to quantitatively assess the 

external morphology of the mandible. 

Then, the 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 analysis was saved as a 

vgl project file containing all the information, registered alignment and analyses. 

The two imaging modalities (CBCT and micro-CT) were compared with regard to the 

above 2D and 3D measurements (distances, cortical thickness, histomorphometric parameters), 

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 explained previously in [3.2.1.2] Sections, the distance (on the spline curve) between 

the menton and the left gonion was recorded and was used to assess the body length (me-

go_length). The Caliper instrument provided by VGStudio MAX 3.1. was used to measure the 

different heights and breadths of the mandibular body and ramus (Figure 3.15 A). The Snap 

mode was 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 

measured perpendicularly to the reference plane (horizontal) at the location of the three 

following sections: midline (m_h), anterior (a_h) and posterior (p_h) (Figure 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 distances and abbreviations are summarised in Table 

3.8. 

 

Cortical thickness 

The thickness of the cortical bone was defined as the thickness from 

periosteum/external surface to the endocortical surface (Schwartz-Dabney and Dechow, 2002; 

Humphries, 2007), and was not size-adjusted according to each individual. Indeed, the 

mandibular size variation is often considered minimal and is characterised by a relatively small 

coefficient of variation. 

The mandibular cortical thickness was measured at three sites (basal, buccal and 

lingual) of each cross-section previously defined (Figure 3.15 B-F). All the names, 

abbreviations and sites of measurement are summarised in Table 3.8. For example, on the 

midline section, the basal cortical thickness (m_ba_CtTh) was recorded from the most inferior 

point of m_h, tangentially to the outer cortical layer. Then, a caliper 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) 

(Figure 3.15 B). The same process was repeated on the anterior and posterior sections at the 

respective cortical thickness sites: a_ba_CtTh, a_buc_CtTh, a_ling_CtTh (Figure 3.15 C); and 

p_ba_CtTh, p_buc_CtTh, p_ling_CtTh (Figure 3.15 D). On the cross-sections located on the 

ramus, only the buccal and lingual cortical thicknesses were measured. As explained for the 

corpus sections, the middle of the height and breadth distances were used to locate the four 

sites: rab_buc_CtTh and rab_ling_CtTh (Figure 3.15 E); rah_buc_CtTh and rah_ling_CtTh 

(Figure 3.15 F). 
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Figure 3.15. Measurements on the mandibular body and ramus. 3D model of the mandible showing the three different alveolar heights and the ramus breadth 

and height (red lines) [A]. On each corresponding cross-sections of the body – midline [B], anterior [C], posterior [D], ramus breadth [E] and height [F] – 

basal, buccal and lingual cortical thicknesses are recorded (in red). Orientation: o: occlusal; b: buccal; l: lingual; s: superior; a: anterior. Scale bars for the 3D 

model: 10 mm, and for the sections: 2 mm.
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Table 3.8. List and descriptions of the linear variables recorded on the mandibles. 

 
 

Histomorphometric parameters 

The cortical bone density was assessed through various histomorphometric indices as 

defined by Parfitt (1988). The Draw sphere tool from the Select menu in VGStudio MAX 3.1. 

was used to create and extract spherical 3D volumes of interest (VOIs) from the original 

volume. These spheres, having a 0.4 mm radius, were placed in the cortical bone of each site 

of each cross-section previously used for the cortical thickness measurements. Using the 

automatic surface determination values, the Properties menu of the software provides general 

information on each VOI, such as dimensions (in voxel and mm), total volume (TV, mm3) 

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, mm3). From these parameters, the 

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

parameter quantifying and accurately estimating the bone density. All the parameters recorded 

are summarised in Table 3.9. 

 

Table 3.9. List and abbreviations of the mandibular histomorphometric parameters recorded. 

 
1 BV/TV: bone volume/total volume ratio. 

 

Micro-CT and CBCT volume registration 

As 24 mandibles were scanned with two imaging modalities (see section [3.2.1]), two 

datasets were obtained for each of the 24 specimens: one from micro-CT and one from CBCT. 

In order to visualise and quantify the general volumetric discrepancies between the volumes 

(i.e., to which extent the CBCT volume deviates from the micro-CT reference), 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 volumes (Toennies, 2012). Using the Register object menu (VGStudio MAX 

Reference Manual), the registration was computed within two steps: a Gaussian Best-fit 

registration of the CBCT volume against the micro-CT; and then, a Feature-based registration 

using the iterative closest point algorithm, with the micro-CT as the reference (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 repeated if/until necessary (i.e., 

superior to 95%). 

 

 
Figure 3.16. Registration process. Superior views of micro-CT-based [A] and CBCT-based [B] three-

dimensional mandibular volumes before superimposition, and after [C]. Micro-CT volume is in grey, 

CBCT in blue. Scale bars: 10 mm.  

 

 

3.2.2.1. Micro-CT data acquisition 

 

The femora were scanned at Necsa (Pelindaba) with the same micro-CT system (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 any movement 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 micro-CT scans were conducted and 18 were collected from a previous 

project (courtesy of M. Cazenave), all with the following voltage and current parameters: 100 

kV and 100 µA. The reconstruction process of the radiographic projection images into a 3D 

volume was performed in the Nikon CT-Pro software (Nikon Metrology, Belgium) with 

optimised parameters, and an isotropic resolution ranging from 0.064 mm to 0.100 mm (all the 

acquisition parameters are detailed in Appendix D (Table D.4 and Table D.5). The final 

volumes were then exported in vol float format or in 16-bit TIFF images. 

 

3.2.2.2. Image processing 

 

All the volumes were imported in the VGStudio MAX 3.1. software (Volume Graphics 

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 air (Figure 3.17). 

 

 
Figure 3.17. Importation process in VGStudio MAX 3.1. Snapshots of the modules displaying the grey 

value distribution histogram [A], and the volume preview of a femur [B]. 

 

Segmentation 

The contour of the different types of tissue – cortical and trabecular bone vs. air – were 

defined following the segmentation procedure, using the grey values’ histogram. The process, 
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like that applied on the mandible, was also divided into two steps: the Automatic Surface 

Determination first, and then the adaptive Advanced mode. Once the segmentation was 

completed, the 3D rendering was computed with the Isosurface Renderer tool (Figure 3.18). 

 
Figure 3.18. Three-dimensional rendering of a left femur (posterior views) with the different materials 

(cortical and trabecular bones) in semi-transparency (right). Scale bar: 10 mm. 

 

Alignment 

Femora were scanned with different positions and angles, affecting the 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 depressed fovea of the ligament of the head. Using the Sphere 

geometrical element from the Measurement menu, a best-fit sphere around the femoral head 

was automatically computed from those landmarks (Figure 3.19 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, the transversal plane parallel to the long axis of the neck, 

and the coronal plane (Figure 3.19 B). This coordinate system was used as a reference to realign 

all the images and obtain the following three non-oblique sections: medio-lateral, supero-

inferior and antero-posterior, analogously defined in all individuals (Figure 3.19 C). The 

aligned slices were saved and exported in TIFF format. 
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Figure 3.19. Alignment process. Snapshot of the software showing the best-fitted sphere around the 

femoral head (red, yellow, 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 (blue) [B]; and the sections associated: supero-inferior (green), medio-lateral 

(red) and antero-posterior (blue) [C]. Scale bar: 10 mm.  
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3.2.2.3. Data analysis 

 

Sixty-four scanned femora out of the sixty-eight were selected for analysis (Table 3.10). 

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; 

(ii) presence of metal inclusions within the bone generating artefacts. 

 

Table 3.10. Sex/ancestral group distribution of the femora analysed. 

 
F: female, M: male; AA: SA of African ancestry, EA: SA of European ancestry. 

 

As for the mandibles, the analyses of the femora were performed in VGStudio MAX 

3.1. software (Volume Graphics GmbH, Germany). All the analyses were saved as a vgl project 

file containing all the information, alignment and measurements. After the alignment of the 

femur to the new coordinate system described in [3.2.2.2] the medio-lateral section, 

perpendicular to the maximum femoral axis, and corresponding to the minimum femoral neck 

diameter was extracted. On this section, the infero-superior (is_n) and antero-posterior (ap_n) 

neck diameters were traced using the Caliper instrument (Figure 3.20) allowing the precise 

localisation of four sites: inferiorly and superiorly at the most inferior and superior points of 

is_n, respectively (Figure 3.20 B); anteriorly and posteriorly at the most anterior and posterior 

points of ap_n, respectively (Figure 3.20 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 cortical thicknesses are two-dimensional 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 histomorphometric parameters are ratios of three-dimensional 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 past (such as Hildebrand et al., 1999; Liu et al., 

2008). 

Three-dimensional spherical VOIs were thus extracted using the Draw sphere tool in 

the four sites of the medio-lateral section defined above. Based on the Advanced surface 

determination, the following structural and textural parameters were computed from each 

cortical VOI (Table 3.11): total volume (TV, mm3), bone volume (BV, mm3) and bone 

volumetric fraction (BV/TV, %). 

 

 
Figure 3.20. Selection of the medio-lateral section of interest. 3D model of a femur, in posterior view, 

with the femoral neck section (in red, ml) and the perpendicular femoral neck axis (in green, fna) [A]. 

Medio-lateral section corresponding to the minimum femoral neck diameter with the infero-superior 

neck diameter (is_n) and the inferior and superior VOI sites in [B]; and the antero-posterior neck 

diameter (ap_n) with the anterior and posterior VOI sites in [C]. Orientation: s: superior; a: anterior. 

Scale bar for the 3D model: 10 mm, and for the sections: 2 mm. 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 3. MATERIALS AND METHODS 

 85 

Table 3.11. List and abbreviations of the femoral histomorphometric parameters recorded. 

 
1 BV/TV: bone volume/total volume ratio. 

 

 

 

All statistical analyses were performed using the open-source software R (R Core Team, 

2020) and especially the RStudio environment (RStudio Team, 2020). The statistical tests were 

performed using different packages and functions of R, cited accordingly later, while the 

graphics and plots were all computed with the ggplot2 package (Wickham, 2016). 

First, basic descriptive statistics were executed using the R base package and 

particularly the summary () function, automatically computing location 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 dissymmetry in the 

distribution of the values. Variances and standard deviations were also calculated (var () and 

sd () functions) in order to indicate the dispersion of the values. All these descriptive parameters 

were usually illustrated with plots and boxplots, facilitating the detection of outliers. 

 

3.2.3.1. Repeatability of measurements 

 

The intra-observer 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 intra-observer repeatability was firstly assessed by calculating Intraclass 

Correlation Coefficients (ICCs) using the icc () function from the irr package (Gamer et al., 

2019). The one-way random model examining consistency (with a 95% tolerance level) was 

chosen as only the subjects (i.e., the individuals) are random, but not the observers (Koo and 

Li, 2016). However, as the ICCs are correlation coefficients, only the strength of the 

relationship between the two 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 measures vary (Knapp, 1992; 

Bruton et al., 2000; Byrnes et al., 2017). 

Although the ICCs are reflecting both consistency and agreement (Bruton et al., 2000), 

Bland-Altman plots were also computed to illustrate the intra-observer agreement and facilitate 

the understanding (Bland and Altman, 1986, 1999), especially in complex cases when a high 

correlation co-exists 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 easily detected on these plots, where the 

differences between the repeated measurements performed for each individual (vertical y-axis) 

are plotted against their means (horizontal x-axis). The 95% limits of agreement are calculated 

as the mean difference ± two standard deviations of the differences, providing the upper and 

lower limits of a 95% confidence interval (different for each sample). Furthermore, Bland and 

Altman (1986, 1999) recommended 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 research question (i.e., each statistical test), two statistical hypotheses have to 

be postulated: H₀, the principal or null hypothesis; and H₁, the alternative hypothesis (Millot, 

2018). According to the p-value obtained after each test and the significance level/threshold 

defined (ɑ = 0.05 or 0.01 in our case), the null hypothesis was rejected or not: (i) if p ≤ 0.05, 

then H₀ is rejected (H₁ is accepted); (ii) if p > 0.05, then H₀ cannot be rejected (H₁ cannot be 

accepted). In the first case (i.e., p ≤ 0.05), it is said that the p-value is significant. 

Choosing the appropriate statistical test (i.e., parametric vs. non-parametric) depends on 

the nature and number of variables analysed. For example, in the case of a quantitative variable 

(as opposed to a qualitative variable), a parametric test can be 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 normal (Millot, 

2018). Using the R stats package, the distributions of the variables 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. heteroscedasticity) was tested using Fisher-Snedecor or Bartlett tests [var.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 or non-parametric tests were 

chosen. 

 

Micro-CT analysis of the mandible 

Several statistical tests were run in 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 with the location of the section or the VOI. 

To compare the means between two independent samples (Millot, 2018), such as 

between sex (male vs. female) or population (South African of African vs. European 

ancestries), parametric Student’s t-tests [t.test ()] or its non-parametric counterpart, the Mann-

Whitney-Wilcoxon tests [wilcox.test ()] were used. 

To compare the measurements across more than two groups, such as the sex/ancestral 

subsamples, the dentition categories, or the location of the measurement/VOI, one-way and 

two-way ANOVAs [aov ()] or MANOVAs [manova ()] could be used. Both ANOVAs and 

MANOVAs use variances 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 met, non-parametric Kruskal-

Wallis rank sum tests [kruskal.test ()] were run. This test compares the variable’s medians, and 

not the means. Furthermore, when necessary, post-hoc 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). 

Correlation analyses [cor.test () function] investigated the presence (or not) of linear 

relationships between the different measurements (external distances, cortical thickness, 

histomorphometric parameters), but also between the measurements and advancing age. 

Pearson’s correlation coefficient was used when the comparison was performed between two 
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normally distributed quantitative variables. When this was not the case, Spearman’s correlation 

coefficient was calculated, especially that Pearson’s correlation coefficient is very sensitive to 

extreme values (outliers). In addition, correlation coefficients were adjusted for multiple testing 

using Holm’s correction, because of the high number of comparisons performed on similar 

variables, which may increase the probability of obtaining Type I errors (i.e., rejecting the null 

hypothesis, also called a false positive). In both Pearson’s and Spearman’s correlations, the 

coefficient quantitatively measures the dependence between two variables and provides the 

power and direction of the correlation (Rosner, 2016; Millot, 2018). It ranges between -1 and 

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

variables are perfectly correlated). Generally, the correlation is interpreted as: very strong if the 

correlation coefficient ranges between 1 and 0.8 (or -1 and -0.8); strong if between 0.8 and 0.6 

(or -0.8 and -0.6); moderate if between 0.6 and 0.4 (or -0.6 and -0.4); weak/low if between 0.4 

and 0.2 (or -0.4 and -0.2); very weak if between 0.2 and 0 (or -0.2 and 0). Finally, when the 

coefficient is close to 0, the relationship is null, or non-existent (Rosner, 2016; Millot, 2018).  

The correlation coefficients were provided in tables but also in the form of correlation 

matrices, illustrated using the corrplot 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 

intersection between 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 were significant, linear regression analyses were 

performed, using two possible types of regression models, i.e., the linear model [lm ()] or the 

generalised linear model [glm ()] in the case of non-normal data. Scatterplots with local 

regression lines were used to illustrate the correlation of each measurement with separated and 

pooled sexes and ancestries. 

 

Micro-CT analysis of the femur 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 independent as before. Thus, 

the direct comparisons were made using parametric paired two-samples t-tests [t.test ()] or its 
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non-parametric counterpart, the paired-samples Wilcoxon test [wilcox.test ()], also known as 

the Wilcoxon signed-rank test. 

Correlation and regression 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. Pearson’s or Spearman’s correlation coefficients [cor.test ()], 

followed by linear model [lm ()] or generalised linear model [glm ()] analyses were used. 

Furthermore, correlations (Pearson’s or Spearman’s) and regressions (linear or 

generalised linear models) with advancing age were also performed in the mandible and 

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 micro-CT and CBCT, the two 

modalities could be compared. Four complementary statistical techniques were used to evaluate 

the agreement and the accuracy of CBCT-based measurements in comparison to micro-CT. The 

concordance was first assessed with Bland-Altman 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 micro-CT and CBCT were visualised 

and quantified through the deviation analysis. 

 

Agreement between micro-CT and CBCT 

Bland-Altman plots were computed for each pair of measurements obtained with both 

techniques. Furthermore, according to Bland and Altman (1986, 1999; Bruton et al., 2000), 

correlation coefficients and ICCs are not the most appropriate statistical methods when 

comparing the reliability of two different instruments in measuring the same variables. 

However, the Passing-Bablok (1983) regression method is a non-parametric approach 

especially recommended for studies comparing two different techniques, and was calculated 

using the mcr (Method Comparison Regression) package (Model et al., 2014). For each 

measurement, the method tested (i.e., CBCT) is regressed against the method 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 compared to the micro-CT-based reference using 

paired sample tests, as each pair of volumes computed is resulting from the same individual. 

Following assumption testing, paired Student’s t-tests (parametric) or Wilcoxon signed-rank 

test (non-parametric) were conducted on each variable using the following functions: t.test () 

or wilcox.test (). 

 

Deviation analysis: comparison of volumes 

After the registration of each CBCT volume against its respective micro-CT (see section 

[3.2.1.3] and Figure 3.16), the Nominal/Actual Comparison module of VGStudio MAX 3.1. 

was applied directly to the registered volumes. The micro-CT volume was defined as the 

nominal object, while the CBCT volume was the actual object, i.e., the object for which the 

comparison was performed. For each specimen, the analysis generated three different types of 

colour-coded 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 the entire 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, while the largest deviations were coded in red (positive deviations) and blue 

(negative deviations) (Figure 3.21). 
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Figure 3.21. Nominal/Actual comparison process. Examples of coloured outputs computed for an 

individual: deviation map showing the geometric 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 micro-CT included 333 individuals aged 

between 18 and 98 years (see Chapter 3. Materials and Methods for more details about the 

distribution of the sample across sexes, ancestries and dentition groups). As explained in the 

previous chapter, external distances and cortical thicknesses, as well as histomorphometric 

parameters, were recorded for all individuals. 

In the first part of this section [4.1], the repeatability of micro-CT-based measurements 

was assessed through three different methods: intraclass correlation coefficients (ICC), 

technical errors of measurement (TEM and %TEM) and Bland-Altman (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, on the analyses of the external distances [4.3], cortical thicknesses [4.4] and 

histomorphometric parameters [4.5]. In each of these three sections, a similar approach was 

applied (outlined in the workflow Figure 4.1), 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 summarised (see [4.3.6] for the external 

distances, [4.4.6] for the cortical thickness, and [4.5.6] for the cortical density). 
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Figure 4.1. General workflow followed for the analyses of the external distances, cortical thicknesses 

and cortical densities recorded on the micro-CT scans of mandibles.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 94 

 

 

Intra-observer reliability was assessed through the repeated analysis of ten micro-CT 

scans by the same observer. The Intraclass Correlation Coefficients (ICCs) were calculated and 

resulted in excellent intra-observer reliability, with ICCs between 0.9991 and 1.000 (see 

Appendix E Table 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 estimated and are presented in Appendix E (Table E.1). 

Very low TEMs were found for both external distances (mean TEM at 0.020 mm, range: 0.013 

– 0.031 mm) and cortical thicknesses (mean TEM at 0.010 mm, range: 0.007 – 0.014 mm). 

The mean %TEMs were also particularly small (always less than 0.80%), even if slightly 

greater for the cortical thicknesses (mean %TEM = 0.505%, range: 0.184 – 0.80%) than for the 

external distances (mean %TEM = 0.057%, range: 0.036 – 0.094%). The highest %TEMs were 

calculated for the buccal midline cortical thickness (m_buc_CtTh) and the cortical thicknesses 

located on the ramus, but were still considered repeatable. 

Finally, the intra-observer agreement was examined using the Bland-Altman method. 

For each plot (i.e., each measurement), the differences between the two analyses performed 

(observation 1 vs. observation 2) were computed (see Appendix E Figure E.1 for the external 

distances and Figure E.2 for the cortical thicknesses). All the measurements at all sections 

showed a very high agreement, with no measuring differences exceeding 0.15 mm for the 

external distances and even as low as 0.05 mm for the cortical thicknesses. This spread of 

differences reflects a tendency for the intra-observer agreement of the cortical thicknesses to 

exceed that of the external distances: the smaller the measurement (cortical thickness vs. 

external dimensions), the better the agreement. 

In summary, both types of mandibular measurements (external distances and cortical 

thicknesses), presented a very high intra-observer repeatability and agreement, when 

performed on micro-CT scans. 
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Before further statistical analyses, various assumptions, including normality of 

distributions and homogeneity of variances, must be verified. First, kernel density estimates 

were calculated and plotted as they give 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 plots, performed for each variable (age, external 

distances, cortical thicknesses and densities) are presented in Appendix E, and were followed 

by Shapiro-Wilk tests. 

 

4.2.1.1. Age 

 

The age variable did not show a normal distribution (see Appendix E Figure E.3) when 

the entire sample was considered, or when the sample was subdivided by population groups 

(AA, EA). However, shapes of the age distribution of sex-separated groups were different: 

females were found to have a normal distribution, while males did not. For sex/ancestral 

subgroups, 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 observed. Age distribution in the different Eichner dentition categories was also 

tested for normality (Appendix E Figure E.3). As expected, categories A and C were skewed: 

A towards the left and younger ages, while C was skewed towards older age ranges. However, 

category B was normally distributed. When the sample was subdivided per sex, males showed 

a normal distribution only for category B, while females were normally distributed across all 

three groups (A, B, C). 

 

4.2.1.2. External distances 

 

Kernel density plots of the six external distances are displayed in Appendix E Figure 

E.4. Within the entire pooled sample, the length of the mandibular body (me-go_length) and 

the three alveolar heights (m_h, a_h, p_h) showed non-normal distributions. Only the two 

external distances performed on the ramus (ra_b, ra_h) were following normal distributions. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 96 

The length of the body (me-go_length) was normally distributed in all subsamples (Appendix 

E Figure E.4): in males 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 E Figure E.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) and heights (ra_h) were roughly normally distributed in 

the entire sample and all subgroups except AA. When divided into the three dentition 

categories (Appendix E Figure E.5 andFigure E.6), all external distances 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 of the cortical thickness measurements (9 of 13) showed non-normal distributions 

in the entire sample (Appendix E Figure E.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 similar pattern 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/ancestral subgroups (MEA, FAA, FEA), but not in MAA. When the sample 

was divided into the three dentition categories (Appendix E Figure E.8 andFigure E.9), most 

of the CtTh from the midline and anterior sections were not normally distributed. Normality 

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 two sex-separated groups (M, F), in the two ancestral 

groups (AA, EA), in the sex/ancestral groups (FAA, FEA, MAA, MEA) or even in the 

subsamples defined with the three dentition categories (see Appendix E Figure E.10 and Figure 

E.11). 
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Homoscedasticity/heteroscedasticity was assessed on all the measurements taken on the 

full mandibular sample between sex, ancestry, sex/ancestry and between dentition groups. 

Homogeneity of variances 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 length (me-go_length), ramus breadth and height 

showed equal variances, while the alveolar heights (m_h, a_h, p_h) did not. The cortical 

thicknesses did not present such constant patterns. At the midline, equal variances were only 

detected between ancestries, but not between sexes, sex/ancestral subsamples 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/ancestry, but not between dentition categories. Finally, the cortical thicknesses recorded at 

the ramus (on the height and breadth) had equal variances between sex, ancestry, and 

sex/ancestral groups as well as between dentition classes. Homoscedasticity was also tested on 

the histomorphometric parameters and was detected between sexes in four sites only 

(m_ba_BV/TV, a_buc_BV/TV, a_ling_BV/TV and rah_ling_BV/TV). All the other cortical 

densities were not found to have equal variances between ancestries, sex/ancestral groups and 

between dentition categories. 

 

 

 

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 normal distributions 

for the external distances and cortical thicknesses, as soon as the dentition categories were 

added, the sample sizes were considered too small to approximate normality (e.g., five males 

of European Ancestry in Eichner category A) – see Appendix E Figure E.9. 

To keep a consistent method of analysis for all the variables (external distances, cortical 

thicknesses, histomorphometric parameters) and because of the absence of normality and 

homoscedasticity in most of the subsamples, non-parametric statistical tests were selected for 

the subsequent analyses.  
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Means, standard deviations and ranges (minimum – maximum) calculated for the 

mandibular body length (me-go_length), alveolar heights (m_h, a_h, p_h), ramus heights and 

breadths are detailed in Table 4.1 and Table 4.2. 

As seen in Table 4.1, the lowest mean mandibular body length (me-go_length) and 

lowest minimal values were found in females (mean ± SD = 81.00 ± 4.79 mm, range: 70.67 – 

97.97 mm) or in individuals from European ancestry (mean ± SD = 81.42 ± 4.91 mm, range: 

70.67 – 95.55 mm). The FEA subgroup, specifically, showed the lowest mean body length, 

followed by FAA, MEA and MAA. 

The mean alveolar heights were higher at the midline for all subgroups as well as for 

the pooled group (mean ± SD = 29.12 ± 6.82 mm) than at the posterior location for all 

subgroups and entire sample (mean ± SD = 23.85 ± 5.77 mm). Between sexes, lower mean 

values of midline (m_h) and posterior (p_h) heights were recorded in females than in males, 

but not for the anterior height (a_h). All three alveolar heights were higher in the AA subsample 

than in the EA subsample. The minimum values were particularly low in EA (e.g., AA range: 

17.78 – 45.78 mm vs. EA range: 5.52 – 39.51 mm), showing the degree of resorption in some 

of the European ancestry individuals. In 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 > MEA > 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, 

respectively) compared to the other subgroups, and more particularly compared to FEA (5.52 

mm, 6.35 mm, 6.66 mm) and MEA (8.60 mm, 8.10 mm, 7.04 mm). These 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 always observed to be smaller than ramus heights in 

the entire sample, as well as in all the subgroups. When comparing sex groups, mean ramus 

breadths were found to be greater in males than in females (M mean ± SD = 31.33 ± 4.10 mm 

vs. F mean ± SD = 34.65 ± 4.58 mm), but the lowest minimum values were detected in males 

(M range: 21.26 – 50.72 mm vs. F range: 22.93 – 41.47 mm). Furthermore, AA individuals 

also showed higher mean values than in the EA subgroup. Following the same pattern noticed 
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for the alveolar heights in the 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 mean ± SD = 43.05 ± 4.29 mm vs. M mean ± SD = 49.03 ± 5.18 mm), lower mean values 

were detected in the AA subgroup than in EA (AA mean ± SD = 45.96 ± 5.20 mm vs. EA mean 

± SD = 49.32 ± 5.74 mm). In the sex/ancestral subgroups, the ramus heights were higher in 

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 Index (Table 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 values were always the greatest. In addition, particularly low minimum values 

were recorded in the C category (e.g., m_h range in C: 5.52 – 44.27 mm vs. m_h range in A: 

22.71 – 45.70 mm). Furthermore, like the entire sample and the previous subsamples based on 

demographics (sex, ancestry, sex/ancestry), the posterior section, compared to the midline and 

anterior sections, consistently displayed the lowest mean alveolar heights in all groups. On the 

other hand, values recorded on the ramus height were relatively similar in all three dentition 

categories. 
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Table 4.1. Descriptive statistics of the external distances (mm) measured on micro-CT scans of mandibles in the entire sample and then separated per sex (F, 

M), per ancestry (AA, EA) and per sex/ancestral groups (FAA, FEA, MAA, MEA). 
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Table 4.2. Descriptive statistics of the external distances (mm) measured on micro-CT scans of 

mandibles separated per dentition category, according to the Eichner Index (EI A, B, C: from full 

dentition to edentulous). 
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4.3.2.1. Sex 

 

Using non-parametric Mann-Whitney Wilcoxon tests, all external distances (me-

go_length, m_h, a_h, p_h, ra_b and ra_h) were found to be statistically significantly different 

between sexes with p-values < 0.001, although some overlap was noticed (Figure 4.2). 

Measurements recorded on males were always larger than those obtained in females. 

 

 
Figure 4.2. Boxplots of external distances (mm) per sex (F: light blue; M: dark blue). Dots depict 

outliers. Significance: *** p < 0.001.  
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4.3.2.2. Ancestry 

 

As in the sex-separated samples, Mann-Whitney Wilcoxon tests performed on all 

external distances indicated significant differences between ancestries with p-values < 0.001 

(Figure 4.3). South Africans from African ancestry (AA) were found to have significantly 

larger distances (me-go_length, m_h, a_h, p_h, ra_b) than South African individuals from 

European ancestry (EA), except for the ramus height, significantly greater in EA. 

 

 
Figure 4.3. Boxplots of external distances (mm) per ancestry (AA: light green; EA: dark green). Dots 

depict outliers. Significance: *** p < 0.001. 
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4.3.2.3. Interaction between sex and ancestry 

 

The sample was then divided into sex/ancestral subgroups (FAA, FEA, MAA, MEA) 

on which Kruskal-Wallis tests and their associated post-hoc tests (pairwise Wilcoxon) were 

applied. The different measurements are illustrated for each subgroup in Figure 4.4. For the 

length of the mandibular body (me-go_length), significant differences were found between all 

subgroups (with MAA displaying a longer body length, and FEA the shortest), except between 

FAA and MEA. The midline, anterior and posterior alveolar heights (m_h, a_h and p_h) also 

showed significant differences between almost all subgroups, excluding between FEA and 

MEA. Furthermore, unlike m_h and a_h, the posterior alveolar height (p_h) was also found not 

to be significantly different between FAA and MEA. In these three alveolar heights, MAA 

always showed the larger mean measurements, while FEA showed the smallest. The ranges of 

measurement, as seen in Figure 4.4 for m_h, a_h and p_h, were also noticed to be much wider 

in FEA than in the other subgroups. The distances recorded on the ramus (ra_b and ra_h) were 

all significantly different between all subgroups. However, while the largest ramus breadth 

(ra_b) was found in MAA and the smallest in FEA (ra_b: MAA > FAA > MEA > FEA), the 

largest ra_h was recorded in MEA, and the smallest in FAA (ra_h: MEA > MAA > FEA > 

FAA). 
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Figure 4.4. Boxplots of external distances (mm) per sex/ancestry (FAA, FEA, MAA, MEA: from light 

to dark grey). Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

 

 

In the following section, the influence of tooth loss on the external distances was 

assessed, using the three dentition categories defined according to the Eichner Index (A, B, C: 

from full dentition to edentulous) in order to reflect tooth loss. First, the influence of tooth loss 

was tested in the entire sample, running Kruskal-Wallis tests, followed by pairwise Wilcoxon 

post-hoc tests when necessary. Then, the influence of tooth loss was analysed while controlling 

for sex, or ancestry, or their interaction (sex/ancestral subsamples), using Kruskal-Wallis and 

Wilcoxon post-hoc tests. Finally, the opposite was done, i.e., the influence of sex, ancestry, or 
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both, was evaluated while tooth loss was controlled for. This was performed using Mann-

Whitney Wilcoxon tests for sex and ancestry, while Kruskal-Wallis and Wilcoxon post-hoc 

tests were applied in the sex/ancestral subsamples. 

 

4.3.3.1. Tooth loss in the entire sample 

 

The complete sample was divided into the three main dentition categories (A, B and C), 

defined according to the Eichner Index (EI), in order to control for tooth loss and estimate its 

influence on the external distances recorded on the mandibles. Kruskal-Wallis tests were run 

and all the external distances (me-go_length, m_h, a_h, p_h, ra_b) except ra_h (p = 0.9694), 

were found to be statistically significantly different between the three categories. Subsequent 

pairwise Wilcoxon post-hoc tests were used to highlight the differences between A, B and C 

(see Figure 4.5). The mandibular body length (me-go_length) was found the longest in A and 

statistically significantly different from B and C, while no significant differences were detected 

between the B and C categories. The three alveolar heights (m_h, a_h, p_h), however, were 

statistically significantly different between all three categories, with A consistently the biggest, 

and C the smallest. Statistically significant differences were also detected in the ramus breadth: 

ra_b was the widest in A, followed by B and then the smallest in C individuals. It is also 

interesting to notice that, for most of the measurements, the range of values was much wider 

in the C category than in the two other categories. 
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Figure 4.5. Boxplots of external distances (mm) per dentition category (A, B, C: from light to dark 

purple). Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

4.3.3.2. Tooth loss per sex 

 

The three dentition categories (A, B, C) were then compared within each sex group as 

a means to control for sex and assess the influence of tooth loss on the distances (see Figure 

4.6 – females A vs. females B vs. females C; males A vs. males B vs. males C). The length of 

the mandibular body (me-go_length) was noticed to decrease from categories A to C in females 

and males. However, only males showed statistically significant differences, particularly 

between categories A and C, and then A and B. The three alveolar heights (m_h, a_h, p_h) and 

the ramus breadth (ra_b) showed statistically significant decreases with tooth loss within the 

female subsample and more particularly between dentition groups A and C, or between B and 
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C. Within males, statistical differences were also detected for the same distances between A 

and C, between B and C, but also between and A and B. On the other hand, no statistically 

significant differences were reported in F or M for the ramus height (ra_h). 

 

 
Figure 4.6. Boxplots of external distances (mm) per sex (F, M) and dentition category (A, B, C: from 

light to dark purple). Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

4.3.3.3. Tooth loss per ancestry 

 

As performed previously for sex, the influence of tooth loss was now analysed within each 

ancestral group (see Figure 4.7 – AA A vs. AA B vs. AA C; EA A vs. EA B vs. EA C). The 

length of the mandibular body (me-go_length) did not show any statistical significance in AA 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 

 109 

or EA subsamples. The three alveolar heights (m_h, a_h, p_h), however, showed, in EA, 

statistically significant decreases with tooth loss, particularly in C compared to the others 

(significance between A and C, and between B and C). In AA, a less pronounced decrease was 

detected with tooth loss, even if statistical differences were also detected between A and C, 

between B and C, as well as between and A and B. The ramus breadth (ra_b) showed a very 

slight decrease with tooth loss in AA and EA. This decrease was only significant between B 

and C in EA, while in AA, the significance was found between A and B, and between A and 

C. On the other hand, for the ramus height (ra_h), no statistically significant differences were 

found in EA, and was only observed between A and B in AA (with a small decrease in height). 

 

 
Figure 4.7. Boxplots of external distances (mm) per ancestry (AA, EA) and dentition category (A, B, 

C: from light to dark purple). Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 

0.05.  
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4.3.3.4. Tooth loss per sex/ancestry 

 

Finally, the influence of tooth loss was assessed while controlling for both sex and 

ancestry, by performing Kruskal-Wallis and Wilcoxon post-hoc tests between the three 

dentition categories within each sex/ancestral group (see Figure 4.8 – FAA A vs. FAA B vs. 

FAA C; FEA A vs. FEA B vs. FEA C; MAA A vs. MAA B vs. MAA C; MEA A vs. MEA B 

vs. MEA C). In AA and EA subsamples, the length of the mandibular body (me-go_length) did 

not show significant variations between dentition categories in any of the four subgroups. The 

midline and anterior alveolar heights (m_h, a_h) were significantly decreasing with tooth loss 

in three subgroups (FEA, MAA, MEA) but not in FAA. The posterior height (p_h), however, 

showed a decrease from category A to C in all four subgroups. Furthermore, as seen in the 

entire sample (Figure 4.5), the alveolar height values (i.e., the lengths of the boxplots) were 

particularly more variable in the C category than in the others, especially in the FEA and MEA 

subgroups. Interestingly, the ramus height in MAA was consistently decreasing across the 

dentition loss groups and a statistically significant difference was noted between A and C. This 

is contrary to the other sex/ancestral groups in which no pattern of changes in this distance 

could be detected. 
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Figure 4.8. Boxplots of external distances (mm) per sex/ancestry (FAA, FEA, MAA, MEA) and 

dentition category (A, B, C: from light to dark purple). Dots depict outliers. Significance: *** p < 

0.001, ** p < 0.01, * p < 0.05. 

 

4.3.3.5. Influence of sex per dentition category 

 

The influence of sex on the external distances was assessed while controlling for tooth 

loss, using Mann-Whitney Wilcoxon tests in each dentition category. As illustrated in Figure 

4.9, all dimensions were larger in males than in females. In category A, all six distances were 

statistically significantly different (p < 0.001) between sexes. All distances recorded on 

category C individuals were also significantly different between males and females, but to a 

lesser extent, particularly for the three alveolar heights (p < 0.05), most probably because of 
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the large spreading of values. Within the B group, significant differences between sexes were 

detected for me-go_length, m_h, a_h and ra_h, while not for p_h and ra_b (p > 0.05). 

 
Figure 4.9. Boxplots of external distances (mm) per dentition category (A, B, C) and sex (F: light 

blue; M: dark blue). Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

 

4.3.3.6. Influence of ancestry per dentition category 

 

The influence of ancestry was estimated within A, B and C categories (i.e., controlling 

for tooth loss), through Mann-Whitney Wilcoxon tests (Figure 4.10). Apart from the ramus 

height (ra_h) measurements, all the other external distances were larger in AA than in EA. The 

mandibular body length, the midline and the anterior alveolar heights (m_h and a_h), as well 

as the ramus breadth, were significantly different between AA and EA subsamples in all three 
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dentition groups. However, the posterior alveolar height (p_h) was found to differ significantly 

between category C individuals of African and European ancestries (p < 0.001), but not in A 

and B (p = 0.117 and 0.6065, respectively). The ramus height also was not detected to be 

significantly different in A (p = 0.6315), but was in B and C. 

 

 
Figure 4.10. Boxplots of external distances (mm) per dentition category (A, B, C) and ancestry (AA: 

light green; EA: dark green). Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 

0.05. 

 

4.3.3.7. Influence of sex and ancestry per dentition category 

 

Lastly, within each EI dentition category, the interaction between sex and ancestry was 

assessed by using the four sex/ancestral subsamples (FAA, FEA, MAA, MEA). Kruskal-Wallis 
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tests, followed by pairwise Wilcoxon post-hoc tests when necessary, were run on all 

measurements to assess the presence, or not, of differences between the subgroups while 

controlling for tooth loss. Results are illustrated in Figure 4.11. 

Mandibular body length (me-go_length) was previously found to be significantly 

different between sex (Figure 4.9) and ancestral groups (Figure 4.10) respectively, within 

dentition categories A, B and C. A similar pattern was noticed when comparing the four 

sex/ancestral subgroups within the three dentition categories: me-go_length was always longer 

in MAA, followed by MEA, FAA and then FEA (MAA > MEA > FAA > FEA). More 

specifically, FEA and MAA individuals were the only individuals found to be statistically 

significantly different in all three dentition categories, while FAA and MAA were different in 

A and B but not in C. On the contrary, MAA and MEA were detected to be statistically different 

in B and C but not in A. Also, FAA and FEA, as well as FEA and MEA, were found to be 

significantly different within the C category but not in the two others. 

Alveolar heights were then compared following the same method, by assessing 

sex/ancestral subgroups within dentition categories. The midline and the anterior heights (m_h, 

a_h) had similar patterns of significance: in category A, significance was detected only between 

MAA and FEA or FAA; in category B, only between MAA and the three other subgroups; 

while in C, it was detected between all the subgroups. The posterior height (p_h) was slightly 

different as no significant differences were detected in B (Kruskal-Wallis p-value = 0.339), 

and fewer in C (only between MAA and the other groups). Furthermore, a pattern (MAA > 

MEA > FAA > FEA), similar to the one noted with me-go_length, was detected in A and B 

categories for all three alveolar heights, while a different distribution was noticed in C (MAA 

> FAA > MEA > FEA), also consistent for all three heights. It is also worth noting that FEA 

and MEA were never statistically significantly different in any of the three alveolar heights in 

A, B or C. 

Regarding the ramus measurements (ra_b and ra_h), statistically significant differences 

between sex/ancestral subgroups were detected in A, B and C categories. The ramus breadth 

was found to be the biggest in MAA, followed by FAA, MEA and finally FEA (MAA > FAA 

> MEA > FEA) in all three dentition groups. Significant differences were found between FAA 

and FEA within A, B and C, as well as between FEA and MAA, and between FEA and MEA. 

In categories B and C, additional statistically significant differences were detected between 

MAA and MEA, while significant differences were also found between FAA and MEA in 

category B only. Unlike all the other distances in which MAA was the greatest, the ramus 
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height was the longest in MEA, followed by MAA, FEA and then FAA (MEA > MAA > FEA 

> FAA), in categories A, B and C. Statistical significances were found between males and 

females, and more specifically between FAA and MAA, FAA and MEA, FEA and MEA in all 

three dentition categories as well as between MAA and MEA in the B and C categories. 

However, FAA and FEA were statistically significantly different only in category C 

individuals. 

 

 
Figure 4.11. Boxplots of external distances (mm) per dentition category (A, B, C) and sex/ancestry 

(FAA, FEA, MAA, MEA: from light to dark grey). Dots depict outliers. Significance: *** p < 0.001, 

** p < 0.01, * p < 0.05.  
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Inter-variable relationships were assessed using Spearman’s correlations and were 

illustrated as correlation matrices in the entire sample, the sex and ancestry subsamples, as well 

as within the sex/ancestral subsamples.  

In the entire sample for example, as seen in Figure 4.12, strong statistically significant 

positive correlations were found between the alveolar heights: between m_h and a_h ( = 0.88, 

p < 0.001), m_h and p_h ( = 0.74, p < 0.001) and a_h and p_h ( = 0.82, p < 0.001). An 

interesting pattern was also detected for the distances recorded on the ramus: ra_b was 

significantly moderately correlated with all the other distances (me-go_length, m_h, a_h, p_h) 

except ra_h (ns.), while ra_h was only very weakly correlated with each of the alveolar heights 

( = 0.14, 0.19 and 0.24 for ra_h/m_h, ra_h/a_h and ra_h/p_h respectively). 

 
Figure 4.12. Corrplot illustrating inter-variable relationships between all the external distances in the 

entire sample. Ellipses were removed if the correlation, adjusted with Holm’s correction, was not 

significant (p > 0.05). Correlation coefficients  are noted within each ellipse (in blue: positive , in 

red: negative ).  
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In sex- and ancestry-separated subgroups (Figure 4.13 and Figure 4.14), similarly to the 

entire sample, strong significant correlations were found between the three alveolar heights. In 

females and males, the length of the body (me-go_length), as well as the ramus breadth (ra_b), 

were moderately correlated to the alveolar heights, while only one correlation linked to the 

ramus height (ra_h) was significant but weak (in males, between ra_h and p_h,  = 0.18). In 

individuals from African and European ancestries (Figure 4.14), a higher number of 

correlations were detected between the rami measurements (ra_b and ra_h) and the other 

variables. 

Similar inter-distance correlations were also computed within each dentition category 

(Figure 4.15). In category A, all the distances were all statistically significantly correlated with 

each other, particularly the three alveolar heights, for which strong correlation coefficients 

were found ( = 0.85, 0.75 and 0.61 for m_h/a_h, a_h/p_h and m_h/p_h respectively). Within 

category B, significant correlations were more sparsely distributed (e.g., ra_h only significantly 

correlated with p_h), and correlation coefficients were generally weaker (particularly for the 

alveolar heights). In category C, however, a different pattern of statistically significant 

correlations was observed with very high correlation coefficients, especially between the three 

alveolar heights ( = 0.93, 0.88 and 0.81 for m_h/a_h, a_h/p_h and m_h/p_h respectively). 
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Figure 4.13. Corrplots illustrating inter-variable relationships between all the external distances in 

each sex-separated subsample (F: upper, M: lower). Ellipses were removed if the correlation, adjusted 

with Holm’s correction, was not significant (p > 0.05). Correlation coefficients  are noted within 

each ellipse (in blue: positive , in red: negative ).  
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Figure 4.14. Corrplots illustrating inter-variable relationships between all the external distances in the 

ancestry-separated subsamples (AA: upper, EA: lower). Ellipses were removed if the correlation, 

adjusted with Holm’s correction, was not significant (p > 0.05). Correlation coefficients  are noted 

within each ellipse (in blue: positive , in red: negative ).  
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Figure 4.15. Corrplots illustrating inter-variable relationships between all the external distances in 

each of the three-dentition category (A, B, C). Ellipses were removed if the correlation, adjusted with 

Holm’s correction, was not significant (p > 0.05). Correlation coefficients  are noted within each 

ellipse (in blue: positive , in red: negative ). (continued on the next page)  
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Figure 4.15. (continued)  
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The Spearman’s correlations between each external distance and aging were computed 

and are illustrated in the first row of each matrix presented in the previous section (Figures 

Figure 4.12 to Figure 4.15). For easier reading and comparison, these first rows were duplicated 

and grouped for the entire sample, the sex- and ancestry-separated samples, as well as within 

the sex/ancestral subsamples in Figure 4.16. Dentition categories were also analysed and 

detailed in Figure 4.17 and Figure 4.18. 

The mandibular corpus length (me-go_length) was neither significantly correlated with 

aging in the entire sample nor with any of the subsamples cited above. Statistically significant 

negative correlations were found between each alveolar height (m_h, a_h, p_h) and advancing 

age in the entire sample (p < 0.001), in females and males (p > 0.001), as well as in AA (p > 

0.001) and EA individuals (p < 0.01). The correlation coefficients calculated ranged between 

 = -0.24 and  = -0.59, highlighting stronger correlations within the female subsample than 

within males; but also, stronger correlations within EA individuals than AA. The ramus breadth 

(ra_b), however, was only significantly correlated with age in the entire sample and within the 

male subsample. 

As seen in the last four rows of Figure 4.16, correlations with aging were also run within 

the sex/ancestral subgroups. No statistical significances were detected within FAA and MEA 

for any of the external distances. However, in FEA and MAA, the three alveolar heights were 

found to decrease significantly with aging (p < 0.05), following weaker correlation coefficients 

in MAA and stronger in FEA. 

The influence of advancing age on the external distances was then tested within each 

dentition category (see Figure 4.17): A and B categories did not show any statistical 

significance while in C, which might be restricted to the older age ranges, significant 

correlations were detected for m_h (p < 0.01) and a_h (p < 0.05). Furthermore, within C, only 

females were significantly correlated with aging, once again for m_h (p < 0.001) and a_h (p < 

0.05), while males were not. Correlations with aging within the ancestral subsamples separated 

in dentition categories (e.g., AA-A, AA-B, AA-C, EA-A, etc. – see Figure 4.18) were also run, 

but were not found significant for any of the six subgroups.  
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Figure 4.16. Corrplots illustrating correlations between each external distance and age in the entire 

sample (first row) and then in F, M, AA, EA, FAA, FEA, MAA and MEA subsamples. Ellipses were 

removed if the correlation, adjusted with Holm’s correction, was not significant (p > 0.05). 

Correlation coefficients  are noted within each square (in blue: positive , in red: negative ).  
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Figure 4.17. Corrplots illustrating correlations between each external distance and age in the entire 

sample separated per dentition category in the first three rows (A: first row, B: second, C: third), and 

then per dentition categories within females (F-A, F-B, F-C) or males (M-A, M-B, M-C). Ellipses 

were removed if the correlation, adjusted with Holm’s correction, was not significant (p > 0.05). 

Correlation coefficients  are noted within each square (in blue: positive , in red: negative ).  
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Figure 4.18. Corrplots illustrating correlations between each external distance and age in the entire 

sample separated per dentition category within the AA (AA-A, AA-B, AA-C) and EA (EA-A, EA-B, 

EA-C) subgroups. Ellipses were removed if the correlation, adjusted with Holm’s correction, was not 

significant (p > 0.05). Correlation coefficients  are noted within each square (in blue: positive , in 

red: negative ). 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 

 126 

 

 

In the South African population analysed here, all external mandibular distances 

showed significant sexual dimorphism (with M > F), and significant differences between 

ancestries (with AA > EA, except for the ramus height where EA > AA). When grouped per 

sex/ancestry, two patterns emerged: one where ancestry seemed to be the main cause of 

difference, with MAA > FAA > MEA > FEA in the three alveolar heights and ramus breadth; 

and a second pattern, in which sex was the main co-founding factor, with MEA > MAA > FEA 

> FAA in the ramus height. 

When considering tooth loss alone, a decrease in all external distances (except ramus 

height) was noted as soon as teeth are lost (i.e., significant differences between dentition groups 

A vs. B), and was even more marked in edentulous individuals (significant differences between 

A vs. C, and B vs. C). This decrease not only reflects the loss of alveolar bone and the 

consequent remodelling in height of the mandibular body, but also changes in the gonial angle, 

as the length of the mandibular body is also reduced. The ramus height, however, did not seem 

to be impacted by tooth loss. 

External distances were then analysed while simultaneously considering tooth loss and 

demographic parameters, such as sex or ancestry. First, all dimensions, except the ramus 

height, decreased with tooth loss both in males and females. Sexual dimorphism (M > F) was 

confirmed in all three categories of tooth loss: strong when fully dentate (A) or when 

edentulous (C), but less accentuated, or even moderate, in individuals starting to lose teeth (B). 

The variability in measurements due to asymmetrical tooth loss in B could mask the differences 

between males and females and make it more difficult to evaluate. Both South Africans of 

African and European ancestries displayed a decrease associated with tooth loss in most of the 

dimensions. However, the decrease was more pronounced in EA than in AA, which could 

reflect either an earlier tooth loss in EA and thus a greater bone loss over time, or a higher 

sensitivity to tooth loss associated with an accentuated bone loss. Furthermore, tooth loss 

seemed to accentuate differences between ancestries (AA > EA), as they are present in A and 

B, but more marked in C (edentulous). 

When considering both sex and ancestry, tooth loss, especially edentulism, appeared to 

increase the differences between the four groups (MAA, MEA, FAA, FEA), even if all 

individuals showed a decrease in dimensions. South African males of African ancestry always 

showed the greatest dimensions across all dentition categories, except for the ramus height, in 
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which South African males of European ancestry were the biggest (also in all three dentition 

groups). South African females, and particularly of European ancestry, seemed to be more 

affected by tooth loss as they showed a bigger decrease. 

Regarding the dimensions themselves, the three alveolar heights, even if different 

(midline > anterior > posterior heights), were all highly correlated with each other, while the 

ramus height was rarely correlated with the other measurements. The mandible could undergo 

minor or massive morphological changes, without affecting its ramus height, independent of 

the rest of the body. This integrated and generalised external body morphology was not 

influenced by sex or ancestry, but present in all individuals, as long as they are fully dentate 

(category A). Indeed, as soon as tooth loss starts (category B), the correlations and thus, the 

integrity, became sparse or even absent. However, in edentulous individuals, high correlations 

between the alveolar heights were detected again. The associated considerable bone 

remodelling caused generalised morphological changes while re-establishing the 

interdependency of the dimensions (except for the ramus height). It is also worth noticing that 

the length of the corpus was also correlated with the alveolar heights, in A and C categories, 

but not in B. 

Finally, the influence of advancing age was also evaluated and showed interesting 

results. First, the ramus height, as with tooth loss, did not vary with age. Then, the length of 

the corpus, also found to be independent of age, highlighted the fact that tooth loss might be 

the only factor causing a shift in the gonial angle, and thus, a reduced length of the body. The 

other distances, though, and particularly the alveolar heights, were found to decrease with age. 

This tendency was more stressed in females, especially of European ancestry. However, the 

decrease in dimensions with age was only significant in the edentulous group, and not in A or 

B, which might imply that tooth loss is playing a more important role on the external distances 

than age itself. 
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Cortical thickness descriptive statistics (i.e., means, standard deviations, minimum and 

maximum) are available in Table 4.3, where they are detailed in the total sample, in each sex- 

and ancestry-separated subgroup as well as in each sex/ancestral subsample. Descriptive 

statistics are also detailed per dentition categories in Table 4.4. 

In the entire pooled sample (Table 4.3), the thickest mean CtTh were measured in the 

anterior and posterior sections of the body (such as at the basal anterior site: a_ba_CtTh = 3.32 

± 1.26 mm; or at the posterior basal site: p_ba_CtTh = 3.18 ± 0.99 mm), while the lowest values 

were found in the ramus (e.g., lingual ramus breadth CtTh: rab_ling_CtTh = 1.23 ± 0.58 mm). 

The lingual site of the ramus height particularly showed very low mean values (rah_ling_CtTh 

mean ± SD = 0.87 ± 0.44 mm) as well as very low minimum values (rah_ling_CtTh range: 

0.00 – 2.21 mm). When considering all CtTh, the basal sites of the three sections of the body 

(midline, anterior, posterior) showed higher mean CtTh and higher maximum values than in 

the buccal and lingual sites. The mean values recorded on the buccal sites were particularly 

lower than in the two other sites (e.g., m_buc_CtTh mean ± SD = 1.53 ± 0.55 mm vs. 

m_ba_CtTh mean ± SD = 2.54 ± 1.35 mm vs. m_ling_CtTh mean ± SD = 2.16 ± 0.72 mm). 

When separated per sex, all the sites always showed greater mean CtTh and higher 

maximum values in males than in females. Between the two ancestral subgroups, the midline, 

anterior and posterior CtTh, as well as the ramus CtTh, were detected to have greater mean and 

maximum values in AA individuals than in EA. 

In the sex/ancestral subsamples, for all the cortical thicknesses measured on the body 

of the mandible (midline, anterior and posterior sections: basal, buccal, lingual sites), except 

for m_ling_CtTh, MAA consistently showed higher mean values than the three other 

subgroups, while FEA displayed the lowest. Furthermore, the maximum values of the cortical 

thicknesses were particularly high in the MAA. The m_ling_CtTh means, however, were 

higher in MEA as compared to MAA (MEA mean ± SD = 2.15 ± 0.68 mm vs. MAA mean ± 

SD = 2.15 ± 0.68 mm) and higher in FEA compared to FAA (FEA mean ± SD = 2.09 ± 0.66 

mm vs. FAA mean ± SD = 1.86 ± 0.51 mm). The four cortical thicknesses measured on the 

ramus breadth and height followed the same trend: lowest mean values in FEA, and highest in 

MAA. Overall, on the body, the lowest mean values were found in the buccal sites of the 
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midline (m_buc_CtTh) for FAA, FEA, MAA and MEA (1.36 mm, 1.24 mm, 1.69 mm and 1.51 

mm respectively), while the highest values were recorded at the basal site of the anterior section 

(a_ba_CtTh) in the four subgroups (3.31 mm, 2.71 mm, 3.59 mm and 3.17 mm for FAA, FEA, 

MAA and MEA). 

Descriptive statistics were also calculated for the three dentition categories and are 

given in Table 4.4. At all sites, except for the lingual site of the midline, higher CtTh values 

were consistently detected in the A category in comparison to B and C. The midline lingual 

cortical thickness (m_ling_CtTh) was, in fact, the thinnest in B (1.90 ± 0.51 mm), and the 

thickest in C (2.52 ± 0.86 mm). The two other lingual sites on the mandibular body (anterior 

a_ling_CtTh, posterior p_ling_CtTh) also presented thinner values in category B than in 

categories C or A. In contrast, the six remaining sites – basal and buccal CtTh of the midline, 

anterior and posterior sections as well as buccal and lingual CtTh of the ramus breadth and 

height – had the lowest CtTh means in edentulous individuals (C category). 
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Table 4.3. Descriptive statistics of the cortical thicknesses (CtTh, mm) measured on the micro-CT scans of mandibles in the entire sample, in each sex (F, M), 

ancestral group (AA, EA) and sex/ancestral group (FAA, FEA, MAA, MEA). (continued on the next page) 
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Table 4.3. (continued) 
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Table 4.4. Descriptive statistics of the cortical thicknesses (CtTh, mm) measured on the micro-CT 

scans of mandibles, separated per dentition category, according to the Eichner Index (EI A, B, C: 

from full dentition to edentulous). 
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4.4.2.1. Sex 

 

To assess the influence of sex on the mandibular cortical thicknesses, Mann-Whitney 

Wilcoxon tests were run on the 13 variables recorded (Figure 4.19): nine on the three sections 

of the corpus (midline, anterior, posterior); and four on the two sections selected on the ramus 

(ramus breadth, ramus height). Except for the lingual CtTh of the ramus breadth 

(rab_ling_CtTh: p = 0.30), which was often located near the mandibular foramen (causing 

many missing values, i.e., NAs), statistically significant sexual dimorphism was detected for 

all the sites of all sections (p < 0.05 for a_ba_CtTh; p < 0.01 for m_ba_CtTh and m_ling_CtTh; 

p < 0.001 for the other sites), with males having consistently thicker CtTh than females 

although some overlap was noted (see Figure 4.19). 

 

4.4.2.2. Ancestry 

 

Influence of ancestry was evaluated by following the same protocol, i.e., Mann-

Whitney Wilcoxon tests performed on the 13 cortical thicknesses, of which the results are 

illustrated with boxplots in Figure 4.20. Although overlap was observed, statistically 

significant differences in ancestry were detected for all the cortical thicknesses (p < 0.05 for 

m_ling_CtTh; p < 0.01 for rah_ling_CtTh; p < 0.001 for all the other CtTh), with thicker 

dimensions in AA than in EA individuals. 
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Figure 4.19. Boxplots of CtTh (mm) per sex (F: light blue; M: dark blue), recorded on the midline [A], anterior [B], posterior [C], ramus breadth [D] and 

height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)
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Figure 4.19. (continued) 
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Figure 4.20. Boxplots of CtTh (mm) per ancestry (AA: light green; EA: dark green), recorded on the midline [A], anterior [B], posterior [C], ramus breadth 

[D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)
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Figure 4.20. (continued) 
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4.4.2.3. Interaction between sex and ancestry 

 

Kruskal-Wallis tests, run on the sex/ancestral subgroups, were found to be statistically 

significant for all the cortical thicknesses. Pairwise Wilcoxon post-hoc tests were therefore 

performed to determine which subgroups differed from the others. For easier reading, the 

results detailed below are grouped per section: midline (Figure 4.21 A), followed by anterior 

(Figure 4.21 B), then posterior (Figure 4.21 C), and finally ramus (Figure 4.21 D-E). 

Except for the lingual site of the midline (m_ling_CtTh) where MEA demonstrated 

greater values, MAA individuals consistently had the thickest CtTh, followed by MEA, FAA 

and FEA: MAA > MEA > FAA > FEA (Figure 4.21 A). However, no statistical differences 

were detected between MAA and MEA at the buccal and lingual sites. The only other 

statistically significant differences were identified between MAA and FEA at the basal 

(m_ba_CtTh p-value < 0.001) and buccal sites (m_buc_CtTh p-value < 0.001), as well as 

between MAA and FAA at the buccal site (m_buc_CtTh p-value < 0.001). In addition, the 

lingual site (m_ling_CtTh) showed a unique significant difference between MEA and FAA, 

partially explained by the different pattern observed: MEA > MAA > FEA > FAA. 

A different pattern from the midline was observed on the anterior section (as seen in 

Figure 4.21 B) – MAA > FAA > MEA > FEA – where statistically significant differences were 

detected between MAA (the thickest) and FEA (the thinnest) at all three sites (p < 0.001). 

While this was the only significant difference detected at the basal site, other significantly 

different pairings were found at the buccal and lingual sites: MAA-FAA, MAA-MEA, FAA-

FEA and MEA-FEA. However, FAA and MEA were never statistically different from each 

other. 

On the posterior section (Figure 4.21 C), a pattern (MAA > FAA > MEA > FEA), 

similar to that found in the anterior section, was observed at the basal and buccal sites, while 

the lingual site was different (MAA > MEA > FAA > FEA), even if no statistically significant 

differences were found between MEA and FAA at all three sites. However, MAA and FEA, as 

well as MAA and MEA, were consistently statistically significantly different, with MAA 

showing the greater CtTh, and FEA, the smallest. Furthermore, significant differences were 

also found between MAA and FAA at the buccal and lingual sites only, while FAA and FEA 

were different only at the basal site. 
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The patterns detected in the ramus sections (Figure 4.21 D-E) were similar to that seen 

in the anterior and posterior sections – MAA > FAA > MEA > FEA – except for the lingual 

CtTh of the ramus height (rah_ling_CtTh: MAA > MEA > FAA > FEA). 
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Figure 4.21. Boxplots of CtTh (mm) per sex/ancestry (FAA, FEA, MAA, MEA: from light to dark grey), recorded on the midline [A], anterior [B], posterior 

[C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)
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Figure 4.21. (continued) 
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The influence of tooth loss (from moderate to extreme) on cortical thickness was first 

evaluated in the entire sample using Kruskal-Wallis tests, followed by pairwise Wilcoxon post-

hoc tests. The influence of tooth loss was then assessed in subsamples separated by sex, 

ancestry, or sex/ancestry, respectively, to control for these demographic parameters. To do so, 

Kruskal-Wallis and pairwise Wilcoxon post-hoc tests were also performed. Finally, the 

influence of sex, ancestry, or both, on the cortical thicknesses was assessed while controlling 

for tooth loss. Mann-Whitney Wilcoxon tests were done for sex and ancestry, while Kruskal-

Wallis and Wilcoxon post-hoc tests were performed for sex/ancestral subsamples. 

 

4.4.3.1. Tooth loss in the entire sample 

 

The cortical thicknesses recorded on the mandibular body and ramus were analysed 

according to the three dentition categories defined (A, B, C). First, Kruskal-Wallis tests showed 

that all sites from the midline, posterior and ramus sections had statistically significant 

differences in CtTh between A, B and C categories, with cortical thicknesses declining with 

tooth loss. However, in the anterior section, only the buccal site (a_buc_CtTh) displayed 

significant differences with tooth loss. 

Pairwise Wilcoxon post-hoc tests were performed to investigate the differences 

between each dentition category (A vs. B, A vs. C, B vs. C), as illustrated in Figure 4.22. 

Individuals from the A category were found to have statistically significantly thicker CtTh than 

those from the C category in 10 of the 13 sites studied (all sites from all sections except 

a_ba_CtTh and a_ling_CtTh, where no statistical significances were detected; and 

m_ling_CtTh). Only four CtTh (m_buc_CtTh, a_buc_CtTh, p_buc_CtTh, p_ling_CtTh) from 

the nine recorded on the mandibular body were found statistically different between A and B 

categories, while all four CtTh measured on the ramus (Figure 4.22 D-E) showed a significant 

decrease with moderate changes in dentition (from A to B categories). Significant differences 

between B and C were detected in five sites: lingual CtTh of the midline section 

(m_ling_CtTh), basal (p_ba_CtTh) and buccal (p_buc_CtTh) sites of the posterior section, 

buccal sites of the ramus breadth (rab_buc_CtTh) and height (rah_buc_CtTh) sections. 
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A specific pattern was noticed at the lingual site of the midline (m_ling_CtTh – Figure 

4.22 A), with a statistically significant increase in CtTh (associated with a wider range of 

values) for the edentulous individuals classified in the C category compared to A, and even B. 

 

4.4.3.2. Tooth loss per sex 

 

The entire sample was then divided into sex subgroups (Figure 4.23), in which CtTh 

differences between the three dentition categories were analysed. Within the female subsample, 

statistical significance was detected in cortical thickness between the dentition categories at the 

basal and buccal sites of the midline, the anterior and posterior sections, as well as in both 

buccal sites of the ramus sections (breadth and height). These eight measurements 

(m_ba_CtTh, m_buc_CtTh, a_ba_CtTh, a_buc_CtTh, p_ba_CtTh, p_buc_CtTh, 

rab_buc_CtTh, rah_buc_CtTh) were all significantly thicker in category A than in C. Within 

the male subsample, however, only three sites on the mandibular body were displaying 

statistically significant differences between the dentition categories: midline lingual site 

(m_ling_CtTh), anterior and posterior buccal sites (a_buc_CtTh, p_buc_CtTh). Although the 

anterior and posterior buccal sites showed a decreasing CtTh with tooth loss (from A to C), the 

midline lingual site displayed an important and significant increase of CtTh in the C category 

(p < 0.001 between A and C, as well as between B and C). As in females, the lingual site of the 

ramus height (rah_ling_CtTh) was the only site on the ramus not displaying any significant 

differences between dentition categories. Indeed, the three other sites (rab_buc_CtTh, 

rab_ling_CtTh, rah_buc_CtTh) presented significantly decreasing CtTh with tooth loss (from 

A to C). 

 

4.4.3.3. Tooth loss per ancestry 

 

Tooth loss was then evaluated within the two ancestry-separated subgroups (Figure 

4.24), using Kruskal-Wallis and pairwise Wilcoxon post-hoc tests. Overall, compared to the 

male and female subgroups analysed above, fewer statistically significant differences were 

noticed between dentition categories within AA and EA. However, a similar pattern of 

increased CtTh with tooth loss was noted and was significant in the midline and anterior lingual 

sites of AA and EA individuals. In contrast, a significant decrease in CtTh, associated with 

moderate tooth loss (from A to B categories), was detected at only one site (m_buc_CtTh) in 
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AA individuals, while in the EA subgroup, two other sites (p_ba_CtTh, p_buc_CtTh) were 

found to decrease significantly between all dentition categories (A vs. C, B vs. C for 

p_ba_CtTh; A vs. C, A vs. B for p_buc_CtTh). 

 

4.4.3.4. Tooth loss per sex/ancestry 

 

Statistical analyses were then performed within each sex/ancestral subsample to assess 

the effect of moderate to extreme tooth loss in each of these groups (Figure 4.25). A decrease 

in CtTh was noted at all sites except lingually and more particularly in the midline, where 

increases from A to C were detected (which were significant in MAA and MEA). Within FAA 

and FEA, significant differences between A and C categories were mostly found at similar sites 

(m_ba_CtTh, p_ba_CtTh, p_buc_CtTh, rab_buc_CtTh), while in MAA and MEA, the 

differences were less frequent and less predictable. 
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Figure 4.22. Boxplots of CtTh (mm) per dentition category (A, B, C: from light to dark purple), recorded on the midline [A], anterior [B], posterior [C], ramus 

breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)
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Figure 4.22. (continued) 
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Figure 4.23. Boxplots of CtTh (mm) per sex (F, M) and dentition category (A, B, C: from light to dark purple), recorded on the midline [A], anterior [B], 

posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next 

page)
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Figure 4.23. (continued) 
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Figure 4.24. Boxplots of CtTh (mm) per ancestry (AA, EA) and dentition category (A, B, C: from light to dark purple), recorded on the midline [A], anterior 

[B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next 

page)
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Figure 4.24. (continued) 
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Figure 4.25. Boxplots of CtTh (mm) per sex/ancestry (FAA, FEA, MAA, MEA) and dentition category (A, B, C: from light to dark purple), recorded on the 

midline [A], anterior [B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

(continued on the next page)
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Figure 4.25. (continued) 
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4.4.3.5. Influence of sex per dentition category 

 

The influence of sex on the mandibular cortical thicknesses was evaluated within each 

dentition category (A, B, C), in order to control for tooth loss (Figure 4.26). The individuals 

within the A category showed a greater CtTh in males than in females at all sites, but only 

statistically significant at one lingual site (a_ling_CtTh), and all buccal sites (m_buc_CtTh, 

a_buc_CtTh, p_buc_CtTh, rab_buc_CtTh, rah_buc_CtTh). In the B category, most of the CtTh 

measured at the buccal sites (m_buc_CtTh, a_buc_CtTh, p_buc_CtTh, rab_buc_CtTh) as well 

as at the anterior lingual site (a_ling_CtTh) remained significantly different between sexes, 

with males always thicker than females, while the posterior basal site (p_ba_CtTh) also became 

significantly different. When analysing the C category, statistically significant sexual 

dimorphism was detected at all sites of all sections, except for the lingual site of the ramus 

breadth (rab_ling_CtTh), most probably because of the location of the section and the number 

of missing values. Overall, even if the distribution of the values was wider in the edentulous 

mandibles (i.e., in category C), the differences between males and females were accentuated 

and particularly noticeable on the boxplots (Figure 4.26), with the non-overlapping of the 

boxplot’s notches. 

In summary, females start off with a thinner CtTh compared to males, which becomes 

more accentuated and generalised to the whole mandible as teeth are lost. 

 

4.4.3.6. Influence of ancestry per dentition category 

 

Ancestry and its effect on CtTh were investigated while controlling for tooth loss 

(Figure 4.27). Within A, statistically significant differences between AA and EA were only 

detected for the buccal and lingual sites of the anterior section (a_buc_CtTh, a_ling_CtTh), as 

well as for the buccal sites of the ramus breadth and height (rab_buc_CtTh, rah_buc_CtTh): 

always showing greater CtTh in AA than in EA individuals. In B, however, both buccal and 

lingual sites of the anterior, posterior and ramus breadth sections (a_buc_CtTh, a_ling_CtTh, 

p_buc_CtTh, p_ling_CtTh, rab_buc_CtTh, rab_ling_CtTh) were found to have statistically 

significant greater CtTh in AA than in EA. In other sites, such as the basal site of the anterior 

and posterior sections (a_ba_CtTh, p_ba_CtTh), no significant differences were found, partly 

explained because the mean values (centre of the notches) of AA and EA were close. These six 

sites were also found to differ significantly between ancestries in the edentulous mandibles 
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(i.e., within the C category), with always thicker CtTh in AA. Other sites also became 

significant (which were not in A and B): the buccal site of the midline (m_buc_CtTh) and the 

basal sites of the anterior and posterior sections (a_ba_CtTh, p_ba_CtTh). The lingual site of 

the midline (m_ling_CtTh) displayed a non-significant but unusual pattern with a particularly 

wide distribution of values (“long” boxplots) and a mean CtTh greater in EA than in AA. To 

sum up, a generally thicker CtTh, accentuated by edentulism, was detected in AA individuals 

compared to EA, except for the lingual site of the mandible where the opposite was noticed. 

 

4.4.3.7. Influence of sex and ancestry per dentition category 

 

The influence of the interaction between sex and ancestry was then assessed within each 

dentition category, using Kruskal-Wallis tests and pairwise Wilcoxon post-hoc tests when 

needed (Figure 4.28). Within category A, only the buccal site of the anterior section 

(a_buc_CtTh), as well as the buccal sites of the ramus breadth and height showed statistically 

significant differences in CtTh between subgroups, with MAA showing the greater values. 

Similarly to category A, no significant differences were found at any sites of the midline section 

in individuals from category B. However, the buccal and lingual sites of the anterior and 

posterior sections were found to have a significantly greater CtTh in MAA than in the other 

groups. Finally, within the C category, at least one sex/ancestral subgroup was always 

significantly different from the others, at any of the sites and always with a thicker MAA. At 

the midline lingual site, however, CtTh was significantly thicker in MEA than in the other 

subsamples. 
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Figure 4.26. Boxplots of CtTh (mm) per dentition category (A, B, C) and sex (F: light blue; M: dark blue), recorded on the midline [A], anterior [B], posterior 

[C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)
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Figure 4.26. (continued) 
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Figure 4.27. Boxplots of CtTh (mm) per dentition category (A, B, C) and ancestry (AA: light green; EA: dark green), recorded on the midline [A], anterior 

[B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next 

page)
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Figure 4.27. (continued) 
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Figure 4.28. Boxplots of CtTh (mm) per dentition category (A, B, C) and sex/ancestry (FAA, FEA, MAA, MEA: from light to dark grey), recorded on the 

midline [A], anterior [B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

(continued on the next page)
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Figure 4.28. (continued) 
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4.4.4.1. Influence of section and site selection on CtTh recorded 

 

Kruskal-Wallis tests and their associated pairwise Wilcoxon post-hoc tests were 

performed on the entire sample to investigate the differences in cortical thickness location 

(where the CtTh was recorded) by exploring the variations (i) between the five sections: 

midline vs. anterior vs. posterior vs. ramus breadth vs. ramus height (Figure 4.29 A); (ii) 

between the three sites: basal vs. buccal vs. lingual (Figure 4.29 B); and (iii) between the 13 

section/site interactions: midline basal vs. anterior buccal vs. posterior lingual vs. ramus 

breadth buccal, etc. (Figure 4.30). 

Statistically significant differences were detected between all the sections (p < 0.001), 

except between anterior and posterior (p = 1.00) (Figure 4.29 A). The midline CtTh was found 

to be the thinnest CtTh recorded on the mandibular body compared to the anterior and posterior 

thicknesses. Furthermore, the CtTh recorded on the ramus were found to be the thinnest overall. 

The three sites, as illustrated in Figure 4.29 B, also displayed significant differences, 

particularly the basal site, which was significantly thicker (and with a wider value distribution) 

than the two other sites (p < 0.001). Buccal and lingual sites were more similar but still 

significantly different (p < 0.01), with the lingual site slightly thicker and showing more 

variation. Regarding the 13 locations (i.e., when each section was associated with a site, as 

seen in Figure 4.30), most of them showed significant differences between each other, with p-

values < 0.001. Interestingly, while a significant bucco-lingual asymmetry (buccal < lingual) 

was found at the midline (p < 0.001) and at the anterior section (p < 0.001), it was not present 

at the posterior section (p = 1.00). 
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Figure 4.29. Boxplots of CtTh (mm) grouped per section [A] or per site [B]. 

In A, only the non-significant p-value is illustrated, all the other sections are significantly different 

from each other (p < 0.001). Significance: # p > 0.05, *** p < 0.001, ** p < 0.01. Dots depict outliers. 
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Figure 4.30. Boxplots of CtTh (mm) grouped per section*site interactions and on the next page, table 

detailing the pairwise Wilcoxon post-hoc test p-values. In the table, non-significant p-values are in 

bold: p > 0.05. (continued on the next page) 
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Figure 4.30. (continued) 
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4.4.4.2. Inter-variable correlations 

 

Inter-variable Spearman’s correlations, associated with Holm’s adjustments, were then 

performed between the 13 locations in which the cortical thicknesses were recorded. As before, 

these correlations were graphically represented as correlation matrices and were computed for 

the entire sample, per sex, per ancestry, per sex/ancestry, as well as within the dentition 

categories. 

In the entire sample (Figure 4.31), the majority of the inter-variable correlations were 

significant and presented with weak to moderate positive correlations (0.19 <  < 0.64). Only 

a few (9%) were not significant and were mostly associated with the midline lingual site (e.g., 

m_ling_CtTh vs. a_buc_CtTh, m_ling_CtTh vs. rab_buc_CtTh...). The strongest correlations 

were found between similar sites and not similar sections, e.g., correlations observed between 

the basal sites were stronger (m_ba_CtTh vs. a_ba_CtTh:  = 0.45; m_ba_CtTh vs. p_ba_CtTh: 

 = 0.48; a_ba_CtTh vs. p_ba_CtTh:  = 0.62) than those between the CtTh recorded at the 

midline (m_ba_CtTh vs. m_buc_CtTh:  = 0.47; m_ba_CtTh vs. m_ling_CtTh:  = 0.09; 

m_buc_CtTh vs. m_ling_CtTh:  = 0.19). Once again, this pattern was not very consistent in 

the three lingual sites. Overall, the strongest correlation was observed between the buccal sites 

of the ramus breadth and height ( = 0.64), which was followed by the relationship between 

the basal sites of the anterior and posterior sections ( = 0.62). 

Inter-variable correlations were then calculated within the female and male subsamples 

and can be visualised in Figure 4.32. In both sexes, approximately 60% (F: 61.5%; M: 60.3%) 

of the correlations were statistically and positively significant, with weak to moderate 

coefficients, although the strongest were found in females (F: 0.33 <  < 0.71) compared to 

males (M: 0.23 <  < 0.62). Very few (in males) or no statistically significant relationships at 

all (in females) between variables were observed in the lingual sites of the midline 

(m_ling_CtTh) and of the ramus height (rah_ling_CtTh). As in the entire sample, the strongest 

correlation coefficients observed in females and in males were between sites (F: a_ba_CtTh 

vs. p_ba_CtTh:  = 0.71, rab_buc_CtTh vs. rah_buc_CtTh:  = 0.63; M: a_ba_CtTh vs. 

p_ba_CtTh:  = 0.57, rab_buc_CtTh vs. rah_buc_CtTh:  = 0.62) and not between sections. 
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Figure 4.31. Corrplots illustrating inter-variable relationships between all the cortical thicknesses in 

the entire sample. Ellipses were removed if the correlation, adjusted with Holm’s correction, was not 

significant (p > 0.05). Correlation coefficients  were noted within each ellipse (in blue: positive , in 

red: negative ). 
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Figure 4.32. Corrplots illustrating inter-variable relationships between all the cortical thicknesses 

within females (top) and males (bottom). Ellipses were removed if the correlation, adjusted with 

Holm’s correction, was not significant (p > 0.05). Correlation coefficients  were noted within each 

ellipse (in blue: positive , in red: negative ).  
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The inter-variable correlations were also computed for the two ancestry-separated 

subsamples (AA, EA) and were all found to be positive (Figure 4.33). While most of the 

locations (71.8%) were observed to be significantly correlated to each other in AA individuals 

(except for rab_ling_CtTh), just a few (38.5%) were significant in the EA subsample. As in the 

entire sample and in the sex-separated subsamples, the strongest correlations were found 

between sites (AA: a_ba_CtTh vs. p_ba_CtTh:  = 0.62) and not between sections. 

When using sex/ancestral subgroups (Figure 4.34), the number of significant inter-

variable correlations decreased: 23.1% in FAA, 30.8% in FEA, 37.2% in MAA, 9% in MEA, 

probably due to the smaller sample sizes. It was still possible to notice that, as in the sex-

separated samples, the coefficients calculated were stronger in females (both FAA and FEA) 

than in males. Similarly to the entire sample and to the other subsamples, the strongest 

correlation coefficients were also found between similar sites and not between similar sections 

– e.g., a_ba_CtTh vs. p_ba_CtTh:  = 0.65 in FAA, or  = 0.76 in FEA. 

The influence of dentition on the relationships between the CtTh locations was also 

investigated, and all the inter-variable correlations were represented for each dentition category 

in Figure 4.35. Some significant correlations were observed in A and C categories (41.0% and 

66.7%, respectively) while only 25.6% of them were found in B. The midline lingual site was, 

however, particularly not significantly correlated to any of the other variables in the C category. 
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Figure 4.33. Corrplots illustrating inter-variable relationships between all the cortical thicknesses in 

the ancestry-separated subsamples (AA: upper, EA: lower). Ellipses were removed if the correlation, 

adjusted with Holm’s correction, was not significant (p > 0.05). Correlation coefficients  were noted 

within each ellipse (in blue: positive , in red: negative ).  
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Figure 4.34. Corrplots illustrating inter-variable relationships between all the cortical thicknesses in 

each sex/ancestral subgroup (FAA, FEA, MAA, MEA). Ellipses were removed if the correlation, 

adjusted with Holm’s correction, was not significant (p > 0.05). Correlation coefficients  were noted 

within each ellipse (in blue: positive , in red: negative ). (continued on the next page)  
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Figure 4.34. (continued)  
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Figure 4.35. Corrplots illustrating inter-variable relationships between all the cortical thicknesses in 

each dentition category (A, B, C). Ellipses were removed if the correlation, adjusted with Holm’s 

correction, was not significant (p > 0.05). Correlation coefficients  were noted within each ellipse (in 

blue: positive , in red: negative ). (continued on the next page)  
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Figure 4.35. (continued) 
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4.4.5.1. Correlations 

 

Spearman’s correlations, adjusted for multiple comparisons using Holm’s correction, 

were calculated with age for all cortical thicknesses in the entire sample, in the sex and ancestral 

subsamples as well as in each sex/ancestral subgroup. The correlations obtained were then 

computed in the form of matrices (Figure 4.36). Subsequently, dentition categories were 

considered and tested for age correlation in each of these groups and are illustrated in (Figure 

4.37). 

Within the entire sample (Figure 4.36, first row), nine of the 13 cortical thicknesses 

recorded on the mandibular body and ramus were significantly correlated with aging: basal, 

buccal and lingual sites of the midline (m_ba_CtTh, m_buc_CtTh, m_ling_CtTh); buccal site 

only of the anterior section (a_buc_CtTh); basal and buccal sites of the posterior section 

(p_ba_CtTh, p_buc_CtTh); buccal and lingual sites of the ramus breadth (rab_buc_CtTh, 

rab_ling_CtTh); and buccal site of the ramus height (rah_buc_CtTh). Of these nine CtTh, only 

the lingual site of the midline (m_ling_CtTh) was positively correlated with aging (with a low 

correlation coefficient  = 0.2) while all the other significant correlations were negative. 

Overall, the correlations with aging were weak as the correlation coefficients ranged between 

 = -0.17 (p_ba_CtTh) and  = -0.34 (rab_buc_CtTh). 

The correlations between CtTh and advancing age were then tested within each sex-

separated sample (Figure 4.36 rows 2 and 3). In females, ten CtTh out of 13 (m_ba_CtTh, 

m_buc_CtTh, a_ba_CtTh, a_buc_CtTh, p_ba_CtTh, p_buc_CtTh, p_ling_CtTh, 

rab_buc_CtTh, rab_ling_CtTh, rah_buc_CtTh) were statistically significantly correlated with 

aging, with weak to moderate correlation coefficients ranging from  = -0.33 (a_ba_CtTh) to 

 = -0.53 (m_ba_CtTh and rab_buc_CtTh). In males, on the other hand, only three sites 

(m_buc_CtTh, rab_buc_CtTh, rah_buc_CtTh) were detected to have significant but weak 

correlations with aging ( = -0.24 for m_buc_CtTh and rah_buc_CtTh;  = -0.29 for 

rab_buc_CtTh). 

Ancestry-separated subsamples (AA and EA) also displayed different correlation 

patterns between CtTh and aging (Figure 4.36 rows 4 and 5): no significant correlations were 

detected at any sites for AA individuals while three were detected within EA (m_ba_CtTh, 

p_ba_CtTh, rab_buc_CtTh). 
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The correlations between the cortical thicknesses and aging were then investigated 

within each sex/ancestral subgroup (Figure 4.36 last four rows). No statistically significant 

correlations were detected in MAA or MEA. In the FAA subsample, only one significant 

correlation was detected for the basal site of the midline (m_ba_CtTh), with a moderate 

correlation coefficient of  = -0.46. Within the FEA subsample, three correlation coefficients 

were significant (m_ba_CtTh, rab_buc_CtTh, rab_ling_CtTh), with moderate coefficients ( 

= -0.51, -0.53 and -0.58, respectively) 

Spearman’s correlations with age were then tested within each dentition category 

(Figure 4.37). In C, a single site (m_buc_CtTh – see Figure 4.37 third row) was significantly 

correlated with aging (weak  = -0.31), while no other statistically significant correlations 

between CtTh and aging were detected in categories A or B. Furthermore, none of the 

correlations calculated in the sex and ancestral subgroups separated per dentition categories 

(e.g., F-A, F-B, F-C, AA-A, AA-B…) were found significant. 

 

 
Figure 4.36. Corrplots illustrating correlations between each cortical thickness and age in the entire 

sample (first row) and then in F, M, AA, EA, FAA, FEA, MAA and MEA subsamples. Ellipses were 

removed if the correlation, adjusted with Holm’s correction, was not significant (p > 0.05). 

Correlation coefficients  are noted within each square (in blue: positive , in red: negative ).  
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Figure 4.37. Corrplots illustrating correlations between each cortical thickness and age in the entire 

sample separated per dentition category in the first three rows (A: first row, B: second, C: third), and 

then per dentition categories within females (F-A, F-B, F-C), males (M-A, M-B, M-C), individuals 

from African and European ancestries (AA-A, AA-B, AA-C, EA-A, EA-B, EA-C). Ellipses were 

removed if the correlation, adjusted with Holm’s correction, was not significant (p > 0.05). 

Correlation coefficients  are noted within each square (in blue: positive , in red: negative ).  
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4.4.5.2. Regressions 

 

Generalised linear models (GLMs) were computed for each cortical thickness with 

advancing age. When analysing the entire sample (Figure 4.38), only three sites were found to 

have a non-significant regression with age (m_ba_CtTh, a_ba_CtTh, a_ling_CtTh) but even if 

the other cortical thickness regressions were significant, the coefficients of determination 

calculated were very low (0.004 < R2 < 0.096). Interestingly, the lingual site of the midline 

(m_ling_CtTh) is the only site showing a significant increased cortical thickness with aging. 

As with the Spearman’s correlations performed in the sex-separated samples, more 

CtTh regressions with age were detected to be significant in females than in males (Figure 

4.39). Indeed, only two regressions were not significant in females (a_ling_CtTh, 

rah_ling_CtTh) while five were not in males (m_ba_CtTh, a_ba_CtTh, a_ling_CtTh, 

p_ba_CtTh, p_ling_CtTh). Furthermore, higher coefficients of determination were found in 

females than in males or than in the entire sample (e.g., in females: p_ba_CtTh R2 = 0.239, 

rab_buc_CtTh R2 = 0.253). As in the regressions performed in the entire sample, the midline 

lingual cortical thickness displayed an increase with advancing age in both females and males. 

When the regressions were plotted in each ancestral subsample (Figure 4.40), only a 

few regressions (decreasing with age) were detected as significant: six within AA and eight 

within EA individuals, all with very low coefficients of determination. The m_ling_CtTh 

regressions performed for AA and EA presented once more (i.e., as in the entire sample, in 

females and males) a significant increase with age. An increased CtTh was also noticed in the 

anterior lingual site of AA and EA individuals, but was not significant. 

Finally, we performed the regressions of CtTh with aging in each dentition category 

(Figure 4.41). For individuals with complete or almost complete dentition (category A), only 

three CtTh (a_buc_CtTh, p_ling_CtTh, rab_ling_CtTh) showed significant regressions with 

age, again with very weak coefficients of determination (0.030 < R2 < 0.041). In the B category, 

none of the 13 sites displayed any significant regression between CtTh and aging. However, in 

C, five regressions were detected to be significant: two body sites (m_buc_CtTh R2 = 0.026 

and p_ba_CtTh R2 = 0.035) and three ramus sites (rab_buc_CtTh R2 = 0.030, rah_buc_CtTh 

R2 = 0.025, rah_ling_CtTh R2 = 0.026). Even if some sites showed significant regressions, the 

coefficients of determination were particularly weak and the slopes almost horizontal. 

However, at the midline lingual site, only the edentulous category displayed the increased 

cortical thickness noticed in the entire sample, sex- and ancestry-separated subsamples. 
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Figure 4.38. Generalised linear models (regressions) between cortical thickness (mm) and age (years) in the entire sample. Grey area represents the 95% 

confidence interval of each regression. (continued on the next page)
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Figure 4.38. (continued) 
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Figure 4.39. Generalised linear models (regressions) between cortical thickness (mm) and age (years) in sex-separated samples (F: light blue, M: dark blue). 

Grey area represents the 95% confidence interval of each regression. (continued on the next page)
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Figure 4.39. (continued) 
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Figure 4.40. Generalised linear models (regressions) between cortical thickness (mm) and age (years) in ancestry-separated samples (AA, EA). Grey area 

represents the 95% confidence interval of each regression. (continued on the next page)
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Figure 4.40. (continued) 
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Figure 4.41. Generalised linear models between cortical thickness (mm) and age (years) in each dentition category (A, B, C: from light to dark purple). Grey 

area represents the 95% confidence interval of each regression. (continued on the next page) 
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Figure 4.41. (continued) 
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Mandibular cortical thickness, in general, showed significant sexual dimorphism (with 

M > F) and significant differences between ancestries (with AA > EA). Sex/ancestral groups 

also showed differences in cortical thickness, particularly MAA and FEA, who always 

displayed, respectively, the thickest and thinnest, cortical thicknesses. The lingual site of the 

midline section, however, was different, with thicker cortical thickness in MEA than in MAA, 

FEA, or FAA. 

Loss of teeth provoked a general decrease in cortical thickness over the whole mandible 

at both corpus and ramus sites. Most of the sites showed significant differences between fully 

dentate (category A) and edentulous (C) individuals, with always A > C. However, more sites 

displayed differences between A and B categories than between B and C, suggesting the fact 

that even restricted tooth loss and moderate loss of mastication capabilities, are enough to 

provoke an intense inner bone remodelling, and thus, a decrease in cortical thickness in all the 

sites of the mandible. Full edentulism, on the other hand, did not accentuate that decrease. 

However, differences between the posterior section and the other body sections were noticed: 

the posterior cortical thicknesses appeared to be more affected than the others. Nevertheless, 

one site, the midline lingual cortical thickness, did show a unique and very different behaviour 

compared to all the other sites. Indeed, this cortical thickness did not decrease with moderate 

tooth loss but increased significantly with edentulism (C > B, C > A, while A = B). 

Besides tooth loss, sex was then also considered. Sexual dimorphism (M > F) of the 

cortical thicknesses was present in all three dentition categories, although the sex differences 

seemed stronger in edentulous (C) than in the other two groups (A and B). Moderate tooth loss 

(B) did not seem to be enough to accentuate the basal sexual dimorphic pattern observed in A. 

Furthermore, a decrease in cortical thickness with tooth loss (A > B > C) was noted in both 

males and females, but the diminution was more generalised in females (i.e., in most of the 

sites). In summary, females started with a thinner cortical thickness compared to males, which 

became more accentuated and generalised as teeth are lost. As seen before, the midline lingual 

cortical thickness increased with edentulism, yet more so in males than in females. 

The effects of tooth loss were also analysed while taking ancestry into consideration. 

First, in all dentition categories, thicker cortical thicknesses were detected in AA compared to 

EA (AA > EA). A decrease in cortical thickness was observed with tooth loss (A > B > C) in 

both ancestral groups (AA and EA), although the decrease from A to C seemed more 
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accentuated in EA than AA (as in the external distances). Furthermore, the anterior and 

posterior sections showed more differences than the other sections when teeth are lost (in B 

and C categories), particularly in EA individuals. Again, the midline lingual site showed an 

increase in cortical thickness in both AA and EA (C > B > A). However, in contrast with earlier 

findings in males vs. females, the increase was similar in both ancestries, confirming that sex 

might have a stronger influence on cortical thickness variations due to tooth loss. 

The analyses on the effects of tooth loss were then conducted in sex/ancestral groups. 

As before with sex and ancestry, the cortical thicknesses showed a decrease in all sex/ancestral 

groups, even if it was less marked in MAA. The loss of thickness was more generalised (more 

locations affected) in females (FAA and FEA). The greatest cortical thicknesses were always 

observed in MAA across all dentition groups, while the smallest were often in FAA or FEA. 

Tooth loss, and especially edentulism, seemed to accentuate the differences between the 

sex/ancestral groups, and more particularly between MAA and the others. The increase in the 

lingual midline site was observed again in all groups, and in line with previous observations, 

i.e., stronger in males than in females, with MEA > MAA > FEA > FAA. 

Regarding the locations (i.e., section and site), the cortical thicknesses were distributed 

differently basally, buccally, and lingually, always displaying a thicker basal cortical bone, 

followed by lingual, and finally buccal (basal > lingual > buccal) at the midline and anterior 

sections. However, at the posterior section, while the basal site remained the thickest, buccal 

and lingual sites did not show differences (basal > buccal = lingual). Even if different, these 

sites displayed strong correlations between each other, i.e., all the basal sites together, the 

buccal sites, etc. Within an area, such as the buccal area, for example, cortical thicknesses will 

be homogeneous, and changes happening anteriorly in the body will reflect posteriorly, or in 

the midline, and vice versa. This general homogeneous inner morphology was practically not 

influenced by sex or ancestry, but by tooth loss. Random tooth loss, as represented by category 

B, showed the lowest number of correlations between the locations, which could be explained 

by the multiplicity of remodelling patterns (in each of the location affected by tooth loss), and 

thus, then be associated with the loss of homogeneousness. On the contrary, edentulism, i.e., 

the generalisation of tooth loss to the whole mandible, allowed to restore the “uniformity”. On 

the other hand, the situation in the midline was particularly different, especially in the midline 

lingual site, with very few correlations to the rest of the body. 

Finally, the influence of advancing age was evaluated alone, and then, in conjunction 

with sex, ancestry, and loss of teeth through correlations and regressions. All cortical 
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thicknesses, except the lingual midline, showed negative relationships with aging, indicating 

that generally, the cortical thicknesses in the mandible decrease while aging increases. The 

relationship between age and cortical thickness appeared to be mostly influenced by sex, and 

not ancestry or tooth loss. Indeed, when controlling for sex, i.e., checking the correlations and 

regressions in female-only or male-only samples, significance was found in most of the sites 

in females but were practically absent in males. When controlling for ancestry, a very small 

number of correlations were found in AA or EA individuals, while the decrease was slightly 

more pronounced in EA than in AA for certain sites. Finally, when dentition categories were 

considered, no relationships were observed in A and B categories: age alone did not seem to 

have an effect on individuals without tooth loss, or with moderate tooth loss. In category C, 

more sites looked affected by age, but caution must be exercised in interpreting these data, as 

most of the correlation and regression coefficients found were weak. Thus, age alone might not 

be enough to cause significant diminutions in the mandibular cortical thickness, except in 

females (of both ancestries), where greater decreases (steeper regression slopes, particularly 

from 40 years of age) were noticed earlier in comparison to males. 

Lastly, as seen earlier, the lingual midline site increased in cortical thickness was found 

related to age in all groups (F, M, AA, EA, etc.). The increase was, however, not significant in 

dentition category A, or in B, but was in C, as if only tooth loss, and particularly edentulism, 

seems to trigger this increase. 
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The cortical densities were assessed through the recording of BV/TV parameters (bone 

volume/total volume percentages) within 13 spherical Volumes of Interests (VOIs), extracted 

from the same 13 locations used for the CtTh [see section 4.4]. Descriptive statistics (such as 

means, standard deviations, minimum, maximum) were calculated and are provided in Table 

4.5 and Table 4.6. 

In general, the BV/TV values were very similar in all groups (Table 4.5). In the entire 

sample, for example, they presented with percentages ranging between 70.81% and 98.74% 

for VOIs located in the mandibular body. The highest mean values were found in the anterior 

and posterior sections, while the midline, and more particularly the buccal VOI, had the lowest 

density. Furthermore, the lowest minimum values were consistently found in all the buccal 

VOIs (midline min: 70.81%, anterior min: 76.34%, posterior min: 74.29%), with higher 

standard deviations. On the ramus, BV/TV values were between 48.16% and 98.68%. 

However, this very low value (48.16%), recorded on the lingual VOI of the ramus breadth in 

one individual, could be considered as an outlier (mean ± SD = 97.22 ± 3.75% at this site). 

When separated per sex, no clear patterns were detected: six VOIs showed greater BV/TV 

values in females while three in males had higher values. Between the two subsamples 

separated per ancestry, the lowest cortical densities were consistently recorded within EA 

VOIs. For three of the four sex/ancestral groups (FAA, FEA, MEA), the lowest mean cortical 

densities (approximating 75%) were found at the buccal site of the midline. Minimum values 

were also very low at this location (e.g., 70.81% for MEA, 74.17% for FAA, 74.91% for FEA). 

Overall, in the VOIs recorded on the body, the lowest cortical mean density values were mostly 

detected in the MEA subsample (six VOIs out of nine) and the highest in FAA. For the ramus 

VOIs, however, the lowest BV/TV was found in FEA: FAA > MAA > MEA > FEA. 

Descriptive statistics were also performed in the three dentition categories (Table 4.6). 

The highest mean BV/TV values were always measured in category A (individuals with 

complete dentition), while the lowest mean BV/TV, as well as the lowest minimum values, 

were found either in B (four VOIs) or C (nine VOIs). In the three dentition categories, the 

lingual or basal VOIs showed the highest mean BV/TV, while the lowest were consistently 

measured in the buccal VOIs. As in the other subgroups, larger standard deviations were 

calculated for these buccal VOIs, and it was particularly noticeable in category B. 
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Table 4.5. Descriptive statistics of the mandibular cortical bone densities (BV/TV, %) recorded on micro-CT scans in the entire sample, in both sexes (F, M), 

ancestries (AA, EA) and in each sex/ancestral group (FAA, FEA, MAA, MEA). (continued on the next page) 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 191 

Table 4.5. (continued) 
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Table 4.6. Descriptive statistics of the mandibular cortical bone densities (BV/TV, %) recorded on 

micro-CT scans per dentition category, according to the Eichner Index (EI A, B, C: from full dentition 

to edentulous). 
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4.5.2.1. Sex 

 

As in 4.4.2, the influence of sex on the cortical bone density values was assessed using 

Mann-Whitney Wilcoxon tests (Figure 4.42). Except for the buccal site of the midline 

(m_buc_BV/TV p-value = 0.22), all other VOIs were statistically significantly different 

between females and males, with BV/TV values particularly similar. A few outliers (outside 

the boxplots) can also be noticed, with smaller values in both groups, but more particularly in 

males. 

 

4.5.2.2. Ancestry 

 

The entire sample was then divided into ancestral subgroups in order to evaluate the 

influence of ancestry alone on the cortical bone densities. Significant differences were detected 

between AA and EA in ten VOIs (Figure 4.43), confirming greater BV/TV values in AA than 

in EA. Furthermore, wider boxplots, and a larger number of outliers, were noticed in EA 

individuals compared to AA. Three locations – basal and lingual sites of the anterior section 

(a_ba_BV/TV, a_ling_BV/TV) and basal site of the posterior section (p_ba_BV/TV) – were 

not found to be significantly different (p = 0.19, 0.08 and 0.06 respectively). 

 

4.5.2.3. Interaction between sex and ancestry 

 

Kruskal-Wallis tests, investigating the differences in cortical bone densities between 

the four sex/ancestral subsamples, were significant at all 13 locations (p < 0.001). Thus, 

pairwise Wilcoxon post-hoc tests were performed to observe which subgroup(s) was/were 

different from the others (Figure 4.44). Almost no differences were detected between females, 

with no significant differences between FAA and FEA in 12 locations out of 13. Only the 

lingual site of the ramus breadth (rab_ling_BV/TV – Figure 4.44 D) was found to be 

significantly different (p-value = 0.03), most probably because of the wide spread of the values 

in FEA individuals. Males, both MAA and MEA, however, were somewhat more variable: 

only five locations did not show any statistical differences between their cortical densities 

(m_ling_BV/TV, a_ba_BV/TV, a_ling_BV/TV, p_ba_BV/TV, rab_buc_BV/TV). In the other 
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eight locations, BV/TV mean values were consistently and significantly greater in MAA than 

in MEA, with MEA individuals showing a wide range and very low outlier values.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 195 

 
Figure 4.42. Boxplots of cortical BV/TV (%) per sex (F: light blue; M: dark blue), recorded on the midline [A], anterior [B], posterior [C], ramus breadth [D] 

and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)  
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Figure 4.42. (continued) 
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Figure 4.43. Boxplots of cortical BV/TV (%) per ancestry (AA: light green; EA: dark green), recorded on the midline [A], anterior [B], posterior [C], ramus 

breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)  
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Figure 4.43. (continued) 
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Figure 4.44. Boxplots of cortical BV/TV (%) per sex/ancestry (FAA, FEA, MAA, MEA: from light to dark grey), recorded on the midline [A], anterior [B], 

posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next 

page) 
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Figure 4.44. (continued) 
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4.5.3.1. Tooth loss in the entire sample 

 

The cortical bone densities of the entire sample were analysed according to the three 

dentition categories (A, B, C) as illustrated in Figure 4.45. First, Kruskal-Wallis tests indicated 

that only two locations of the 13 did not show any significant differences between the three 

categories: the lingual sites of the midline (m_ling_BV/TV p = 0.08) and of the posterior 

section (p_ling_BV/TV p = 0.08). Thus, pairwise Wilcoxon post-hoc tests were run on the 

previously found 11 significant locations. No statistically significant differences were found 

between B and C categories in any of the VOIs where the BV/TV was recorded. However, 

some locations (a_ling_BV/TV, p_ba_BV/TV, rab_buc_BV/TV, rab_ling_BV/TV) showed 

significant differences only between categories A and C, with the greatest values in A and the 

smallest in C. Furthermore, other locations were significantly different between A and C as 

well as between A and B (m_ba_BV/TV, m_buc_BV/TV, a_ba_BV/TV, a_buc_BV/TV, 

p_buc_BV/TV, rah_ling_BV/TV). It is also interesting to note that individuals in the C 

category showed a wider range of values and a higher number of outliers than in B, and A more 

particularly. 

 

4.5.3.2. Tooth loss per sex 

 

The entire sample was then divided into sex subsamples, in which the variations in 

cortical bone density were investigated with tooth loss (i.e., dentition category A vs. B vs. C 

within females, and within males) using Kruskal-Wallis tests (Figure 4.46). Firstly, within the 

female subsample, no statistically significant differences were found between the three 

dentition categories at any of the 13 VOIs. However, within males, a different pattern was 

noted: nine VOIs were detected to be statistically significantly different between dentition 

categories (m_ba_BV/TV, m_buc_BV/TV, a_ba_BV/TV, a_buc_BV/TV, p_buc_BV/TV, 

p_ling_BV/TV, rab_buc_BV/TV, rab_ling_BV/TV, rah_ling_BV/TV). By running pairwise 

Wilcoxon post-hoc tests on these nine locations, significant differences were observed between 

categories A and B, as well as between A and C in six VOIs (m_ba_BV/TV, m_buc_BV/TV, 

a_ba_BV/TV, a_buc_BV/TV, p_buc_BV/TV), with a significantly greater BV/TV in category 

A males compared to B and C. The other three VOIs (p_ling_BV/TV, rab_buc_BV/TV, 
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rab_ling_BV/TV) were found to have a significantly denser BV/TV in A than in C (but no 

significant differences between A and B). 

 

4.5.3.3. Tooth loss per ancestry 

 

The influence of tooth loss on the cortical bone densities was then investigated within 

each ancestral group (Figure 4.47) using Kruskal-Wallis and pairwise Wilcoxon post-hoc tests. 

Within EA, no statistically significant differences were detected at all between the dentition 

categories while, within AA, statistically significant differences were found in six BV/TV 

locations. The post-hoc tests performed on these six VOIs (m_ba_BV/TV, m_buc_BV/TV, 

a_ba_BV/TV, a_buc_BV/TV, p_buc_BV/TV, rab_ling_BV/TV) showed that the BV/TV 

recorded was consistently and significantly greater in category A than in C. Interestingly, no 

significant differences were found in the lingual locations of the mandibular body. 

 

4.5.3.4. Tooth loss per sex/ancestry 

 

The cortical bone densities were then analysed within each sex/ancestral subgroup 

taking into account the three dentition categories (i.e., the differences between A, B and C 

within FAA, FEA, MAA or MEA). As before, Kruskal-Wallis tests were performed, followed 

by pairwise Wilcoxon post-hoc tests when necessary. As illustrated in Figure 4.48, all the 

lingual locations from the body and all the VOIs recorded on the ramus did not show any 

significant differences with tooth loss in any of the sex/ancestral subsamples. Furthermore, 

FAA, FEA and MEA individuals showed the same pattern: no statistically significant 

differences were detected between the three dentition categories (A, B and C) within each 

subsample, although very long boxplots were particularly observed in FEA. However, within 

MAA, statistically significant differences were detected in three VOIs (m_ba_BV/TV, 

m_buc_BV/TV, p_buc_BV/TV), with consistently higher BV/TV in A than in C categories. 
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Figure 4.45. Boxplots of cortical BV/TV (%) per dentition category (A, B, C: from light to dark purple), recorded on the midline [A], anterior [B], posterior 

[C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next page)
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Figure 4.45. (continued) 
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Figure 4.46. Boxplots of cortical BV/TV (%) per sex (F, M) and dentition category (A, B, C: from light to dark purple), recorded on the midline [A], anterior 

[B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next 

page)
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Figure 4.46. (continued) 
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Figure 4.47. Boxplots of cortical BV/TV (%) per ancestry (AA, EA) and dentition category (A, B, C: from light to dark purple), recorded on the midline [A], 

anterior [B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: ** p < 0.01, * p < 0.05. (continued on the next page)  
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Figure 4.47. (continued) 
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Figure 4.48. Boxplots of cortical BV/TV (%) per sex/ancestry (FAA, FEA, MAA, MEA) and dentition category (A, B, C: from light to dark purple), recorded 

on the midline [A], anterior [B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: ** p < 0.01, * p < 0.05. 

(continued on the next page)  
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Figure 4.48. (continued) 
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4.5.3.5. Influence of sex per dentition category 

 

While controlling for tooth loss, the influence of sex on the mandibular cortical bone 

densities was evaluated (Figure 4.49). According to the Mann-Whitney Wilcoxon tests run 

between males and females within the A category, half of the VOIs did not show differences 

in density between sexes whereas the other half did (six VOIs out of 13 without differences: 

m_ba_BV/TV, m_buc_BV/TV, a_buc_BV/TV, p_ling_BV/TV, rab_ling_BV/TV, 

rah_ling_BV/TV). However, within category B and thus, with moderate tooth loss, most of the 

VOIs had significant differences in density between males and females (four VOIs out of 13 

without differences: m_ba_BV/TV, m_buc_BV/TV, a_buc_BV/TV, rah_ling_BV/TV). In 

category C, sexual dimorphism was even more frequent, with only three VOIs out of 13 that 

did not show differences (m_buc_BV/TV, rab_ling_BV/TV, rah_ling_BV/TV). The lingual 

sites of the midline (m_ling_BV/TV) and anterior sections (a_ling_BV/TV) were consistently 

significantly denser in females than in males in all categories (A, B, C). In contrast, the buccal 

site of the midline (m_buc_BV/TV) and the lingual site of the ramus height (rah_ling_BV/TV) 

were never (i.e., in any of the dentition categories) significantly different between males and 

females. Furthermore, wider boxplots were observed in individuals with tooth loss (B and C 

categories) than in A. 

 

4.5.3.6. Influence of ancestry per dentition category 

 

Mann-Whitney Wilcoxon tests were performed between ancestral groups within each 

dentition category (Figure 4.50). Within A and C categories, no statistically significant 

differences were detected between AA and EA in any of the locations of the mandibular corpus 

or ramus (all p-values > 0.05). In category B, however, four sites showed significant differences 

between AA and EA, with AA individuals always denser than EA (buccal and lingual sites of 

the midline: m_buc_BV/TV, m_ling_BV/TV, p_buc_BV/TV, rah_buc_BV/TV). Long 

boxplots with wide ranges of values were particularly observed within edentulous individuals 

(C category). 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 

 212 

4.5.3.7. Influence of sex and ancestry per dentition category 

 

The influence of the interaction between sex and ancestry (FAA, FEA, MAA, MEA) 

was assessed within each dentition category, using Kruskal-Wallis tests and their associated 

pairwise Wilcoxon post-hoc tests. Results are illustrated in Figure 4.51. 

Within the A category, six VOIs did not show any significant differences between the 

sex/ancestral subsamples (m_ba_BV/TV, m_buc_BV/TV, a_buc_BV/TV, p_ling_BV/TV, 

rab_ling_BV/TV, rah_ling_BV/TV), while in the other seven VOIs, significant differences 

were consistently detected between FAA and MEA individuals (0.01 < p < 0.05), displaying 

respectively the highest and lowest cortical density values. 

Within B, five VOIs (m_ba_BV/TV, m_buc_BV/TV, a_buc_BV/TV, p_ba_BV/TV, 

rah_ling_BV/TV) were not found to show any statistically significant differences between the 

sex/ancestral groups. As within category A, significant differences were observed between 

FAA and MEA subsamples in three locations (m_ling_BV/TV, p_buc_BV/TV, 

rah_buc_BV/TV), with BV/TV values greater in FAA than in MEA. Furthermore, in addition 

to the differences between FAA and MEA, some VOIs also displayed significant differences 

between FAA and MAA (a_ba_BV/TV, a_ling_BV/TV, p_ling_BV/TV, rab_buc_BV/TV), 

still with a higher cortical bone density in FAA than in the other groups. 

As in the A category, edentulous individuals (category C) did not show significant 

differences in the following four VOIs: m_buc_BV/TV, a_buc_BV/TV, rab_ling_BV/TV, 

rah_ling_BV/TV. The other VOI locations, however, consistently showed significant 

differences between FEA and MEA (m_ba_BV/TV, m_ling_BV/TV, p_ling_BV/TV) with 

lower BV/TV in MEA, sometimes also associated with significant differences between FEA 

and MAA (a_ba_BV/TV, a_ling_BV/TV, p_buc_BV/TV, rab_buc_BV/TV). 
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Figure 4.49. Boxplots of BV/TV (%) per dentition category (A, B, C) and sex (F: light blue; M: dark blue), recorded on the midline [A], anterior [B], 

posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. (continued on the next 

page)  
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Figure 4.49. (continued) 
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Figure 4.50. Boxplots of BV/TV (%) per dentition category (A, B, C) and ancestry (AA: light green; EA: dark green), recorded on the midline [A], anterior 

[B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: ** p < 0.01, * p < 0.05. (continued on the next page)  
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Figure 4.50. (continued) 
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Figure 4.51. Boxplots of BV/TV (%) per dentition category (A, B, C) and sex/ancestry (FAA, FEA, MAA, MEA: from light to dark grey), recorded on the 

midline [A], anterior [B], posterior [C], ramus breadth [D] and height [E] sections. Dots depict outliers. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05. 

(continued on the next page)  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 218 

 
Figure 4.51. (continued) 
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4.5.4.1. Influence of section and site selection on BV/TV 

 

Variations in the location of the VOIs, at which the cortical bone BV/TV parameters 

were recorded, were investigated using Kruskal-Wallis tests and pairwise Wilcoxon post-hoc 

tests (when necessary). The variations in BV/TV were first assessed between the five sections 

(midline vs. anterior vs. posterior vs. ramus breadth vs. ramus height), then between the three 

sites (basal vs. buccal vs. lingual) and finally between the 13 section/site locations (midline 

basal vs. midline buccal vs. anterior basal vs. posterior lingual, etc.). 

Statistically significant differences were detected between sections according to the 

Kruskal-Wallis test (p < 0.001), but the post-hoc tests outlined significant differences only 

between the midline and the anterior section (p = 0.03), as well as between the midline and the 

posterior section (p = 0.001). However, as seen in Figure 4.52 A, the absolute differences 

between these three sections were minimal and were most probably due to the greater number 

of outliers at the midline (i.e., the lower tail of the boxplot). Furthermore, the three sites did 

not show any statistically significant differences (Kruskal-Wallis p-value = 0.68) between 

basal, buccal and lingual VOIs (see Figure 4.52 B). When considering the VOI locations (i.e., 

section/site, as illustrated in Figure 4.53), only a small number (14 on 78) were statistically 

significantly different from each other. Of these 14 significant interactions, seven were 

associated with the buccal site of the midline (m_buc vs. m_ling; vs. a_ba; vs. a_ling; vs. p_ba; 

vs. p_ling; vs. rab_buc; vs. rah_buc), and seven with the lingual site of the ramus height 

(rah_ling vs. m_ling; vs. a_ba; vs. a_ling; vs. p_ba; vs. p_ling; vs. rab_buc; vs. rah_buc). 

Similarly to the significant differences detected between sections, the absolute differences 

between the VOI locations were minimal (as seen in Figure 4.53). 
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Figure 4.52. Boxplots of BV/TV (%) grouped per section [A] or per site [B]. Dots depict outliers. 

Significance: ** p < 0.01, * p < 0.05. 
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Figure 4.53. Boxplots of BV/TV (%) grouped per section/site interactions (top) and on the next page, 

table detailing the pairwise Wilcoxon post-hoc test p-values (bottom). Significant p-values are in 

bold: p < 0.05. (continued on the next page) 
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Figure 4.53. (continued) 
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4.5.4.2. Inter-variable correlations 

 

Spearman’s correlations, associated with Holm’s adjustments, were computed between 

the 13 VOIs. The inter-VOIs correlations were calculated and illustrated with matrices for the 

entire sample, for the sex and ancestral subsamples, as well as for each dentition category. As 

seen in Figure 4.54, the BV/TV values in the thirteen VOIs were all significantly correlated 

with each other (p > 0.001) and showed moderate to strong positive correlations (0.49 <  < 

0.85). The weakest correlations were mainly found between the buccal site of the midline 

(m_buc) and VOIs in the ramus (such as rab_ling:  = 0.5; or rah_ling:  = 0.49). The strongest 

correlations were detected between mandibular body VOIs, particularly within and between 

the anterior and posterior sections (e.g., a_ling and p_ba:  = 0.85). 

 
Figure 4.54. Corrplots illustrating inter-variable relationships between all the BV/TV values recorded 

in the entire sample. Ellipses were removed if the correlation, adjusted with Holm’s correction, was 

not significant (p > 0.05). Correlation coefficients  were noted within each square (in blue: positive 

, in red: negative ).  
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Figure 4.55. Corrplots illustrating inter-variable relationships between all the BV/TV values recorded 

within females (top) and males (bottom). Ellipses were removed if the correlation, adjusted with 

Holm’s correction, was not significant (p > 0.05). Correlation coefficients  were noted within each 

square (in blue: positive , in red: negative ).  
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Figure 4.56. Corrplots illustrating inter-variable relationships between all the BV/TV values recorded 

within the ancestry-separated subsamples (AA: upper, EA: lower). Ellipses were removed if the 

correlation, adjusted with Holm’s correction, was not significant (p > 0.05). Correlation coefficients  

were noted within each square (in blue: positive , in red: negative ).  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 

 226 

 
Figure 4.57. Corrplots illustrating inter-variable relationships between all the BV/TV values recorded 

in each sex/ancestral subgroup (FAA, FEA, MAA, MEA). Ellipses were removed if the correlation, 

adjusted with Holm’s correction, was not significant (p > 0.05). Correlation coefficients  were noted 

within each ellipse (in blue: positive , in red: negative ). (continued on next page)  
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Figure 4.57. (continued)  
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The influence of tooth loss on the inter-VOIs BV/TV relationships was also investigated 

and is represented in Figure 4.58. All the BV/TV recorded within the A dentition category, and 

then within B, showed statistically significant correlations between each other, respectively. 

All correlations displayed positive and moderate to strong coefficients (A: 0.46 <  < 0.88; B: 

0.44 <  < 0.94), even though the correlations within the B category seemed in general weaker 

than in A. Within the C category, and thus in edentulous mandibles, only approximately 86% 

of the inter-VOIs correlations were significant. BV/TV VOIs from the mandibular ramus, and 

most particularly at the lingual sites, were either presenting the weakest correlation 

coefficients, or no significance at all (rab_ling_BV/TV). 

 

 
Figure 4.58. Corrplots illustrating inter-variable relationships between all the BV/TV values recorded 

in each dentition category (A, B, C). Ellipses were removed if the correlation, adjusted with Holm’s 

correction, was not significant (p > 0.05). Correlation coefficients  were noted within each ellipse (in 

blue: positive , in red: negative ). (continued on next page)  
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Figure 4.58. (continued)  
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4.5.5.1. Correlations per VOI 

 

Influence of advancing age was assessed first through Spearman’s correlations, 

adjusted for multiple comparisons using Holm’s corrections. The correlations (Figure 4.59) 

were calculated against age for each VOI recorded in the entire sample, in the sex and ancestral 

groups, as well as in each sex/ancestral subsample and dentition category. Within the entire 

sample (Figure 4.59, first row), nine VOIs displayed significant negative correlations with 

advancing age – with weak coefficients (-0.18 <  < -0.25). Of these nine VOIs, six were on 

the mandibular body (m_ba, m_buc, a_ba, a_buc, p_ba, p_buc) and three on the ramus 

(rab_ling, rah_buc, rah_ling). It is interesting to note that, of these six significant body VOIs, 

none was on the lingual side. Except for males, all the other subgroups did not show any 

significant correlation between any of the 13 BV/TV VOIs and advancing age. In males, 

however, eight significant correlations were found for almost the same locations as in the entire 

sample: m_ba, m_buc, a_ba, a_buc, p_buc. The correlation coefficients, still negative, were 

also similar: -0.24 <  < -0.28. 
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Figure 4.59. Corrplots illustrating correlations between each BV/TV and age in the entire sample (first 

row), in demographic subsamples and finally in the three dentition categories (A, B, C). Ellipses were 

removed if the correlation, adjusted with Holm’s correction, was not significant (p > 0.05). 

Correlation coefficients  were noted within each square (in blue: positive , in red: negative ). 

 

4.5.5.2. Correlations with pooled BV/TV values 

 

The presence of strong inter-variable correlations and very few statistically significant 

differences between the VOIs suggested a generalised cortical density in the whole mandibular 

corpus (but not between corpus and ramus). Therefore, using Spearman’s correlations, the 

influence of advancing age was assessed with pooled cortical bone density values, i.e., with a 

mean BV/TV value for each individual – calculated with all the corpus VOI values but not the 

ramus VOIs. The correlations, presented in Table 4.7 (p-values and ρ correlation coefficients) 
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were performed in the entire sample, in the sex- and ancestry-separated groups, as well as in 

each sex/ancestral subsample. Dentition categories were also considered. 

The entire sample, the sex-separated subsamples and the ancestry-separated subsamples 

were all significantly and negatively correlated with advancing age (p-values < 0.001 in the 

entire sample, in F, M and EA; p-value < 0.01 in AA). However, the correlation coefficients 

computed were rather moderate for all these groups:  = -0.35 in the entire sample and in 

females,  = -0.34 in males,  = -0.38 in EA,  = -0.22 in AA. Significant correlations with 

age were also observed in each of the four sex/ancestral subgroups. The correlation coefficients 

were quite similar to those obtained previously: weak to moderate (MEA:  = -0.38, FAA:  = 

-0.34, FEA:  = -0.32), particularly for MAA ( = -0.18). The three dentition categories (A, B, 

C) also showed significant correlations with aging (p-value < 0.05 in A, p-values < 0.01 in B 

and C) while the correlation coefficients calculated were quite weak: A:  = -0.21, B:  = -0.34 

and C:  = -0.27. 

When the influence of aging was assessed within sex or ancestral groups while 

considering tooth loss, only five of the 12 subgroups had a significant correlation between 

BV/TV and age: females from category B (with a moderate correlation coefficient  = -0.44), 

males from categories B and C ( = -0.27 and -0.28), as well as EA individuals from categories 

B and C ( = -0.65 and -0.27). As expected from the 12 sex/ancestral subgroups associated 

with tooth loss categories (such as FAA-A, FAA-B, FAA-C…), only two correlations were 

significant, namely MEA individuals of categories B and C, with a stronger  coefficient in B 

( = -0.61) than in C ( = -0.29). 
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Table 4.7. Spearman's correlation tests (p-values, ρ correlation coefficients) between pooled BV/TV 

(%) and age (years) in the entire sample and in all the subsamples (i.e., separated per sex, ancestry, 

sex/ancestry, dentition categories in the first column; sex and dentition, ancestry and dentition in the 

second column; sex/ancestry and dentition in the last column). Significant p-values are in bold, 

correlation coefficients associated with significant p-values are in black. 

 
 

4.5.5.3. Regressions with pooled BV/TV values 

 

Generalised linear models (GLMs) were applied on the pooled BV/TV, which was 

regressed in function of age. The regression (Figure 4.60) computed for the entire sample was 

significant (p < 0.001) and displayed a slow decrease in BV/TV with age, i.e., with a low 

coefficient of determination: R2 = 0.102. 

When performed in females and males separately (Figure 4.61 A), both regressions 

were significant with low coefficients of determination: R2 = 0.089 and R2 = 0.105. Both 

regression lines were adjacent and even sometimes overlapped, particularly in the younger 

ages. The difference between females and males was only accentuated in later ages of life 

(approximately from 60). As seen on the plot, the confidence interval also appeared to be wider 

in females than in males, especially in the younger or older ages. In the two ancestry-separated 

subsamples (Figure 4.61 B), both regressions were also significant, but compared to females 

and males, the differences were more pronounced from the beginning, and even more 
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particularly in the older ages. Both groups (AA, EA) showed a decrease in BV/TV with 

advancing age, but EA individuals specifically showed a faster decrease than in AA (EA R2 = 

0.105 vs. AA R2 = 0.038). 

In each of the four sex/ancestral subsamples (Figure 4.62), except for FAA who did not 

show significance, the regressions computed with aging displayed significant and similar 

decreasing patterns with weak determination coefficients (FEA R2 = 0.101, MAA R2 = 0.039 

and MEA R2 = 0.096). Even if they had similar and overlapping densities in the first decade 

(20 – 30), differences were more noticeable in older ages. Overall, MAA showed the highest 

BV/TV throughout the ages, followed by FAA and FEA, which overlapped. Interestingly, 

MEA displayed the lowest regression line, with particularly low BV/TV values for some 

individuals. The non-significance of the FAA subsample was most probably due to the lack of 

individuals in the older ages (none after 80). 

 

 
Figure 4.60. Generalised linear models (regressions) between the pooled BV/TV (%) and age (years) 

in the entire sample. Regression formulae and adjusted R-squared (R2) values are provided with their 

respective p-values. The grey area represents the 95% confidence interval of each regression.  
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Figure 4.61. Generalised linear models (regressions) between the pooled BV/TV (%) and age (years) 

per sex [A] and per ancestral [B] subgroup. Regression formulae and adjusted R-squared (R2) values 

are provided with their respective p-values. The grey area represents the 95% confidence interval of 

each regression.  
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Figure 4.62. Generalised linear models (regressions) between the pooled BV/TV (%) and age (years) 

in all sex/ancestral subgroups [A] and faceted individually per subgroup [B]. Regression formulae and 

adjusted R-squared (R2) values are provided with their respective p-values. The grey area represents 

the 95% confidence interval of each regression. 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4. RESULTS: MICRO-CT ANALYSIS OF THE MANDIBLE 

 

 237 

The regressions in each of the three dentition categories (Figure 4.63) also showed 

significantly decreasing BV/TV values with aging. Even if the coefficients of determination 

were again weak (A R2 = 0.039, B R2 = 0.083 and C R2 = 0.082), it is still noticeable that the 

decrease was much more pronounced in categories C and B than in A. 

 

 
Figure 4.63. Generalised linear models (regressions) between the pooled BV/TV (%) and age (years) 

in the entire sample separated per dentition category (A, B, C). Regression formulae and adjusted R-

squared (R2) values are provided with their respective p-values. 

 

Regressions were finally performed in each dentition category within females and 

males (Figure 4.64 A), and then within each ancestral subgroup (Figure 4.64 B). When looking 

at the sexes, only females with intermediate tooth loss (category B) and edentulous males 

(category C) had significant regression analyses. Even if the coefficients of determination were 

quite low (e.g., F-B R2 = 0.144 and M-C R2 = 0.108), it was still noticeable that the slopes in 

B and C were more accentuated. In the subgroups separated per dentition and ancestry (e.g., 

AA-A, AA-B … in Figure 4.64 B), only two displayed significant regression p-values (p < 

0.01): EA with intermediate tooth loss (category B – R2 = 0.235) or completely edentulous 

(category C – R2 = 0.085). When looking at the sex/ancestral subgroups separated by dentition 

categories (Figure 4.64 C), only four regressions with age were found significant: FEA and 

MEA individuals with intermediate tooth loss, as well as edentulous MAA and MEA – all 

decreasing with age.  
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Figure 4.64. Generalised linear models (regressions) between the pooled BV/TV (%) and age (years) 

in each dentition category (A, B, C), per sex (F, M) [A], per ancestry (AA, EA) [B] and per 

sex/ancestry (FAA, FEA, MAA, MEA) [C]. Regression formulae and adjusted R-squared (R2) values 

are provided with their respective p-values.  
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Cortical densities were assessed through BV/TV parameters, measured in 13 cortical 

volumes of interest. Differences between sexes were noted but were not clear. Differences in 

ancestries were also noticed, as BV/TV parameters were always greater in AA than in EA (AA 

> EA). When sex and ancestry were both considered, FAA always showed denser cortical 

densities than the other individuals, even if, FAA and FEA were never different from each 

other, while MAA and MEA often were. 

When tooth loss was analysed, it was noted that loss of teeth, alone and even moderate, 

caused a decrease in cortical density in the majority of the VOIs (A > B ≥ C). As for the cortical 

thickness, the midline lingual sites showed a different pattern as no differences between all the 

dentition categories were detected. 

The interaction between tooth loss and sex revealed unusual results about the cortical 

densities. As for the cortical thickness, sexual dimorphism was present in all three dentition 

categories, but differences between females and males were stronger in categories B and C 

than in A. As soon as tooth loss starts, the cortical bone density declines. When analysing 

females only, BV/TV parameters were not found to be affected by tooth loss: the three dentition 

categories gave similar results. In males, however, a decrease (A > B > C) was observed in 

most of the sites, with A and B significantly different in most of the cases, emphasising the fact 

that even moderate tooth loss caused a decrease in density. The cortical density in the midline 

lingual VOI was always different between males and females, across all three dentition 

categories (even A), but was, however, again, not different between the three categories. 

When tooth loss was investigated with ancestry, two strong patterns emerged, one for 

each ancestral group: in AA, half of the VOIs showed a decrease with tooth loss (only with 

total tooth loss, and not moderate); while in EA, no significance was found at all. However, on 

the plots, a decrease could still be perceived from A to C and spreading of the values was 

particularly large in C that it could have caused the non-significance. As with sex, the cortical 

density in the midline lingual VOI was not affected by tooth loss (no differences between A, 

B and C) in AA or EA. 

Locations of the VOIs were also studied, confirming that the midline section was acting 

differently than the other sections, and especially more unpredictably compared to the rest of 

the mandible. Overall, cortical BV/TV parameters were more generalised and homogeneous 

all over the corpus and even in the ramus (no significant differences between anterior, posterior 
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and ramus), particularly in comparison to the cortical thicknesses. However, with edentulism, 

even if the density remains similar in the corpus, it loses its correlation with ramus bone 

density. The intensive bone remodelling occurring in the corpus because of the complete loss 

of teeth causes changes that the ramus is not following. The general integrity of the cortical 

bone density was influenced by sex and ancestry, as it was greater in males (stronger and more 

frequent correlations) than in females, and in AA than in EA. 

Lastly, the influence of age was investigated and showed decreasing densities with 

increasing age in all individuals and samples (sex, ancestry, tooth loss), with rather moderate 

coefficients, in contrast to the cortical thicknesses. Even if females tended to have larger 

confidence intervals, females and males initially, in the younger ages, have an overlapped 

decrease in BV/TV associated with aging, while later (especially after 40 years of age), the 

diminution was much faster in females. Compared to AA, EA also displayed a faster decrease 

in BV/TV, particularly intense after 40 years of age. In sex/ancestral samples, MAA presented 

the highest cortical densities, with less decrease with age, relative to FAA and FEA 

(overlapped), and particularly MEA. The differences between the sexes in the different 

ancestral groups appeared to be accentuated/aggravated in the later ages of life, approximately 

from 40 years of age. 

Once the dentition categories were included in the regression models, it was noteworthy 

to see that the decrease related to aging noticed earlier, was occurring in all individuals, whether 

they were affected by tooth loss or not. The decline was, however, surprisingly more important 

in category B than C. 

 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 241 

Chapter 5. Results: Micro-CT analysis of the femur and 

comparison with the mandible 

 

Micro-CT scanning was performed on 68 femora (proximal parts only), from which 64 

individuals were selected for further analysis, as explained in the Materials and Methods 

(Chapter 3). The sample was constituted of 37 males and 27 females aged between 21 and 98 

years (mean age = 58.48 years). For each individual, four cortical densities were recorded in 

Volumes of Interest (VOIs) located at the inferior (i_BV/TV), superior (s_BV/TV), anterior 

(a_BV/TV) and posterior (p_BV/TV) sites of the femoral neck section, defined in the Methods 

section [3.2]. 

First, in [5.1], the femoral sample was analysed alone to assess the possible influence 

of demographic parameters or location of the VOIs on the densities. Then, in [5.2], 

comparisons between femoral and mandibular parameters of the same individuals were 

performed while controlling for sex, ancestry and age. 

 

 

 

 

Kernel density plots, followed by Shapiro-Wilk tests, were performed to illustrate the 

shape of the distribution of each variable (age and cortical densities) and are all presented in 

Appendix F. Finally, variance comparison tests were run. 

 

5.1.1.1. Normality of distributions 

 

Distribution of the individuals’ age in the femoral sample (Appendix F Figure F.) was 

plotted for the entire sample. The Shapiro-Wilk test confirmed that age of the individuals in 

this sample was not following a normal distribution. As in the mandible, the cortical bone 

densities were not normally distributed in any of the four sites in the entire sample as well as 

within the different demographic subgroups (Appendix F Figure F.).  
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5.1.1.2. Homogeneity of variances 

 

Homogeneity of the variances was then tested for the variables recorded. 

Histomorphometric parameters showed homoscedasticity (i.e., equal variances) at some sites 

between sexes and between ancestries, but no consistency was detected. 

 

5.1.1.3. Conclusion 

 

Finally, non-parametric statistical tests were selected for the analysis of the cortical 

densities, according to the presence of several sites not following a normal distribution or not 

presenting equal variances, without consistency. 

 

 

5.1.2.1. Basic descriptive statistics 

 

Descriptive statistics, such as means, standard deviations, minimum and maximum 

values, were calculated and are detailed below for the entire femoral sample, the subsamples 

and within the four sex/ancestral subgroups (FAA, FEA, MAA, MEA), and are detailed in 

Table 5.1. As the density values were all very similar, differences were not clearly noticeable. 

However, the highest mean cortical densities were always recorded in female individuals and 

were often accompanied by the highest minimal values (inferior, superior and posterior sites). 

Furthermore, the lowest mean cortical BV/TV was measured in MEA (e.g., mean s_BV/TV = 

90.12%, range: 80.77 – 94.43%). 

In terms of differences between sites (inferior, superior, anterior, posterior), the inferior 

cortical densities (i_BV/TV) showed the highest mean density values in the entire pooled 

sample, as well as in FEA, MAA and MEA. On the contrary, the lowest minimal values were 

recorded in the superior sites in FEA, MAA and MEA. The age distribution of the sample could 

explain the low histomorphometric values, recorded in MEA. Indeed, the mean age of the MEA 

subgroup is much higher than in the three other subsamples, i.e., MEA: 71.00 years (range: 28 

– 94 years); MAA: 57.00 years (range: 26 – 98 years); FEA: 58 years (range: 21 – 91 years); 

FAA: 44.92 years (range: 22 – 71 years). 
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Table 5.1. Descriptive statistics of the femoral cortical bone densities (BV/TV, %) recorded on micro-CT scans at the inferior (i_BV/TV), superior 

(s_BV/TV), anterior (a_BV/TV) and posterior (p_BV/TV) sites of the femoral neck. 
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5.1.2.2. Influence of sex and/or ancestry 

 

The Mann-Whitney Wilcoxon tests performed between sexes (Figure 5.1), and then 

between ancestries (Figure 5.2), did not display any significant differences in any of the four 

VOIs. Moreover, the cortical bone densities did also not differ between any of the sex/ancestral 

subgroups (Figure 5.3). 

 

 

Figure 5.1. Boxplots of cortical BV/TV (%) per sex (F: light blue; M: dark blue), recorded in the 

inferior (i_BV/TV), superior (s_BV/TV), anterior (a_BV/TV) and posterior (p_BV/TV) femoral 

VOIs. Dots depict outliers. Mann-Whitney Wilcoxon p-values are indicated. 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 5. RESULTS: COMPARISON FEMUR AND MANDIBLE 

 

 245 

 

Figure 5.2. Boxplots of cortical femoral BV/TV (%) per ancestry (AA: light green; EA: dark green), 

recorded in the inferior (i_BV/TV), superior (s_BV/TV), anterior (a_BV/TV) and posterior 

(p_BV/TV) femoral VOIs. Dots depict outliers. Mann-Whitney Wilcoxon p-values are indicated. 

 

 
Figure 5.3. Boxplots of cortical BV/TV (%) per sex/ancestry (FAA, FEA, MAA, MEA: from light to 

dark grey) in the inferior (i_BV/TV), superior (s_BV/TV), anterior (a_BV/TV) and posterior 

(p_BV/TV) femoral VOIs. Dots depict outliers. Kruskal-Wallis p-values are indicated.  
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5.1.2.3. Influence of VOI location 

 

The four VOIs (inferior, superior, anterior, posterior) in which the histomorphometric 

parameters were recorded were compared between each other in the entire sample. The 

Kruskal-Wallis test performed on the densities did not show any significant differences 

between the four VOIs (Figure 5.4). 

 

 
Figure 5.4. Boxplots of cortical BV/TV (%) grouped per VOI site (inferior vs. superior vs. anterior vs. 

posterior). Dots depict outliers. Kruskal-Wallis p-value is indicated.  
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Comparisons between the two bones were performed between the femoral sample 

described above, and between a specific mandibular subsample, instead of the entire sample 

used in the first part of the results in Chapter 4. This subsample was consisted of the same 64 

individuals used for the femur, i.e., these individuals had measurements taken on their 

mandible and their femur. 

In a previous section [5.1.2], the four femoral sites (inferior vs. superior vs. anterior vs. 

posterior), where the histomorphometric parameters were recorded, were compared and were 

not found to differ from each other. Furthermore, as done in the first part of the results focusing 

on the mandible (using the complete sample of 333 individuals, in Chapter 4), comparisons of 

the densities (i) between sections (midline vs. anterior vs. posterior); (ii) between sites (basal 

vs. buccal vs. lingual); (iii) and between the interaction of the two (e.g., midline basal vs. 

anterior buccal vs. posterior lingual etc.) were also performed on the smaller mandibular 

subsample used here. According to the three Kruskal-Wallis tests run, no significant 

differences were detected at all for any of the three conditions (p = 0.25 between sections, p = 

0.19 between sites, p = 0.42 between sections/sites). 

Therefore, for the subsequent analyses, cortical bone density values were pooled for the 

femur and for the mandible. Mean BV/TV values of the four sites of the femur were calculated 

for each individual, while for the mandible, the mean value of the nine VOI locations were 

calculated. 

 

 

 

As the cortical density measurements were taken on the mandible and the femur of the 

same individuals, a non-parametric paired-samples Wilcoxon test (also known as Wilcoxon 

signed-rank test) was performed. A statistically significant difference was detected between 

the mandibular and femoral histomorphometric parameters (p < 0.001). As illustrated by the 

boxplots in Figure 5.5, cortical bone density was significantly higher in the mandible than in 

the femoral neck for the same individuals. The spreading of values was also particularly wider 

in the femora (mean ± SD = 90.82 ± 2.38% and min – max = 86.43 – 94.74%) than in the 

mandible (mean ± SD = 97.67 ± 0.90% and min – max BV/TV = 94.57 – 98.51%). 
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Figure 5.5. Boxplots of cortical BV/TV (%) recorded in the femoral and in the mandibular 

subsamples. Dots depict outliers. Paired Wilcoxon test p-value is indicated. Significance: *** p < 

0.001. 

 

Paired Wilcoxon tests were also run on the subsamples separated per sex (Figure 5.6). 

Within males as well as within females, significant differences (p < 0.001) were found between 

femoral and mandibular densities, with higher cortical densities in the mandible (M mean ± 

SD = 97.61 ± 1.02% and F mean ± SD= 97.84 ± 0.61%) than in the femur (M mean ± SD = 

90.44 ± 2.10% and F mean ± SD= 91.35 ± 2.67%). 

The paired Wilcoxon tests were then performed on the subsamples separated per 

ancestry (Figure 5.7) for which significant differences were found between femoral and 

mandibular densities in both AA and EA individuals (p < 0.001). As before, greater cortical 

density values were measured in the mandible (AA mean ± SD = 98.06 ± 0.50% and EA mean 

± SD = 97.25 ± 1.07%) than in the femur (AA mean ± SD = 90.76 ± 2.21 vs. EA mean ± SD 

= 90.89 ± 2.58). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 5. RESULTS: COMPARISON FEMUR AND MANDIBLE 

 

 249 

 
Figure 5.6. Boxplots of cortical BV/TV (%) per sex (F: light blue; M: dark blue), recorded in the 

femoral and mandibular samples. Dots depict outliers. Paired Wilcoxon tests p-values are indicated. 

Significance: *** p < 0.001. 

 

 
Figure 5.7. Boxplots of cortical BV/TV (%) per ancestry (AA: light green; EA: dark green), recorded 

in the femoral and mandibular samples. Dots depict outliers. Paired Wilcoxon tests p-values are 

indicated. Significance: *** p < 0.001. 
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Finally, similar tests between femoral and mandibular densities were run within each 

sex/ancestry and are illustrated in Figure 5.8. As within both sexes and both ancestries, 

significant differences between femoral and mandibular cortical bone densities were detected 

within each of the four subgroups (p < 0.01 in FAA and FEA, p < 0.001 in MAA and MEA), 

with always greater mean BV/TV in the mandible than in the femur. A pattern regarding the 

range of BV/TV values was also noticed in all the groups: a wide range of values in one bone 

was associated with a wide range in the other bone or vice versa. MAA, for example, displayed 

a restricted range of BV/TV values in the mandible and the femur, while in MEA, wide ranges 

were detected in both mandible and femur. 

 

 
Figure 5.8. Boxplots of cortical BV/TV (%) per sex/ancestry (FAA, FEA, MAA, MEA: from light to 

dark grey) recorded in the femoral and mandibular samples. Dots depict outliers. Paired Wilcoxon 

tests p-value are indicated at the bottom of each plot. Significance: *** p < 0.001, ** p < 0.01.  
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5.2.2.1. Between femoral and mandibular cortical densities 

 

First, the possible correlation between the two paired samples (mandible vs. femur) was 

assessed using Spearman’s correlation tests. No significant correlations (Table 5.2) were 

detected in the entire sample nor any of the subsamples (within each sex, ancestry, 

sex/ancestry). Therefore, cortical densities recorded in the mandible do not appear to be 

correlated with the cortical densities recorded in the femur. 

 

Table 5.2. Spearman's correlation tests (p-values, ρ correlation coefficients) and generalised linear 

models (p-values and adjusted R2 regression coefficients) performed between mandibular and femoral 

cortical BV/TV (%). Significant p-values are in bold. 

 
 

To go further, generalised linear models (GLMs) were computed between the 

mandibular and femoral BV/TV in the complete sample and within the subsamples. GLM p-

values and adjusted coefficients of regression (R2
adj) are detailed in Table 5.2. None of the 

regressions performed was found significant, i.e., the femoral cortical bone density is not 

increasing or decreasing even if the mandibular cortical bone density is, and reciprocally (see 

Figure 5.9). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 5. RESULTS: COMPARISON FEMUR AND MANDIBLE 

 

 252 

 
Figure 5.9. Generalised linear models (regressions) between mandibular and femoral cortical BV/TV 

(%) in the entire sample [A], per sex [B], per ancestry [C] and per sex/ancestry [D]. Grey area 

represents the 95% confidence interval of each regression. (continued on the next page) 
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Figure 5.9. (continued) 
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5.2.2.2. With aging 

 

Correlations with advancing age were investigated in the femoral sample and were 

compared to the mandibular subsample (Table 5.3). Femoral cortical bone densities did not 

show any significant correlation with aging, within the entire sample or any of the subgroups. 

However, as reported previously for the principal mandibular sample [see section 4.5.5], 

cortical BV/TV values were significantly correlated with aging in the mandibular subsample 

used here, as well as within females, EA and finally FEA. These significant correlations were 

associated with strong negative coefficients, particularly in females (ρ = -0.645) and FEA (ρ = 

-0.867). 

Generalised linear models were performed between these two variables (BV/TV and 

age) in the femur and the mandibular subsample, consisting of the same individuals (Table 5.3 

and Figure 5.10). In the femur, significant regressions were only found within males and MEA, 

with low regression coefficients. In the mandible, though, three regressions were significant: 

in the entire sample, females, and FEA, with moderate to strong coefficients. 

 

Table 5.3. Spearman's correlation tests (p-values, ρ correlation coefficients) and generalised linear 

models (p-values and adjusted R2 regression coefficients) run between age (years) and cortical BV/TV 

(%) recorded in mandibles and femora of same individuals. Significant p-values are in bold. 
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Figure 5.10. Generalised linear models between aging (years) and cortical BV/TV (%) in the 

mandible (blue regressions) and femur (red regressions) of the entire sample [A], per sex [B], per 

ancestry [C] and per sex/ancestry [D]. Grey area represents the 95% confidence interval of each 

regression. (continued on the next page)  
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Figure 5.10. (continued) 
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The femoral neck cortical densities displayed surprising results, as no differences in sex 

and ancestry were detected. Furthermore, no significant differences were observed between the 

VOI locations (i.e., inferior, superior, anterior, posterior sites). 

The cortical densities were then compared across bones: mandible vs. femur. The 

mandibular BV/TV was found much higher than the femoral BV/TV, in all individuals, 

whatever the sex or ancestry. However, the spreading of values was larger in the femur than in 

the mandible, and this spreading appeared to be influenced by sex and ancestry, e.g., MAA 

showed limited ranges in the mandible and in the femur, while MEA displayed wide ranges in 

the mandible and in the femur. Moreover, the cortical densities recorded in the femur did not 

appear to be correlated with the cortical densities recorded in the mandible. The femoral 

cortical bone density is thus, not increasing or decreasing, when the mandibular cortical bone 

density is, and reciprocally. 

However, once the age of the individuals was considered, the two bones showed similar 

regression patterns: a decrease in cortical density with advancing age. Although, the decrease 

was faster in the femur than in the mandible, and not the same in all groups: EA was for 

example more affected than AA. 
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Chapter 6. Results: CBCT analysis of the mandible and 

comparison with micro-CT 

 

A subsample of 24 mandibles was scanned by both micro-CT and CBCT modalities, as 

explained in Chapter 3 Materials and Methods. This sample included 24 adult males (mean age 

= 59.2, range: 22 – 98 years) of African ancestry, with similar dentition status (according to 

the Eichner Index: category A, n = 20; category B: n = 4). 

The comparison between the two imaging techniques was performed using two 

approaches. First, presented in [6.1], the comparison focused on 2D and 3D measurements 

which were recorded twice (on both modalities). The second approach, in [6.2], considered 

directly the three-dimensional volumes of entire mandibles (and not specific measurements). 

 

 

 

Measurements performed in these 24 individuals were recorded following the same 

definitions used in Chapter 4: external distances, cortical thickness and histomorphometric 

parameters. First, before any modality comparison, the repeatability of the CBCT-based 

measurements was assessed [in 6.1.1]. Then, to evaluate the concordance (or agreement) 

between both techniques, Bland-Altman plots and regression analyses were performed [in 

6.1.2]. Finally, direct comparisons of measurements were conducted through basic descriptive 

and exploratory statistics [in 6.1.3]. 

 

 

 

The intra-observer repeatability of measurements recorded on CBCT scans was 

assessed through three statistical methods: Intraclass Correlation Coefficients (ICCs), 

Technical Errors of Measurement (TEM and %TEM) and Bland-Altman plots. To do so, ten 

CBCT scans were analysed twice. ICCs were calculated first and are presented in Table 6.1. 

The intra-examiner reproducibility was excellent, with ICCs between 0.847 and 0.999. The 

alveolar heights (m_h, a_h, p_h) and ramus measurements (ra_b, ra_h) showed the highest 

ICCs (0.999) while the cortical thicknesses’ ICCs were slightly lower. Then, absolute and 
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relative TEM were estimated for all the variables and showed an overall low intra-observer 

error rate (Table 6.1). The external distances had a small mean TEM at 0.03 mm (range: 0.01 

– 0.07 mm) and a mean %TEM at 0.10% (range: 0.04 – 0.23%). The cortical thicknesses 

displayed intermediate results with a mean TEM at 0.09 mm (range: 0.01 – 0.15 mm), and 

more particularly a mean %TEM at 3.64% with a wider range: from 0.56 to 7.09%. 

Furthermore, as highlighted in bold in Table 6.1, the measurements showing the highest %TEM 

were associated with the lowest ICCs, such as the midline buccal CtTh (m_buc_CtTh), or the 

posterior buccal CtTh (p_buc_CtTh). 

 

Table 6.1. Intra-observer errors estimated on CBCT-based measurements: ICCs and 95% Confidence 

Intervals (CI lower – upper bounds) as well as TEM and %TEM values. Lowest ICCs and largest 

%TEMs are in bold. 
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Finally, Bland-Altman plots were computed for each pair of measurements (CBCT 

observation 1 vs. CBCT observation 2) and are illustrated in Appendix G Figure G. and Figure 

G.. All revealed a high agreement, with no measuring differences exceeding 0.2 mm for the 

external distances and 0.6 mm for the cortical thicknesses. However, the spread of the 

differences was larger for the cortical thicknesses than for the external distances 

(approximately between 0.2 mm and -0.2 mm, and between 0.5 mm and -0.5 mm respectively). 

To sum up, as high repeatability was found in measurements performed in CBCT, as 

well as in micro-CT [see 4.1], the comparison between the two modalities could be performed 

and is presented in the following sections. 

 

 

 

The agreement and accuracy of CBCT-based measurements, in comparison to micro-

CT, was evaluated using two statistical methods: the Bland-Altman method evaluating their 

agreement, and the Passing-Bablok regression method, assessing its accuracy. 

First, the agreement between CBCT and micro-CT was evaluated visually from the 

Bland-Altman plots computed. They were computed for each pair of measurements (micro-CT 

observation vs. CBCT observation), always using micro-CT as the reference. As an example, 

plots for the variables recorded on the midline section – alveolar height; basal, buccal and 

lingual cortical thicknesses and densities – are presented in Figure 6.1, while the plots for the 

mandibular body length (me-go_length) and the other sections (anterior, posterior, ramus) are 

presented in Appendix G Figure G. toFigure G.. 

All the measurements showed an overall high degree of agreement between the two 

modalities, particularly the external distances and cortical thicknesses, with most of the 

measurements located between the upper and lower limits of the confidence interval. The 

CBCT as compared to the micro-CT showed a slight underestimation of the measurements, 

particularly for the external distance (i.e., the means of differences are positive on the Bland-

Altman plots). The plots for the densities also showed a distribution of the measurements 

around the mean but were more peculiar, as they gathered predominantly on one side of the 

plot. A few outliers were also detected. 
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Figure 6.1. Micro-CT vs. CBCT Bland-Altman plots of the midline section: alveolar height m_h [A], 

basal, buccal and lingual CtTh [B] and BV/TV [C]. 95% of the measurements are located within the 

upper and lower limits of agreement (red dashed lines), while the mean of differences is illustrated by 

the horizontal black dashed line. The vertical y-axis scale is relative to the spread of variations.  
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Then, Passing-Bablok regression analyses, especially recommended for studies 

comparing different techniques, were performed on the external distances, cortical thicknesses 

and densities. For each measurement, the method tested (CBCT) is regressed against the 

reference method (micro-CT), as illustrated in Figure 6.2 for the midline section (other sections 

are in Appendix G Figure G.Figure G.), with 95% confidence intervals, calculated by means 

of a resampling method, the bootstrap. Outputs of each regression are presented in Table 6.2, 

detailing the intercept (a) and slope (b) values, their respective 95% confidence intervals (CI), 

and final regression coefficients. The interpretation of the results was done as follows: (i) if the 

intercept CI includes 0, and if the slope CI includes 1, the two methods are comparable and not 

statistically different; however (ii) if the intercept CI does not include 0, there is a systematic 

difference; and (iii) if the slope CI does not include 1, there is a proportional difference between 

the two methods. One way of representing graphically these rules is to plot an identity line (i.e., 

a line where x = y) with each regression, as seen in Figure 6.2. 

First, regarding the external distances, all the regressions, except for the ramus breadth, 

showed regression and identity lines often in proximity, almost parallel, and always included 

in the confidence intervals of the regression. As seen in Table 6.2, all the distances (except 

ra_b) presented confidence intervals for the intercept including 0, and slope CIs including 1, 

confirming that the two scanning modalities could be considered comparable for this type of 

distance. The cortical thicknesses showed different profiles, with larger confidence intervals 

and regression lines intersecting identity lines. In four cortical thicknesses, the identity lines 

were not even comprised inside the confidence intervals, as confirmed by the values in Table 

6.2. The Passing-Bablok regressions for the cortical BV/TV were even more peculiar, with 

almost perpendicular identity lines, large confidence intervals, often funnel-shaped presenting 

a narrow area where most of the values were gathered. Eight of the 13 densities did not have 0 

included in the intercept CIs, and 1 included in the slope CIs, while the values for the ramus 

VOIs were particularly large and unusual. 

These results are also confirmed by the correlation coefficients calculated with the 

regressions and given in the last column of Table 6.2: the external distances showed very high 

coefficients close to 1 (between 0.80 and 0.99); the cortical thickness coefficients were lower 

and only comprised between 0.33 and 0.87; while the cortical densities presented very low 

coefficients (between 0.06 and 0.34). 

The Bland-Altman plots and Passing-Bablok regression analyses confirmed that micro-

CT and CBCT scanning modalities might be comparable methods for linear measurements, 
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such as the external distances and cortical thicknesses. However, it was also noticed that the 

smaller the measurement is (such as a cortical thickness), the smaller the agreement and 

accuracy between the two modalities are. Furthermore, compared to the mandibular corpus, 

ramus measurements (large distances such as the breadth or height, and cortical thicknesses) 

done on CBCT scans showed less accuracy and lower correlation coefficients. Finally, these 

analyses also highlighted that, regarding the BV/TV densities, the two scanning methods were 

not in agreement and that CBCT might not be accurate to record histomorphometric 

parameters. 
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Figure 6.2. Micro-CT vs. CBCT Passing-Bablok regressions for the midline: alveolar height m_h [A], 

basal, buccal and lingual CtTh [B] and BV/TV [C]. Reference method (x-axis: micro-CT) is plotted 

against the method tested (y-axis: CBCT) with a regression line (dark purple lines), a 95% confidence 

area (light purple) and an identity line (x = y, red dashed line).  
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Table 6.2. Micro-CT vs. CBCT Passing-Bablok regression coefficients (intercept a, slope b) and 95% 

confidence intervals (95% CI). Intercept CI not including 0, or slope CI not including 1 are in bold. 
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6.1.3.1. Basic descriptive statistics 

 

Basic descriptive statistics, including minimum – maximum values, means and standard 

deviations, were calculated for all 24 individuals scanned with both imaging modalities, and 

are detailed in Table 6.3 for the external distances and cortical thicknesses, and in Table 6.4 

for the cortical bone densities (BV/TV). 

The average external distances measured on micro-CT were always greater than 

measured on CBCT. However, the cortical thicknesses did not show the same trend (i.e., no 

general over- or underestimation from one modality to the other). In both micro-CT and CBCT, 

the standard deviation values were higher for the greatest dimensions such as the body length, 

or the alveolar heights (2.97 < SD < 4.75 mm), than for the cortical thicknesses (0.33 < SD < 

1.41 mm). 

For all the cortical bone densities, except the basal site of the midline (m_ba_BV/TV – 

Table 6.4), CBCT underestimated the mean BV/TV percentages. However, it is worthwhile to 

note that m_ba_BV/TV standard deviation was important (SD = 3.20%) compared to the others 

and thus was maybe influenced by the presence of outliers. All the sections located on the body 

of the mandible showed similar percentages of cortical BV/TV (micro-CT ranged between 

97.57 – 98.24%; CBCT ranged between 97.47 – 98.04%) and minimal standard deviations. 

Though the BV/TV measured in the ramus were noticed to be lower, especially the minimum 

values (e.g., rab_ling_BV/TV = 83.34% or rah_ling_BV/TV = 85.55%). 
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Table 6.3. Descriptive statistics of the micro-CT and CBCT-based measurements (mm): body length 

(me-go_length), alveolar heights (midline m_h, anterior a_h, posterior p_h), ramus breadth (ra_b) and 

height (ra_h), cortical thicknesses on these five sections. 
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Table 6.4. Descriptive statistics of the micro-CT and CBCT-based cortical bone density (BV/TV, %), 

measured in the basal, buccal and lingual VOIs of the three body sections (midline, anterior, 

posterior), as well as buccal and lingual VOIs of the two ramus sections (breadth, height). 

 
 

6.1.3.2. Assumption testing 

 

Before further statistical analyses, all the variables have to be tested for normality of 

distributions and homogeneity of variances. According to Shapiro Wilk’s normality tests, all 

the external distances were found to have normal distributions, except for the posterior alveolar 

height (p_h). Based on further visual examinations of the kernel density plots, p_h was 

concluded to have a normal distribution. Variances were then analysed and found to be equal 

in the micro-CT and CBCT samples. Following the same assumption testing protocol, cortical 

thicknesses were all found to be normally distributed and have equal variances between 

modality subsamples. On the contrary, the normality and variance tests performed on the 

histomorphometric parameters revealed non-normal distributions and heteroscedasticity at all 

sites.  
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6.1.3.3. External distances 

 

As the variables were normally distributed, parametric paired Student t-tests were 

performed to compare the modalities. As illustrated in the boxplots (Figure 6.3), significant 

differences were found between micro-CT and CBCT-based measurements of all three alveolar 

heights: midline (p < 0.01), anterior (p < 0.01), posterior (p < 0.05); confirming greater 

distances in micro-CT. The length of the mandibular body (me-go_length) was also found to 

differ significantly between the two modalities (p < 0.001). Finally, on the ramus, the breadth 

(ra_b) also showed significant differences (p < 0.05) while the height (ra_h) did not (p = 0.06). 

 

 
Figure 6.3. Boxplots of external distances (mm) per scanning modality (CBCT vs. micro-CT). Dots 

depict outliers. Paired Student t-test p-values are indicated for each boxplot. Significance: *** p < 

0.001, ** p < 0.01, * p < 0.05.  
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6.1.3.4. Cortical thickness 

 

Paired Student t-tests were performed on the 13 cortical thicknesses and showed that 

only three measurements were significantly different between the two imaging modalities (see 

Figure 6.4): lingual site of the anterior section (a_ling_CtTh, p = 0.0001), basal site of the 

posterior section (p_ba_CtTh, p = 0.029) and finally the lingual site of the ramus height 

(rah_ling_CtTh, p = 0.027). All the other sites did not present any significant differences 

between micro-CT and CBCT. 

 

6.1.3.5. Histomorphometric parameters 

 

Non-parametric Wilcoxon signed-rank tests were performed between CBCT and micro-

CT-based densities (Figure 6.5). Statistically significant differences were found for all thirteen 

VOIs between the two modalities, with greater BV/TV values in micro-CT VOIs than in 

CBCT. 
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Figure 6.4. Boxplots of CtTh (mm) per modality (CBCT vs. micro-CT), recorded on the midline (first row), anterior (second row), posterior (third row), 

ramus breadth and height sections. Dots depict outliers. Paired Student t-test p-values are indicated for each boxplot. Significance: *** p < 0.001, * p < 0.05. 

(continued on next page)  
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Figure 6.4. (continued) 
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Figure 6.5. Boxplots of BV/TV (%) per modality (CBCT vs. micro-CT), recorded on the midline (first row), anterior (second row), posterior (third row), 

ramus breadth and height sections. Dots depict outliers. Paired Wilcoxon signed-rank test p-values are indicated for each boxplot. Significance: *** p < 

0.001, ** p < 0.01, * p < 0.05. (continued on next page)  
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Figure 6.5. (continued) 
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Whereas the previous analyses focused on specific measurements and VOIs, this last 

section considers the mandibular bone as a whole. Comparisons between the two modalities 

were performed directly on each pair of three-dimensional volumes (CBCT vs. micro-CT) in 

order to visualise the general discrepancies between the volumes (i.e., to which extent the 

CBCT volume deviates from the micro-CT reference). 

As detailed in Chapter 3 Materials and Methods, first, an automatic best-fit registration 

process of each CBCT volume onto its respective micro-CT volume was implemented. The 

quality of each registration was assessed through the automatic calculation of percentages (one 

for each pair), detailed in Table 6.5. The closer to 100% this percentage is, the better and 

accurate is the superimposition. Only two individuals showed registration scores lower than 

96% (n°6 with 91.43% and n°24 with 87.97%). 

Nominal/Actual comparison analyses were then performed generating three-

dimensional colour-coded deviation maps (one for each pair) allowing the visualisation of the 

global topography of the deviations between the two volumes (Figure 6.6). For each pair, 

analyses were computed four times, using four different maximum deviation distances: 0.2 mm, 

0.4 mm, 0.6 mm and 1.0 mm. No maximum deviation distances greater than 1.0 mm were 

computed as a distance of more than 1.0 mm between the two surfaces would not be considered 

acceptable. On the other hand, a maximum deviation distance of 0.2 mm is regarded as minimal, 

and almost insignificant. 

Cumulated deviation values (normalised surface in % in function of the absolute 

deviation in mm) were generated and are summarised in Table 6.5 for all the individuals, where 

the normalised surface percentages are given per maximum deviation distance (0.2 mm, 0.4 

mm, 0.6 mm and 1.0 mm). For example, if a maximum distance deviation of 0.2 mm was 

accepted, the CBCT and micro-CT volumes of individual n°1 overlapped 53.15% of their 

surfaces; while in the case of an accepted maximum deviation value of 1.0 mm, 98.66% of their 

surfaces overlapped, i.e., 98.66% of the surfaces overlapped with less than 1.0 mm of deviation, 

or in other words, only 1.34% of the CBCT surface deviated from the micro-CT with more than 

1.0 mm. 

In average (as calculated in the last rows of Table 6.5), the CBCT volume surfaces 

overlapped the micro-CT reference surfaces at 98.91%, with less than 1.0 mm of deviation, i.e., 

only 1.09% of the CBCT surfaces were deviating from the micro-CT with more than 1.0 mm. 
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Even when the maximum deviation distances were lowered to 0.6 mm, 0.4 mm or 0.2 mm, the 

average overlap amounted to 92.79%, 81.00% or 54.60%, respectively. To sum up, the large 

majority (98.91%) of the differences between CBCT and micro-CT mandibular surfaces were 

inferior to 1.0 mm, but more than half (54.60%) was greater than 0.2 mm. 

As illustrated in Figure 6.6 with three individuals taken as examples (n°15, 21, 14) and 

a maximum deviation distance of 1.0 mm, visualisation of the topography of the deviations of 

all the pairs highlighted that the posterior area of the mandible showed more pronounced errors 

(blue and red spots) than the rest. These three individuals were chosen because they reflect 

different degrees of deviations: maximal deviation differences with 96.35% of overlapped 

surfaces and 3.65% of surfaces deviating more than 1.0 mm (n°15, Figure 6.6 A); average with 

98.38% of overlap and 1.62% of errors (n°21, Figure 6.6 B); minimal with 99.47% of overlap 

and only 0.53% of deviations greater than 1.0 mm (n°14, Figure 6.6 C). The three colour-coded 

maps, however, confirmed that deviations were mainly observed on the posterior body (around 

the molar region), on the ramus, including the condyles and coronoid processes. The condylar 

neck and its posterior border, as well as the internal (or lingual) surfaces of the condyles, were 

particularly affected. Posterior teeth, like molars, also displayed deviations, especially on their 

occlusal surfaces. On a last note, differences were not observed between the left and right sides 

of the same mandible. 

In conclusion, CBCT volumes, when compared to micro-CT volumes, seemed to 

present small geometrical deformations towards the posterior part of the mandible. This could 

be explained by several factors, such as the different system procedures followed by the two 

machines (e.g., the object rotates or not during scanning, the size of the field of view), the 

differences in resolution, in calibration, etc. 
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Table 6.5. CBCT vs. micro-CT volume comparison statistics: registration quality (%) and 

nominal/actual comparison analysis results presented as percentages of identical/overlapped 

normalised surface (%) per absolute deviation distance (at 0.2 mm, 0.4 mm, 0.6 mm or 1.0 mm). The 

individuals in bold are illustrated in Figure 6.6: n°15 in [A], n°21 in [B] and n°14 in [C]. 
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Figure 6.6. Examples of CBCT vs. micro-CT deviation maps obtained for three individuals (left to 

right: n°15, 21 and 14), illustrating different degrees of deviations: maximal deviation differences with 

only 96.35% of overlapped surfaces [A]; average with 98.38% [B], minimal with 99.47% [C]. Colour-

coded maps depict the geometric discrepancies on the entire volume, on a scale ranging from red (the 

largest positive deviations), passing through green (no deviations or small), to blue (the largest 

negative deviations). Mandibles are in lateral (top row), superior (middle) and inferior (bottom) views. 
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Chapter 7. Discussion 

 

This research project is the first attempt to investigate the consequences of tooth loss 

and advancing age on the mandible in a large adult South African sample, employing very 

high-resolution scanning modalities (micro-CT and CBCT). While Oettlé (2014) also analysed 

the effects of tooth loss and age on the mandible in South Africans, her research focused mainly 

on macroscopic changes using traditional methods and on a preliminary description of the 

changes in cortical thickness using CBCT scanning. Hutchinson (2017) also studied South 

African populations using micro-CT scans, but focused on immature mandibles and 

consequences of growth on the microstructure. On the other hand, this research focused 

particularly on the mandibular cortical microstructure and microarchitecture, although 

variations in external mandibular morphology were also noted as they relate closely to the 

internal structure. 

With the current development and continuing advancement of high-resolution imaging 

technologies, like micro-CT, many questions on the microstructure of the mandibular bone 

could be answered. The extensive skeletal virtual database acquired, as well as the 

methodology developed in the thesis whereby external distances and two types of inner 

parameters (linear and 3D) were combined, gives a better understanding of the mandibular 

cortical bone microstructure, and its adaptations following tooth loss, or aging. This research 

is the first providing such a comprehensive review of the mandibular cortical architecture, 

while also mapping the external changes. Most of the studies found in the literature focused 

either on one type of measurement (external distance, cortical thickness, cortical density), and 

one type of influencing variables (such as tooth loss, age, sex, ancestry). For instance, the 

effects of tooth loss (Raustia et al., 1998; Merrot et al., 2005; Huumonen et al., 2010; 

Chrcanovic et al., 2011; Hansson and Halldin, 2012; Mays, 2013; Dekker et al., 2018; Guevara 

Perez et al., 2019), or aging (Kloss and Gassner, 2006; Swasty et al., 2009; Shaw et al., 2010; 

İlgüy et al., 2014; Ishwarkumar et al., 2017), or both (Xie and Ainamo, 2004; Oettlé et al., 

2009a, 2016; Chole et al., 2013; Ozturk et al., 2013; Oettlé, 2014; Hutchinson et al., 2015; 

Mays, 2017; Parr et al., 2017) on the external morphology of the mandible were extensively 

studied in the past, but the objectives were often limited to the analysis of sexual dimorphism 

or ancestral variations. 
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The methodology created and tested in this thesis addressed two issues which permitted 

the collection of measurements on mandibles in a consistent manner, even when displaying 

various degrees of tooth loss (from none to completely edentulous). Firstly, the Eichner Index 

(Eichner, 1990; Ikebe et al., 2010) used in this study to evaluate each individual’s dentition 

status (instead of just counting teeth as in the majority of the literature), considers several 

parameters besides the number of teeth, such as the occlusion and the pattern of tooth loss (e.g., 

unilateral vs. bilateral) and made it possible to reflect on the masticatory abilities of the 

individuals. Secondly, most of the studies reviewed used mandibular cross-sections defined 

according to teeth, or even according to the position of the mental foramen, which is known to 

be highly dependent on the dentition status of the individual. These methods often forced the 

authors to restrict their sample and exclude individuals with an important degree of tooth loss 

or even in an edentulous state. In this thesis, however, the placement of the cross-sections of 

the body was determined according to landmarks positioned along the inferior border of the 

mandible, which is less influenced by the dentition status and thus, ensured analogous sections 

between individuals despite the effects tooth loss could have on the mandible. The cross-

section at the symphysis for instance was defined using standard anatomical landmarks (such 

as the menton and pogonion), while the other two cross-sections of the body were defined from 

the distance along the inferior border delineated by the menton and gonion landmarks. This 

distance was then automatically divided in several equidistant segments demarcating the 

anterior and posterior cross-sections. 

In this Discussion Chapter, and in order to have a comprehensive assessment of the 

mandibular changes related to tooth loss and/or aging, the external morphology (assessed with 

the external distances) is considered in conjunction with the microstructure (evaluated with 

cortical thickness and density). First, an overview of the external morphology and cortical 

microstructure of the mandible in a control sample is presented, in which tooth loss or the aging 

process is excluded and is compared with the literature. Following this, the changes caused by 

tooth loss only are summarised, followed by a description of the age-related changes and their 

final co-integration. Several prospective implications are put into perspective, with a particular 

focus on two practical applications of the methodology developed in the thesis: namely in 

dentistry (implantology) (see Appendix A), and in palaeoanthropology (see Appendix B). The 

limitations of the study are also reviewed and are presented with various suggestions for future 

research. 
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In order to have a better comprehension of the macro- and microstructural changes of 

the mandible occurring with tooth loss and aging, an overview of the mandible in a control 

sample used as reference, i.e., those not affected by tooth loss (mandibles classified as Eichner 

Index category A only), is presented here. Two important factors of variation (sex and ancestry) 

are also discussed. 

 

 

 

Firstly, even if not exposed to biomechanical stresses like tooth loss, variability within 

different areas of the mandible was confirmed, as the mandibular body height, particularly, was 

always the greatest at the midline and then decreased gradually towards the posterior areas, as 

observed in the literature (Kasai et al., 1996; Swasty et al., 2011). Swasty et al. (2011) 

associated this antero-posterior reduction with different facial type categories and their vertical 

dimensions. “Long-face” individuals, compared to “short-face”, were found to display the 

biggest change between the midline and the other areas. However, in the South African sample 

analysed in the thesis, all dentate individuals (females and males; individuals of African and 

European ancestries) showed a similar decreasing height pattern from the midline (or 

symphysis) to the anterior section (around premolars) and finally to the posterior area (around 

molars). 

The cortical bone thickness, however, was generally thicker in the posterior area of the 

mandible than in the anterior or even more importantly than at the midline, as observed in 

several previous studies (Carter et al., 1991; Kasai et al., 1996; Katranji et al., 2007; Swasty et 

al., 2009, 2011; Fayed et al., 2010; Farnsworth et al., 2011, 2011; Al-Jandan et al., 2013; 

Cassetta et al., 2013). In terms of the cortical bone density, a similar pattern was observed with 

lower BV/TV values at the midline compared to the anterior or posterior volumes of interest, 

which was confirmed by several articles (Schwartz-Dabney and Dechow, 2003; Park et al., 

2008; Cassetta et al., 2013). This difference in density between the midline, the anterior and 

posterior areas of the corpus was also observed in different primate species (macaque, baboons) 

by Dechow et al. (2017). On the other hand, Kingsmill and Boyde (1998), only looking at the 

area between the midline and the mental foramen, observed that the apparent density was 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 7. DISCUSSION 

 

 282 

greater at the midline than at the level of the mental foramen. However, the sample studied 

comprised individuals with various degrees of tooth loss (from completely dentate individuals 

to edentulous), which might have influenced the results. 

Finally, to summarise, the morphology and microstructure in the anterior and posterior 

regions of the mandible display similar variations and profiles as they might undergo similar 

forces and stresses. However, compared to the rest of the mandible, the symphysis shows 

unique features: a higher alveolar height associated with a thinner and less dense cortical bone. 

Schwartz-Dabney and Dechow (2003) drew similar conclusions, completed by further 

information on cortical bone material properties. Indeed, additionally to the lesser density, the 

symphysis also showed less stiffness (i.e., less ability to resist) in axial loading and shear 

compared to other regions of the mandible. Eventually, it appears that, for a mandible without 

tooth loss, the smaller the height of a section, the thicker and denser the cortical bone. 

Farnsworth et al. (2011), who also found this midline/anterior/posterior pattern, explained that 

it may be due to greater masticatory demands in the region of the molars as there is an increase 

in bite forces, and more particularly occlusal forces towards the posterior regions 

(Throckmorton and Dean, 1994; Tortopidis et al., 1998; Masumoto et al., 2001; Ferrario et al., 

2004; Gröning et al., 2013). Indeed, not all teeth contribute in the same way to the masticatory 

process and molars, with their large occlusal contact areas, are often regarded as the most 

influential (Lepley et al., 2011; Bourdiol et al., 2020).  

Regarding the bucco-lingual distribution of cortical bone, no differences in cortical 

density were noted in the thesis, whereas differences were reported in the literature. Most of 

the authors (Atkinson and Woodhead, 1968; Kingsmill and Boyde, 1998; Sato et al., 2005; 

Cassetta et al., 2013) observed that the lingual bone was denser than the buccal cortex, even if 

a few studies did not find any bucco-lingual density asymmetry on the mandibular corpus, 

confirming our findings (Schwartz-Dabney and Dechow, 2003). On the other hand, some 

differences in cortical thickness were noticed between the basal, buccal, and lingual areas of 

the mandible. In this research, the basal cortical bone was always thicker than lingually or 

buccally. Several authors assessed the basal bone in addition to buccal and lingual thicknesses 

and obtained corroborating results (basal >>) in the region of the symphysis (Fukase, 2007; 

Fukase and Suwa, 2008), of the corpus (Daegling and Grine, 1991; Humphries, 2007) or both 

(Kasai et al., 1996; Schwartz-Dabney and Dechow, 2003; Swasty et al., 2009, 2011; Cassetta 

et al., 2013). According to Gröning et al. (2013), this thick cortical bone on the inferior border 

of the mandible reflects the high strains applied to the areas. 
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In our results, the lingual cortical bone thickness was greater than the buccal thickness 

(lingual > buccal) at the symphysis and at the anterior section. This buccal vs. lingual cortical 

thickness asymmetry was also obtained by other authors (Kasai et al., 1996; Kingsmill and 

Boyde, 1998; Daegling and Hotzman, 2003; Fukase, 2007; Katranji et al., 2007; Fukase and 

Suwa, 2008). For example, Kingsmill and Boyde (1998) measured cortical thickness at the 

midline and at the level of the mental foramen, and noticed the difference in thickness between 

buccal and lingual cortical bone (lingual > buccal). They associated it with the recurrent 

presence of “extra thick struts” at the level of the mental spines (genial tubercles), which 

provide insertions for the geniohyoid and genioglossus muscles. These extra protruding spines 

are indeed present around the midline of the mandible, but not on the rest of the mandibular 

body.  

However, at the posterior section, around the molars, no bucco-lingual thickness 

asymmetry was detected. Interestingly, several articles (Kasai et al., 1996; Daegling and 

Hotzman, 2003; Schwartz-Dabney and Dechow, 2003; Sato et al., 2005) found that, at this 

position, the mandibular body had thicker buccal than lingual cortical bone (buccal > lingual). 

For instance, Daegling and Grine (1991), measuring the cortical thickness at the level of the 

first and second molars in a sample composed of great apes and modern humans, found that, 

while the basal bone was indeed thicker than at any other sites, the buccal cortical bone was 

thicker than lingually. This was often interpreted as an adaptative effect of stronger buccal than 

lingual strains applied during mastication (Gröning et al., 2013), and thus also linked to the 

inclination of the molars towards the lingual side in order to resist to these strains (Masumoto 

et al., 2001). The difference in results between this thesis and the literature may be influenced 

by the location of the posterior section, which was not defined according to the position of a 

specific tooth in our research and thus maybe positioned slightly before the molars in some 

individuals. In the articles cited before, the cortical thickness was measured on cross-sections 

directly under the first, second or third molars (Daegling and Grine, 1991; Kasai et al., 1996; 

Daegling and Hotzman, 2003). 

 

 

 

Mandibles with complete dentition seemed to have had an integrated external 

morphology with mutually dependent areas. This integration is of utmost importance during 

growth and continues during adulthood to ensure coordination and proper biological functions 
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(Bastir and Rosas, 2005; Polanski, 2011). For instance, the three alveolar body heights 

(midline, anterior, posterior) were strongly correlated to each other, as well as moderately with 

the body length, or even with the two ramal distances (ramus breadth and height). Mutually 

dependent areas were also observed for each of the microstructural parameters, as also found 

by Daegling (2007). Indeed, all the cortical thicknesses measured basally (or buccally, or 

lingually) were correlated to each other, resulting in an antero-posterior homogeneity of the 

basal cortical bone (or buccal, or lingual, respectively). In other words, changes occurring in 

the symphyseal basal cortical bone are reflected anteriorly or posteriorly in the basal area of 

the body, and reciprocally. The other microstructural parameter measured, the cortical BV/TV, 

showed an even more generalised and homogeneous distribution of density all over the corpus 

and to a lesser extent with the ramus, as all the volumes of interest were correlated with each 

other, with particularly strong relationships between the anterior and posterior areas. Studying 

cortical bone mass, von Wowern (1977) also found a correlation between the density measured 

at the premolar and molar cross-sections. Kingsmill and Boyde (1998) observed a significant 

correlation more anteriorly, between the apparent cortical density measured at the midline and 

at the mental foramen. Finally, Klemetti et al. (1993) found that the buccal and the lingual 

cortical bone densities, assessed via BMD were strongly correlated. 

 

 

 

Overall, regarding sexual dimorphism, the observed variations in the external 

morphology of the mandible followed the literature, using either traditional (Franklin et al., 

2006, 2008b; Ozturk et al., 2013; Ishwarkumar et al., 2017; Mays, 2017) or virtual methods 

(Swasty et al., 2011; İlgüy et al., 2014; Dong et al., 2015; Gillet et al., 2020; Motawei et al., 

2020), with males always displaying larger dimensions than females. Strong sexual 

dimorphism was found for all external measurements (mandibular body length; midline, 

anterior and posterior body heights; ramus breadth and height), with greater differences at the 

level of the ramus, or for the mandibular body length, which was also summarised by several 

authors (Humphrey et al., 1999; Nicholson and Harvati, 2006). The greater level of sexual 

dimorphism at the ramus confirms what was initially found by Plavcan (2002) on a sample of 

82 different primate species, where the author observed that in areas with strong muscles 

attachments, such as the masseter with the ramus, magnitude of the dimorphism was more 

pronounced. Besides influencing the external morphology of the mandible, sexual dimorphism 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 7. DISCUSSION 

 

 285 

was found to particularly affect one component of the mandibular microstructure as well: the 

cortical thickness. As in many articles in the literature (Fayed et al., 2010; Kim and Park, 2012; 

Cassetta et al., 2013; Joo et al., 2013), almost all cortical thicknesses measured were greater in 

males than in females, except at the three body basal sites in which values were very close. As 

for the cortical bone density, there was significant sexual dimorphism, but the values for males 

and females were close, with particularly wide ranges for males. A small number of studies 

(Bartlett et al., 1992; Cassetta et al., 2013) reported a significant difference in cortical density 

between fully dentate males and females. On the other hand, majority of the studies analysing 

a dentate sample noticed the absence of sexual dimorphism in cortical density (von Wowern 

and Stoltze, 1978, 1979; Kingsmill and Boyde, 1998; Park et al., 2008; Buyukkaplan et al., 

2013; Ozdemir et al., 2014). 

Focusing only on the South African population, some ancestral variations were also 

observed, such as a longer mandible with a broader and shorter ramus, and greater body heights 

in individuals from African ancestry than from European ancestry. These findings confirmed 

what was found in the literature between South Africans of African and European ancestries 

(Franklin et al., 2006, 2008b; Oettlé et al., 2009a; Oettlé, 2014), or even when compared to 

other worldwide populations (Nicholson and Harvati, 2006), such as North Americans of 

European ancestry (Franklin et al., 2007). Moreover, variations associated with ancestry were 

also observed on the microstructural level for a few cortical thickness locations (two sites on 

the body, and two on the ramus), in which greater thicknesses were found in South African 

individuals of African ancestry compared to European ancestry. Two studies observed a similar 

trend, although their results were not significant (Oettlé, 2014; McKay, 2019). Regarding the 

cortical bone density, no significant ancestral variations were observed in this research, 

although South Africans of African ancestry showed a greater number of outliers, and South 

Africans of European ancestry had much wider ranges of BV/TV values. 

Interactions between sex and ancestry in individuals without tooth loss were also 

considered, as it was shown that sexually dimorphic features and patterns were themselves 

often dependent on the population considered. In the South African sample studied in the thesis, 

the ramus height showed the greatest values in males of European ancestry, followed by males 

of African ancestry, and then females of both ancestries. However, all the other distances, and 

particularly the ramus breadth, were always greater in males of African ancestry, confirming 

the broader ramus observed by several authors (Franklin et al., 2007; Oettlé, 2014). 

Interestingly, most of the external distances (body length; midline, anterior and posterior body 
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heights; ramus height) were more influenced by sex than by ancestry, except for the ramus 

breadth, for which ancestry appeared to be the main co-founding factors. Similarly to the 

external distances, South African males of African ancestry always displayed the thickest 

cortical bone, while females, particularly of European ancestry, had the thinnest cortical 

thicknesses. As seen for sex and ancestry independently, the cortical bone densities were not 

particularly affected by sex/ancestral variations, as only a very small number of volumes of 

interest were found to differ, which was always between females of African ancestry (densest 

cortical bone) and males of European ancestry (less dense). This slight difference may be 

explained by a confounding factor, aging, discussed more in detail later in section [7.3]. Indeed, 

the African ancestry female subsample in general comprised younger individuals than the three 

other subsamples. 
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As tooth loss is commonly observed in humans, and considering the impact and the 

alterations it can provoke on the mandible (Kingsmill, 1999; Standring, 2009; White et al., 

2012), its precise effects and consequences on the mandibular external morphology and 

microstructure are important to assess and understand. The analyses detailed in the tooth loss 

section of Chapter 4 were partitioned in two: (i) comparing the dentition groups while 

controlling or not for demographic factors (sex, ancestry, sex/ancestry); (ii) and comparing the 

changes within each demographic factor while controlling for tooth loss. In other words, the 

first scenario compared the three main dentition groups in the entire sample, in each sex, in 

each ancestry and in each sex/ancestral subsample. However, in the second scenario, sexual 

dimorphism and ancestral variations were investigated within each dentition category. This 

two-step approach permitted isolating and precise evaluation of the influence of each factor on 

the microstructure of the mandible and are considered in combination in the Discussion. 

Firstly, the sole impact of tooth loss on the external morphology of the mandible and 

on the associated microstructure is considered, followed by the joint discussion of the effects 

of tooth loss with demographic factors. 

 

 

 

The integrated and generalised morphology and inner structure of the mandible 

described in section [7.1] are present in all individuals as long as they remain fully dentate. 

Indeed, individuals with moderate tooth loss (EI category B) displayed a reduction of 

homogeneity and uniformity (fewer correlations between all the measurements) for both 

external dimensions, cortical thicknesses and densities. Moderate tooth loss, often random, 

caused multiple divergent modelling patterns, as if each area affected by tooth loss undergoes 

its own local resorptive modelling process. The reduction in strains in specific regions of the 

bone directly impacted by tooth loss causes the appearance of localised independent events of 

bone resorption (Pearson and Lieberman, 2004; Bodic et al., 2005). 

In contrast, extreme tooth loss and edentulism, i.e., the generalisation of tooth loss to 

the whole mandible, is often followed by considerable bone remodelling causing global 

external and inner morphological changes, as hypothesised by Dechow et al. (2010), while 
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restoring uniformity and re-establishing the interdependency of most of the measurements 

(external distances, cortical thicknesses, and densities), particularly on the body. For instance, 

in this research, the correlations between the cortical densities all over the body were re-

established in edentulous individuals, while all the relationships with the volumes of interest 

in the ramus were lost. The intensive bone modelling occurring in the mandibular body 

following complete tooth loss causes inner changes that the mandibular ramus is not following. 

This is aligned with the notion of modularity supporting the fact that the mandibular body and 

ramus are different developmental modules, and that each unit follows its functional role 

(Enlow et al., 1976; Klingenberg et al., 2003; Bastir and Rosas, 2005). 

It is also worth noticing that individuals with extreme tooth loss or who are completely 

edentulous, always display a broad range of values (external distances, cortical thicknesses, 

and densities), much wider than individuals without tooth loss or with moderate tooth loss. 

Regarding the influence of tooth loss on the measurements themselves, the predominant global 

pattern is characterised by pronounced decreases which is delineated and discussed below, 

followed by two area-specific patterns characterised by either an increase in dimensions, or a 

total absence of change following tooth loss. 

 

7.2.1.1. Global pattern following tooth loss: reduction of dimensions 

 

Confirming the literature, most of the dimensions assessing the external morphology of 

the mandible showed a diminution associated with tooth loss. The three body heights – midline, 

anterior and posterior – (Kingsmill and Boyde, 1998; Raustia et al., 1998; Merrot et al., 2005; 

Chrcanovic et al., 2011; Mays, 2013, 2017; Ozturk et al., 2013; Hutchinson et al., 2015; Parr 

et al., 2017), the ramus breadth (Chrcanovic et al., 2011; Parr et al., 2017; Guevara Perez et 

al., 2019), and the mandibular body length (Raustia et al., 1998; Chrcanovic et al., 2011; 

Hutchinson et al., 2015; Guevara Perez et al., 2019) were reduced in individuals with minimal 

tooth loss, as well as in edentulism. The diminution in body length, measured between the 

menton and the gonion, highlights the forward motion of the gonion, and thus confirms the 

widening of the gonial angle with the loss of teeth, as observed in several studies (Raustia et 

al., 1998; Oettlé et al., 2009a; Chrcanovic et al., 2011; Oettlé, 2014; Hutchinson et al., 2015). 

Regarding the inner structure, tooth loss was accompanied by a general decrease in 

cortical thickness and density throughout the whole mandible (body and ramus) in individuals 

with moderate tooth loss and individuals with edentulism. The general thinning in cortical bone 
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was expected, as most of the studies considering tooth loss reported a reduction of the cortical 

bone in the body (Schwartz-Dabney and Dechow, 2002; Katranji et al., 2007; Oettlé, 2014; 

McKay, 2019), and in the gonial angle area (Xie and Ainamo, 2004; Dutra et al., 2005; Joo et 

al., 2013; Oettlé, 2014). However, the decrease in density was rarely reported in the literature 

and may reflect the greater sample size and comprehensive distribution of individuals across 

dentition categories in this research. Indeed, while only one article noted a decrease in bone 

mineral density with edentulism (Bassi et al., 1999), the majority of them did not find any 

significant differences between different dentition status (Atkinson and Woodhead, 1968; von 

Wowern, 1977; Kingsmill and Boyde, 1998; Schwartz-Dabney and Dechow, 2002). 

The degree of tooth loss was particularly important when considering changes both in 

the external morphology and inner structure. The decreases of most external dimensions (body 

length and heights, ramus breadth), cortical thicknesses and densities were observed as soon as 

the first teeth were lost (Eichner Index categories A vs. B), suggesting that even a moderate, or 

a slightly unbalanced, loss of masticatory capabilities is enough to provoke an intense inner 

bone modelling. According to several reviews, the first couple of months after the loss of a 

tooth are the most important as this is when bone resorption is at its highest (Kingsmill, 1999; 

Bodic et al., 2005). However, extreme tooth loss and edentulism had different consequences 

on the parameters measured in this research. First, the external distances, such as the alveolar 

heights and ramus breadth, were particularly affected with a stronger decrease and an 

aggravation of the original diminution. For instance, the midline, anterior and posterior body 

heights were found to become equal or “smoothed over” (Hillson, 2019) with edentulism, while 

this was not the case for the early stages of tooth loss, as also observed in Dekker et al. (2018). 

On the other hand, full edentulism did not accentuate the decrease in cortical thickness or in 

cortical density, but rather generalised the diminution to the entire mandible. On the contrary, 

Dutra et al. (2005) found that there were no differences in cortical thickness between dentate 

and partially dentate individuals, as they only observed a significant decrease with edentulism. 

The disagreement between this research and Dutra et al. (2005) may be influenced by the way 

of evaluating the dentition status. Indeed, their main classification criteria were based on the 

presence (i.e., dentate individuals) or absence of molars (i.e., partially dentate individuals), and 

did not consider occlusion or other patterns of tooth loss. As the rest of the literature researched 

only compared dentate to edentulous individuals, no other data are available on how the degree 

of tooth loss influences mandibular cortical thickness or cortical density. 
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Additional to the degree of tooth loss, timing and duration of tooth loss are also 

important parameters. Regarding the external distances, the decrease in posterior corpus height 

was generally noticed with earlier stages of tooth loss compared to the midline or anteriorly, 

which was also observed by Mays (2017). Interestingly, when measured posteriorly, the 

cortical thickness also appeared to be more affected, with greater decreases, than the rest of the 

body or of the ramus. This could be explained by the proximity of the analysed cross-section 

to the molars, and more particularly to the first molars. Indeed, molars are often the first teeth 

to be lost or extracted as they are more subjected to caries and periodontal diseases than any 

other teeth (and particularly compared to anterior teeth) (Hillson, 2019). Furthermore, molars 

are considered as the type of tooth contributing the most to mastication, causing greater 

maximum bite forces in the posterior area compared to the rest of the mandible (Throckmorton 

and Dean, 1994; Tortopidis et al., 1998; Ferrario et al., 2004; Lepley et al., 2011; Bourdiol et 

al., 2020). The loss of molars might thus have more serious consequences than the loss of other 

teeth, with a radical decrease in masticatory forces affecting the bone. 

 

7.2.1.2. Area-specific patterns following tooth loss 

 

As discussed before, reduced measurements associated with tooth loss were mostly 

similar everywhere in the mandible. However, two specific areas were affected differently by 

the loss of teeth: the lingual side of the midline, and the ramus (and more particularly the ramus 

height). Indeed, the midline lingual cortical site did show a unique and quite different behaviour 

compared to all the other sites, as no decrease in cortical thickness or in cortical density was 

detected at all, either with moderate or with substantial tooth loss, compared to the rest of the 

mandible in which both measurements declined. In fact, while the midline lingual cortical 

density was not affected and did not show any changes with tooth loss (as also found by 

Kingsmill and Boyde, 1998; Schwartz-Dabney and Dechow, 2002), the midline lingual cortical 

thickness increased significantly with extreme tooth loss and edentulism, as observed by 

several authors using different modalities (Lestrel et al., 1980; Schwartz-Dabney and Dechow, 

2002; Katranji et al., 2007; Oettlé, 2014). Furthermore, when considering the cortical thickness 

sites in detail, the thickest-to-thinnest pattern identified in individuals with full dentition (i.e., 

basal cortical thickness > lingual > buccal, at the midline and anterior sections) was similarly 

observed in the moderate tooth loss group in these three sections. However, in individuals with 

extreme tooth loss and total edentulism, this pattern was only found at the anterior section, 
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while at the midline, the lingual cortical thickness was now greater than the basal and buccal 

thicknesses.  

This increase in midline lingual cortical thickness can be in part explained by the fact 

that the lingual side of the mandible, particularly at the symphysis and the anterior region of 

the body, is known to be a bone formation area, while the superior part of the corpus (the 

alveolar bone) as well as the anterior border of the ramus are resorptive bone (Martinez-Maza 

et al., 2013). In addition, the midline lingual region is under much strain as Van Eijden (2000) 

demonstrated that the tensile stresses experienced on the inner (lingual) surface of the mandible 

are far more important than the compressive stress (due to the lateral bending) exerted on the 

external (buccal) surface. Furthermore, van Eijden (2000) also highlighted that the magnitude 

of the lateral bending was at its highest level at the midline, and thus that strains were in general 

greater at this location than elsewhere in the mandible. These strains are partly due to two 

particular muscles having insertions there: the geniohyoid (one of the suprahyoid muscles) and 

the genioglossus (the largest muscle of the tongue) (Lucas, 2016). In order to be able to 

continue its vital functions (mastication, swallowing, speech), it is usually considered that the 

tongue is often the first to adapt to changing conditions, like the loss of teeth. Indeed, with 

tooth loss and even more with edentulism, and the associated changes in bone morphology 

(e.g., diminution in corpus height), the tongue becomes wider and shorter (macroglossia), and 

stretches itself to reach extended positions, inducing more strains on the symphysis (Bucca et 

al., 2006; Morelli et al., 2011; Posnick, 2014; Jindal et al., 2015) and thus bone formation 

there. Schwartz-Dabney and Dechow (2002, 2003) explained this bone formation (and thus 

thickening) as a secondary local adaptation to localised greater strains. 

Finally, while the minimum breadth of the ramus was influenced by tooth loss and 

decreased as observed in several studies (Chrcanovic et al., 2011; Parr et al., 2017; Guevara 

Perez et al., 2019), the height of the ramus was not found to be impacted at all, even by 

edentulism, confirming a few articles of the literature (Merrot et al., 2005; Ozturk et al., 2013; 

Oettlé, 2014; Parr et al., 2017), and was also very rarely found to be correlated to the other 

dimensions. The mandibular body may thus undergo minor or massive morphological changes, 

without affecting its ramus height. Ramus height therefore seems to be independent from the 

rest of the body.  
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As detailed in Chapter 2 Literature Review and described in the section before, 

biomechanical factors like tooth loss, are not enough to explain all the external and 

microstructural changes encountered by the mandible, or in other words, explain why some 

individuals seem to be affected to a greater extent and at a greater rate than others (Kingsmill, 

1999; Carlsson, 2004). Systemic factors for instance, and their interactions, might be important 

and must be considered, as for example tooth loss may not have similar consequences in males 

and in females, or sex possibly has an effect on tooth loss patterns. 

The interactions between tooth loss and demographic factors, as well as their 

consequences on the mandible, are discussed in the following four sections. The first one 

[7.2.2.1] will discuss sex and tooth loss, which will be followed by ancestry and tooth loss in 

[7.2.2.2]. In the third section [7.2.2.3], both sex and ancestry will be considered with tooth loss. 

Finally, in [7.2.2.4], a separate discussion is provided for the cortical thickness and density 

recorded at the midline lingual site because of its unique behaviour associated with the loss of 

teeth. 

 

7.2.2.1. Tooth loss and sex 

 

The relationships between tooth loss and sex are pondered from two perspectives: the 

sexual variations during tooth loss (i.e., during tooth loss, are there any changes in sexual 

dimorphism?); and the consequences of tooth loss itself in each sex (i.e., does tooth loss have 

similar consequences in females and males?). 

Sex has an influence on tooth loss and on its consequences, as females tend to be much 

more affected (in terms of frequency and magnitude) by the loss of teeth than males, which can 

be explained by diverse factors. In an extensive review by Russel et al. (2013), these factors 

were detailed and grouped in two categories: those related to “sex” per se, and thus to biological 

and physiological factors; the others related to the cultural and societal “gender” roles. For 

instance, in the sex-related factors, the authors cited a general longer life expectancy in females 

compared to males, and thus a longer period of time to experience tooth loss. This longer life 

expectancy at birth in females is also present in the South African population with an average 

age of 68.4 years for females and 62.4 years for males in 2020 (Statistics South Africa, 2021). 
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Russel et al. (2013) also addressed hormonal fluctuations, often associated with oral 

health issues (see also the review by Lukacs, 2011). Indeed, the variations in female hormone 

levels during menstruation, pregnancy, or menopause, have various repercussions on 

periodontal health and on the prevalence of periodontal diseases or caries (e.g., frequent 

gingival inflammation during the menstrual cycle, decreased resistance to oral bacteria and 

infection during pregnancy, higher rates of caries in females). Parity (number of pregnancies) 

is also a determinant factor and was found to be highly related to tooth loss in several 

populations (Russell et al., 2013; Ueno et al., 2013; Oziegbe and Schepartz, 2021). Besides the 

above sex-related factors, various gender-related factors influence tooth loss, such as the oral 

hygiene habits (like brushing teeth, flossing, preventive dentist visits), consistently more 

observed to be followed by women than men (Haikola et al., 2008; Russell et al., 2013). Several 

reviews (Lukacs, 2011; Russell et al., 2013) also mentioned diet and nutrition as a factor, with 

different dietary intakes between men and women, because of different physiological 

requirements and preferences, often linked to diverse cultural and health beliefs. 

The consequences of tooth loss observed on the mandibular bone itself were thus as 

follows. With tooth loss, all external dimensions (body length, alveolar heights, ramus breadth) 

except the ramus height, were found to decrease in both females and males, while always being 

greater in males than in females. The decrease in mandibular body length observed in both 

females and males in the thesis was unique. In the literature researched, Parr et al. (2017) 

obtained an increase in males, while Mays (2013) found non-significant changes in both 

females and males. The results regarding the alveolar heights confirmed what was found 

previously (Mays, 2013, 2017; Parr et al., 2017) and even highlighted an increase in sexual 

dimorphism, which was explained by the more important alveolar bone resorption, and thus 

decrease in height, in females (Mays, 2015b, 2017).  

On the other hand, the degree of tooth loss had different consequences in females and 

males. Strong sexual dimorphism was detected in fully dentate (EI A) and edentulous 

individuals (EI C), while it was less accentuated in individuals starting to lose teeth (EI B) (also 

found in Ramphaleng, 2015). Indeed, only males were affected by moderate tooth loss (EI 

category B), while extreme tooth loss and edentulism caused significant external changes in 

both females and males. Females might then require severe tooth loss before showing changes 

in morphology and decreases in body length, body heights, and ramus breadth. This difference 

may be linked to the sexual dimorphism in muscle size and force, with males having larger and 

stronger masticatory muscles than females (Lavelle, 1988; Ferrario et al., 2004; Mays, 2013; 
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Posnick, 2014). Because there is a significant correlation between their force and the overall 

shape of the mandible (Sella-Tunis et al., 2018), it is possible to hypothesise that strong 

masticatory muscles in males will exert more influence on the bone than female muscles. As 

soon as tooth loss starts, bone will reflect the changes in males, while in females, the smaller 

and weaker muscles require edentulism to have significant consequences on the external 

morphology of the mandible. 

Like the external distances, the cortical thicknesses decreased with tooth loss in both 

sexes, while still maintaining sexual dimorphism (i.e., CtTh in males > females), or even 

increasing it in individuals with edentulism. Indeed, the diminution was stronger and more 

generalised (i.e., most of the sites were affected) in edentulous females than in edentulous 

males, as also found in two studies on living individuals (Xie and Ainamo, 2004; Joo et al., 

2013). In summary, females started off with a thinner cortical bone thickness compared to 

males, a difference that became more accentuated as all teeth were lost. 

Sexual dimorphism in the cortical densities (i.e., BV/TV in males > females) was also 

detected in all dentition statuses, although tooth loss and edentulism were found to generalise 

the differences between males and females from some sites to the entire mandible. 

Furthermore, while sexual dimorphism was present, the BV/TV parameters recorded in 

females were not affected at all by tooth loss or edentulism, while within males, the density 

decreased in most of the sites with moderate tooth loss and with edentulism, even if extreme 

tooth loss did not seem to affect the decrease or aggravate it. This pattern was also observed 

by von Wowern (1988) in a study measuring the mandibular Bone Mineral Content (BMC) in 

149 Danish patients. Indeed, they observed sexual dimorphism in both dentate and edentulous 

groups, but the BMC was similar in dentate and edentulous women. 

The difference in onset and thoroughness of dental care between females and males 

might also explain these results. Indeed, women, paying greater attention to their teeth than 

men, might counteract the negative effects of tooth loss by treating affected regions earlier and 

in a more effective way with prosthetics, such as dentures or dental implants (Chikte et al., 

2020). Removable partial dentures for example, usually worn when a small number of teeth 

are lost/extracted, are more common in women than in men (Baran et al., 2007). Partial 

dentures are known to have several advantages, such as the continued presence of high 

masticatory forces stimulating the surrounding bone and preventing resorption (Knezović-

Zlatarić and Čelebić, 2005; Baran et al., 2007), and thus have less impact than the long-term 

tooth loss (as in males in this research) on the microstructure of the bone (Knezović-Zlatarić 
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and Čelebić, 2005; Resnik, 2020). In conclusion, even if females started off with a lower 

cortical bone density than males, their bone microstructure is less affected by tooth loss than 

males for reasons that are still poorly understood. 

 

7.2.2.2. Tooth loss and ancestry 

 

Similarly than for sex and tooth loss, the interaction between tooth loss and ancestry is 

considered from two perspectives: the ancestral variations during tooth loss, and the 

consequences of tooth loss itself in each ancestral group. 

Ancestral variations in external dimensions and cortical bone thickness observed 

between individuals having a full dentition were preserved, or even increased, with tooth loss. 

Almost all external dimensions (except the body length and the ramus height), as well as all 

cortical thicknesses, were found to decrease with tooth loss in both ancestral groups. However, 

South Africans of African ancestry still displayed a longer mandible with a greater body height, 

a shorter and broader ramus, as well as a thicker cortical bone, when compared to South 

Africans of European ancestry, and across all dentition statuses (absence of tooth loss, 

moderate tooth loss, edentulism) (also found by Oettlé, 2014). 

When only considering the alveolar body heights, a few differences between the two 

ancestral groups were noted, depending on the degree of tooth loss. Indeed, even if South 

African individuals of African ancestry retained at all times the greatest dimensions, they still 

displayed decreased body heights as soon as tooth loss started, while extreme tooth loss and 

edentulism were needed before changes were observed in individuals of European ancestry. 

Inherent morphological differences between the ancestral groups could be accountable for the 

different reactions to moderate tooth loss. For instance, the differences in dental structure 

among populations (Hemphill, 2016; Irish, 2016), such as the relative greater size of dental 

crown or roots in South Africans of African ancestry (Hanihara and Ishida, 2005; Pilloud et 

al., 2014), could be contributing to a more extensive alveolar bone loss as soon as the tooth is 

extracted or lost, and thus to a reduction of the mandibular height. The lack of change in 

alveolar heights with moderate tooth loss might also be the consequence of earlier and more 

frequent access to dental care in South Africans of European ancestry, for which treatments, 

including the possibility of dentures, could have been provided as soon as the first teeth are 

lost, delaying the resorption of the bone to a later period in life. Ayo-Yusuf et al. (2013) 

highlighted that preventive dental visits are a lot more common in South Africans of European 
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ancestry (27.8%) than in South African of African ancestry (3.1%), which was linked to health 

insurance coverage and other socio-economic factors (like education levels, material wealth). 

With edentulism, ancestral variations were accentuated, with a much greater 

mandibular body height and thicker cortical bone in South Africans of African ancestry 

compared to European ancestry. Indeed, the decrease in mandibular body height was more 

important (i.e., greater) in edentulous South Africans of European ancestry than in edentulous 

South Africans of African ancestry. Similarly, the diminution is cortical thickness was more 

pronounced and generalised in edentulous individuals of European ancestry than African 

ancestry. This strong reaction in South Africans of European ancestry could reflect a longer 

duration of edentulism in these individuals and a greater bone loss over time. Dekker et al. 

(2018) for instance, highlighted the negative influence of the duration of edentulism on the 

mandibular body height. They observed a strong negative correlation between the body height 

of the mandible at the level of the mental foramen and the duration of edentulous state recorded 

in the patients. Furthermore, with earlier edentulism, these individuals might have to switch 

prematurely from removable partial dentures to complete dentures, which are known to enable 

bone resorption, and accelerate the thinning of the cortical bone, as opposed to removable 

partial dentures or implant-supported overdentures stimulating bone growth (only possible 

with remaining teeth) and thus preventing cortical resorption (Lestrel et al., 1980; Knezović-

Zlatarić and Čelebić, 2005). 

In addition, cortical thicknesses measured in the posterior section were more affected 

by tooth loss than the rest of the mandible, particularly in South Africans of European ancestry. 

As explained earlier when tooth loss was the only factor analysed, the posterior cross-section 

is closely related to the molars, which are the first teeth typically lost. This might highlight the 

fact that individuals of European ancestry lose their first teeth earlier in life (or have them 

extracted) and reach the edentulism state earlier than South Africans of African ancestry, and 

thus might have indeed a longer duration of edentulism.  

As far as mandibular cortical densities are concerned, similar to what was found in fully 

dentate individuals (see section [7.1]), almost no ancestral variations were observed with tooth 

loss – only a small number of VOIs showed a faint difference with tooth loss, with greater 

density values in South Africans of African ancestry. However, the loss of teeth caused 

different consequences in the two ancestral groups studied. South Africans of African ancestry 

showed a decrease in density with tooth loss and edentulism, while this change accompanying 

tooth loss was not significant in individuals from European ancestry. A decrease could still be 
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perceived with edentulism in the latter, but the distribution of the values was particularly large 

in edentulous individuals, maybe masking the significance. Another hypothesis, linked with 

the possible longer duration of edentulism in South Africans of European ancestry, might also 

be suggested, as this extended period in an edentulous state could cause different, more intense, 

and durable strains on the mandible than usual. This was hypothesised by Buyukkaplan et al. 

(2013) as well, when they suggested the presence of a denser cortical bone after a long duration 

of edentulism. As it may be surmised that the mandibular bone has to fulfil the role of teeth in 

various essential and demanding biological functions (such as mastication) when there are no 

teeth, the bone is compelled to undergo intensive resorptive modelling to improve its loading 

resistance and thus balances the destructive effects of random tooth loss. For instance, with 

edentulism, Schwartz-Dabney and Dechow (2002) observed changes in material properties of 

the cortical bone, such as a redirection of the maximum stiffness, interpreted as an adaptation 

to resist effectively the deformation. Furthermore, long-term edentulous individuals would rely 

on complete dentures to improve mastication, which implies additional functional changes, 

such as a change in the direction of biting (more vertical to improve denture retention) (Dechow 

et al., 2010). 

 

7.2.2.3. Interaction of factors: tooth loss, sex and ancestry 

 

In this section, the influence of both sex and ancestry are considered together on 

individuals with various dentition status. As already observed with sex, and then with ancestry, 

the external distances measured, and more particularly the alveolar heights, confirmed a 

decrease in dimensions associated with tooth loss, notably with edentulism, in all four 

sex/ancestral groups of the South African sample studied. The largest dimensions of the 

external morphology of the mandible were observed in South African males of African 

ancestry across all dentition categories, except for the ramus height, in which South African 

males of European ancestry were the biggest, even with tooth loss or edentulism, confirming 

what was observed by several authors (Oettlé, 2014). Differences between the four 

sex/ancestral groups appeared to be accentuated according to the degree of tooth loss, similarly 

to what was noted for sexual dimorphism or ancestral variation in isolation. For instance, and 

for most of the measurements, South African females, and particularly of European ancestry, 

were more affected by tooth loss and showed a more intense decrease (also found in Oettlé, 

2014). It was hypothesised by Oettlé (2014) that, additionally to the longer duration of tooth 
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loss and edentulism, possibly aggravated by the use of complete dentures, the gracility of 

female mandibles, compared to males, might also contribute to the greater loss with tooth loss. 

A similar pattern was noticed with the cortical thicknesses with a diminution associated 

with tooth loss, and particularly edentulism, in all sex/ancestral groups, even if this decrease 

was less distinct in South African males of African ancestry. Furthermore, this group always 

displayed the thickest cortical bone across all dentition categories, compared to females of 

African and European ancestries which had the thinnest cortices, and a more generalised and 

frequent decrease. 

Both for the external distances and the cortical thicknesses, South African males of 

African ancestry seemed to be particularly preserved from the influence of tooth loss, or are 

affected at a more advanced age than the other groups. However, the influence of tooth loss on 

the cortical bone density of the mandible was less predictable and unexpected, as no change 

was detected for three of the sex/ancestral groups: only South African males of African 

ancestry seemed to have their cortical bone densities affected by extreme tooth loss, confirming 

the decrease in density with tooth loss seen in males (in section [7.2.2.1]) as well as the one 

seen in individuals from African ancestry in section [7.2.2.2]. Unfortunately, it is difficult to 

compare these results with the literature, as studies on the mandibular cortical density and tooth 

loss are scarce, and even non-existent when focusing on the South African population. 

As the cortical density seems to be affected by edentulism in only one group, this 

decrease could be due to a confounding factor, such as aging. Indeed, the subsample affected 

here (i.e., South African males of African ancestry) comprised individuals particularly well 

distributed throughout ages in all dentition categories (i.e., young and old in EI A, B or C), 

while the three other subsamples have more skewed distributions (i.e., younger individuals in 

EI A, and older in C). This may suggest a stronger influence of aging on the cortical density 

compared to tooth loss, which will be explored in more detail later (in sections [7.3, 7.4]). 

 

7.2.2.4. Unique changes at the midline lingual site 

 

As described earlier, in section [7.2.1.2], and in the literature (Enlow et al., 1976; 

Schwartz-Dabney and Dechow, 2002; Katranji et al., 2007; Oettlé, 2014), the lingual side of 

the midline displayed a strong cortical thickness increase associated with edentulism. This 

increase was detected in both females and males but was noticed to be much more pronounced 

in males than females. As explained by Schwartz-Dabney and Dechow (2002, 2003), this 
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thickening is a secondary adaptation of the bone to localised larger strains happening with 

edentulism in both males and females. However, the general robusticity displayed in male 

mandibles and associated muscles (Lavelle, 1988; Mays, 2013; Posnick, 2014; Sella-Tunis et 

al., 2018) cause greater strains on the muscular insertions present on the lingual side of the 

symphysis, and thus a more enhanced modelling reaction to edentulism at this location, 

compared to females. 

When considering the ancestry of the individuals, the increase of the midline cortical 

thickness associated with edentulism was also found in the two South African ancestral groups 

studied, and in all four South African sex/ancestral groups. However, interestingly, and 

contrary to the rest of the mandible in which males of African ancestry displayed the thickest 

cortical bone, the midline lingual cortical thicknesses of South African males of European 

ancestry were the greatest of all four groups. It could perhaps be explained by the strong 

increase observed in males, compounded by a longer duration of edentulism in these 

individuals, compared for instance to South African males of African ancestry. 

Cortical bone density measured at the midline lingual site was different between 

females and males in the control sample but did not change with tooth loss or edentulism, as in 

other regions of the mandible (see section [7.2.1.2]). No ancestral variations were noted at this 

location. 
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As described in the Literature Review, the aging process affects the facial skeleton and 

the resulting changes are considered part of the normal maturational process of bones (Bishara 

et al., 1994; Akgül and Toygar, 2002; Kloss and Gassner, 2006; Albert et al., 2007). In 

numerous studies, the lower facial skeleton, and more particularly the mandible, was found to 

continue “growing” throughout adult life (Bishara et al., 1994; West and McNamara, 1999; 

Akgül and Toygar, 2002; Pessa et al., 2008; Oettlé et al., 2016), with for example an increase 

in mandibular length, an intensifying dento-alveolar regression, as well was remodelling and 

resorption of the alveolar bone. However, it is not always clear if these macro- and 

microstructural changes are only due to aging and the general progressive reduction in muscle 

and bone masses, or influenced by other confounding factors (such as tooth loss) (Albert et al., 

2007). Thus, in this section, the discussion is based on a sample of reference not affected by 

tooth loss, as to facilitate the understanding of the changes in the morphology and inner 

structure of the mandible that are exclusively due to aging, as opposed to what is caused by the 

loss of teeth.  

 

 

 

In the control sample used here (i.e., not affected by tooth loss, only individuals from 

EI category A), aging alone did not have an influence on the external structure of the mandible, 

illustrated by the lack of significant changes in any of the external dimensions. This confirms 

the findings of other authors for the mandibular body length (Ozturk et al., 2013; İlgüy et al., 

2014; Hutchinson et al., 2015; Ishwarkumar et al., 2017; Parr et al., 2017), the alveolar body 

heights (Ozturk et al., 2013; Mays, 2017; Parr et al., 2017), ramus breadth (Shaw et al., 2010; 

İlgüy et al., 2014) and height (Ozturk et al., 2013; Hutchinson et al., 2015; Ishwarkumar et al., 

2017; Parr et al., 2017). 

Likewise, the cortical bone thicknesses (even at the midline lingual site) did not show 

any significant variation with age alone, verifying what was found by Kingsmill and Boyde 

(1998) or Deguchi et al. (2006) in dentate mandibles. On the other hand, most of the studies 

on the subject in the literature (von Wowern and Stoltze, 1979; Kribbs et al., 1990; Dutra et 

al., 2005; Swasty et al., 2009; Sathapana et al., 2013; Oettlé, 2014; McKay, 2019) reported a 
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decrease in cortical thickness with aging. These changes were hypothesised to be most 

probably due to the modelling process in reaction to biomechanical strains like tooth loss 

(Dechow et al., 2010; Oettlé, 2014). Indeed, among these studies, at least three do not mention 

the dentition status of the individuals analysed, or do not take into account tooth loss in their 

statistical analyses, even with samples including individuals with tooth loss and edentulism 

(von Wowern and Stoltze, 1979; Kribbs et al., 1990; Dutra et al., 2005). Oettlé (2014), as well 

as McKay (2019), looked at the correlations between aging and tooth loss, but do not report on 

the consequences of aging in dentate individuals separately. In the end, only Swasty et al. 

(2009) and Sathapana et al. (2013) analysed cortical thickness with aging in fully dentate 

individuals. Interestingly, Swasty et al. (2009) showed maintenance in cortical thickness 

between 20 and 49 years old and noticed a decrease only after the 40 to 49-year-old decade. 

However, only a small number of sites were significant. 

Cortical bone densities were particularly sensitive to senescence and showed a 

diminution in cortical BV/TV with increasing age in individuals not affected by tooth loss, 

which corroborates the general understanding regarding bone mass declining with aging (also 

called osteopaenia), even in the mandible. It confirmed the results of several studies on dentate 

individuals or patients using different definitions for bone density, such as the apparent density 

(Atkinson and Woodhead, 1968; von Wowern and Stoltze, 1980) or Bone Mineral Density 

(BMD) (Li et al., 2011; Shaw et al., 2012). 

The general understanding of bone mass declining with age was also confirmed by the 

comparison performed in the thesis between the mandibular and femoral cortical bone densities 

with both bones showing an age-related decrease. This particular age-related inner bone 

remodelling is characterised by a shift in the bone resorption/formation balance, as bone 

resorption will exceed bone formation and cause significant bone loss (Agarwal, 2019). Indeed, 

it is often noted that with aging, the cortical porosity is increased due to an extensive 

intracortical remodelling (Agarwal, 2021), even in the mandible (Atkinson and Woodhead, 

1968; von Wowern and Stoltze, 1978, 1980; Bartlett et al., 1992). Osteopaenia may evolve in 

osteoporosis if the diminution in bone mass is particularly strong, or even accelerated, and 

provokes an increase in bone fragility, and thus a predisposition to fractures. While bone loss 

is considered as a “normal” age-related process, osteoporosis is a skeletal pathology with a 

multifactorial aetiology (von Wowern, 2001; Kloss and Gassner, 2006; Agarwal, 2019). 

According to the results discussed here, the mandibular bone seems to be impacted by 

osteopaenia like the rest of the skeleton (von Wowern, 1982; Munakata et al., 2011); while, 
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however, there is still no consensus about osteoporosis in the mandible. Indeed, many authors 

(Kingsmill, 1999; Bodic et al., 2005; Gulsahi, 2015; Coutel, 2018) commented on the various 

distinct factors of the mandible compared to other bones, e.g., a different embryological origin, 

presence of teeth and alveolar bone, specific cortico-trabecular repartition, unique 

biomechanical functions (e.g., mastication, speech) with constant loads and strains throughout 

life; and thus on its possible “resistance” to osteoporosis. 

In this study, when comparing the cortical density of the mandible to the femur within 

a same individual, no correlations were found between them. The mandibular cortical density 

is thus not decreasing or increasing when the femoral density is, and reciprocally, suggesting a 

certain distinctiveness of the mandible. Similar results were reported by Kloss and Gassner 

(2006) for the mandible vs. vertebrae. In addition, in our results, the cortical bone density of 

the mandible was noticed to be much greater than in the femur, confirming the very dense 

nature of the mandible compared to the rest of the skeleton, which may be an explanation to 

the “resistance” to osteoporosis mentioned earlier. 

 

 

 

Aging affects some individuals to a greater extent and at a greater rate than others. 

Indeed, similarly to tooth loss (see section [7.2.2]), senescence is influenced by many variables 

that need to be considered. As summarised by several authors (e.g., Oettlé, 2014; Agarwal, 

2021), aging is characterised not only by chronological age, i.e., the number of years since 

birth, but also by the lifestyle of each individual. For instance, the age-related decrease in bone 

mass itself is influenced not only by the amount of bone lost, but also by the maximum bone 

mass gained during growth, which is highly dependent on several intrinsic and extrinsic factors 

(e.g., hormones, genetics, nutrition, stress) (Agarwal, 2021). From the results obtained with the 

sample of reference not affected by tooth loss, the influence of age on the mandibular 

morphology and inner structure is discussed while controlling two demographic factors (sex, 

ancestry). 

When looking at dentate females and males separately, the external morphology (length 

of the body, alveolar heights, ramus breadth and height) of the mandible as well as the cortical 

bone thickness were not influenced by aging and maintained a similar pattern of sexual 

dimorphism throughout the decades (external distances and CtTh: males > females). Regarding 

the external distances, a few studies showed an increase in sexual dimorphism with aging but 
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only because of a decrease in dimensions in females (Mays, 2017; Parr et al., 2017), which 

was not observed in this research. For the cortical thickness, some studies also found an age-

related decrease in females, such as Dutra et al. (2005), but the samples were in general 

comprised of individuals of different dental status. This absence of age-related effects on the 

external distances and cortical thickness were also found in dentate individuals of each of the 

two ancestries, which retained the ancestral differences in older individuals (external distances 

and CtTh: AA > EA) observed previously in section [7.1]. 

However, for the mandibular cortical density in individuals without tooth loss, a slight 

difference was noted between sexes, as the decrease associated with age was only significant 

in males and not in females, which is possibly due to the better age distribution of dentate males 

through the decades. Indeed, in the literature researched, a few studies observed the age-related 

decrease in cortical bone density in both males and females (von Wowern and Stoltze, 1980; 

von Wowern, 1988; Li et al., 2011; Shaw et al., 2012). When considering dentate individuals 

of the two South African ancestral groups analysed in the thesis separately, the tendency of 

age-related decreasing density was observed in both (even if non-significant), with higher 

cortical densities in individuals of African ancestry compared to European ancestry, at all ages 

(from younger to older individuals). 
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Senescence is very often accompanied by tooth loss, although aging itself does not 

cause tooth loss (Haikola et al., 2008; Ruquet et al., 2015). One of the reasons suggested by 

dentists to explain the onset, or even the acceleration, of tooth loss is based on the presence 

and age-related development of plaque-related diseases (e.g., dental calculus, caries) and their 

progressive spreading throughout the dentition with time (Hillson, 2019) is often facilitated by 

specific health risk behaviour factors. For instance, smoking, and its duration in time, is one 

important factor that was found to be related to tooth loss, and more particularly edentulism, 

in many studies (Haikola et al., 2008; Peltzer et al., 2014; Helal et al., 2019).  

In the modern era, loss of teeth is rarely “natural” and thus age-related, but most 

frequently due to extraction of the affected teeth. For instance, in South Africa, extraction, 

rather than restorations, is the most predominant treatment provided in the public oral health 

services, causing high percentages of premature tooth loss (Mickenautsch et al., 2007).  

Different patterns were highlighted in the results when simultaneously considering the 

age of the individuals and the degree of tooth loss on the mandibular morphology and cortical 

microstructure. First, a short summary is given on the features not affected by age but only by 

tooth loss (moderate or extreme). A focus on variables showing compounding effects of tooth 

loss and aging (i.e., age-related diminutions depending on the degree of tooth loss) follows. 

Finally, according to the particular changes discussed in previous sections (see [7.2.1.2] and 

[7.2.2.4]), the lingual cortical bone of the mandibular symphysis is considered independently 

from the rest of the mandible. Within each of these four sections, demographic factors are also 

discussed. 

 

 

 

As seen in the previous section, age alone (i.e., individuals without tooth loss) was not 

observed to have an influence on any of the external distances or on the cortical thicknesses 

(including the midline lingual cortical thickness). When looking specifically at individuals with 

moderate tooth loss (EI category B), no further age-related changes were noticed in these 

distances (external and cortical thickness), even when grouping per sex or ancestry, confirming 
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that only tooth loss, and thus a bone functional adaptation to a variation in loading, is 

responsible for the decrease observed previously.  

When looking specifically at the external morphology in the case of edentulism, aging 

did not have an influence on some of the external distances, such as the body length, the 

posterior alveolar height, the ramus breadth and height. This confirms the sole role of tooth 

loss, independent from aging, on the general reduced aspects of the external morphology. In 

particular, the diminution in body length observed with moderate tooth loss and edentulism, 

but not with advancing age in a sample where tooth loss is controlled, confirms the hypothesis 

stated in section [7.2.1.1] i.e., that the gonion moving forward and thus causing the widening 

of the gonial angle is only due to the loss of teeth, and is not age-related. 

The primary factor of variation in the external morphology of the mandible is thus the 

loss of teeth, while aging does not have any influence (Oettlé, 2014; Ramphaleng, 2015; Parr 

et al., 2017). This is in agreement with the bone modelling/remodelling theories, as they usually 

state that the remodelling process, occurring with senescence for instance, is only microscopic 

and does not affect the macroscopic architecture, while the modelling (or resorptive modelling) 

is a reaction against a change in loading and non-habitual strains, like the loss of teeth, and 

affects the bone microstructure as well as the external morphology (Barak, 2019; Gocha et al., 

2019; Ruff, 2019). The alveolar bone is, however, somewhat different from the rest of the 

mandibular structures (Bodic et al., 2005) and the measurements associated with it (like the 

body heights) might be influenced by other factors than only tooth loss, as explained in the 

following section. 

 

 

 

Significant diminutions of the midline and anterior alveolar heights were noticed with 

aging in individuals with extreme tooth loss and edentulism (see also Oettlé, 2014). Indeed, 

even if already edentulous, these individuals continued to lose alveolar bone in the anterior part 

of the mandible during life, which might be due to the duration of edentulism, and thus the age 

of these individuals (as we compared younger edentulous vs. older edentulous individuals), 

than just edentulism itself. This hypothesis is confirmed in the study by Ruquet et al. (2015), 

in which they linked the loss in alveolar bone (i.e., the body height) to the duration of specific 

individual and behavioural factors (duration of tooth loss, smoking habits, etc.), rather than to 

the age of the individuals. The fact that the posterior alveolar height does seem to be only 
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influenced by tooth loss and not by aging could also confirm this hypothesis. Mechanically, 

due to the U-shape of the mandible, if there is any loss of occlusion, it can only attempt to 

restore this occlusion anteriorly, and not posteriorly, as the mandible can only move in that 

direction. This leads to increased anterior pressure and greater bone resorption over time. 

Furthermore, the magnitude of the lateral bending is at its highest level in the anterior region, 

causing greater strains at this location than elsewhere in the mandible (van Eijden, 2000). 

In terms of demographic factors, edentulous females, compared to edentulous males, 

were more affected by this age-related decrease in body height, while no differences were noted 

between ancestries. 

In the case of extreme tooth loss and edentulism, all cortical thicknesses, except the 

midline lingual site, showed negative relationships with aging, indicating that in edentulous 

individuals, the mandibular cortical bone becomes thinner while aging increases (as also found 

by Kribbs et al., 1989; Dutra et al., 2006). Dutra et al. (2005) also observed an age-related 

continuous remodelling of the cortical bone that was influenced by the dentition status of the 

individuals analysed. Thus, aging alone might not be enough to cause significant decreases in 

the mandibular cortical thickness, but needs to be accompanied by an advanced pattern of tooth 

loss. As hypothesised earlier with the midline and anterior body heights, the duration of 

edentulism contribute to this thinning. In addition, this relationship between age and cortical 

thickness seemed particularly influenced by sex, but not really by ancestry (even if individuals 

of European ancestry always had thinner cortical thickness than African ancestry). Females (of 

both ancestries) showed steeper decreases, particularly after 40 years of age, compared to 

males. Munakata et al. (2011) for instance, showed in a female-only sample that menopause 

was particularly affecting the mandibular cortical thickness. They found that premenopausal 

women had a thicker cortical bone than postmenopausal women. However, as most of the 

correlations and regression coefficients found in this research were weak, caution must be 

exercised in interpreting this data.  

 

 

 

As reported earlier, in section [7.2.1.1], the mandibular cortical bone density was 

observed to decrease with moderate and extreme tooth loss, compared to fully dentate 

individuals. As soon as a few teeth are lost, and thus that the masticatory capabilities are 

slightly changed, an intense bone modelling occurs changing and reducing the cortical bone 
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density. It was also noted earlier that edentulism only appears to be associated with a 

generalised decrease in cortical density of the mandible, but not aggravate this diminution (as 

it was the case for some external distances). 

However, when considering the age of the individuals in addition to the different 

dentition categories (fully dentate, moderate tooth loss and edentulism), new patterns, not 

observed for any of the linear measurements (external distances, cortical thickness), were 

noticed. All three dentition categories, analysed separately, displayed age-related decreases in 

cortical bone density. Senescence, and not only the loss of teeth, could thus be the primary 

factor causing a decrease in cortical bone density. In addition, the initial age-related decrease 

occurring even when fully dentate, was aggravated by the degree of tooth loss. The decline was 

more important with edentulism, which was already more pronounced than with moderate 

tooth loss. This leads to the hypothesis that the resorptive modelling caused by the loss of teeth, 

which is more or less intense according to the degree of tooth loss is only a secondary factor 

and adds to the “normal” bone remodelling associated with aging, causing intense changes into 

the cortical bone microstructure. Ruff et al. (2006) hypothesised that this bone modelling 

response caused by a change in mechanical loading (tooth loss here) is age-dependent, and thus 

could change throughout life. 

The age-related decrease of the mandibular cortical bone density was particularly 

sensitive to the influence of two demographic factors: sex and ancestry. In both moderate and 

edentulous individuals, even if both females and males showed this decrease with aging, 

females were particularly affected with steeper regressions and faster decreases, as often 

observed in the literature on the mandible (von Wowern, 1988, 2001) or on the rest of the 

skeleton (Agarwal, 2021). The differences between females and males were thus particularly 

accentuated in later ages of life, most probably due to the combined, and thus compounded, 

influence of menopausal bone loss with aging (von Wowern, 2001; Li et al., 2011). For 

instance, Taguchi et al. (1996) compared BMD values in recent and long-term postmenopausal 

women of similar ages. They observed that recent postmenopausal women had a denser 

mandibular cortical bone than the long-term postmenopausal group, highlighting the 

accelerating and aggravating effect of menopause on the bone remodelling process. 

This timing interval could explain why, without taking into account aging, the sexual 

dimorphism was not less evident for the cortical bone densities than for the other measurements 

(see for instance in section [7.1]), as it really appears with senescence.  
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A similar profile was noted with the ancestral groups, with a diminution in cortical bone 

density with age in both South African individuals of African and European ancestries, even if 

the latter showed a greater and faster decrease, particularly after 40 years of age. This 

corroborates the faster cortical bone turnover in South African of European ancestry reported 

by Pfeiffer et al. (2016). 

The fact that the cortical thicknesses are more affected by tooth loss than by aging, and 

that the opposite was found for the cortical bone densities is coherent with the intrinsic nature 

of these properties. Geometrical properties, like cortical thickness, are more affected by 

functional bone adaptation, such as tooth loss, than are material properties, like bone density 

(Ruff, 2019). 

 

 

 

As noted in sections [7.2.1.2] and [7.2.2.4], the cortical thickness measured at the 

midline lingual site of the mandible reacted differently to tooth loss, and particularly 

edentulism, compared to the rest of the mandible. With moderate tooth loss, no changes in the 

midline lingual thickness were noted while a general thinning was observed in the rest of the 

mandible. However, with extreme tooth loss and edentulism, an important increase, unique in 

the mandible, was noticed, highlighting that only edentulism might trigger this thickening. 

With edentulism, there is a global reduction in strains and loads, causing extreme 

morphological changes with a loss of up to 60% of its initial volume, like in the alveolar process 

region, which can be particularly affected by a very strong resorption. To continue mandibular 

vital functions, such as mastication, adaptation to this changing morphology is required and 

generally starts with the tongue, which will become wider and shorter. As explained by van 

Eijden (2000), the midline lingual region is already under a unique set of strains, including a 

lateral bending of great magnitude, due to the unusual shape of the mandible, and an 

asymmetric distribution of tensile and compressive stresses (i.e., more important tensile stress 

lingually than compressive stress buccally). Midline lingual strains, already greater than 

elsewhere in the mandible, will increase, notably because of macroglossia and its consequences 

on the geniohyoid and the genioglossus muscles (Bucca et al., 2006; Morelli et al., 2011; 

Posnick, 2014; Jindal et al., 2015; Lucas, 2016), and cause the local thickening of the cortical 

bone. 
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When considering aging in addition to controlling tooth loss, unusual results were 

observed for this midline lingual site, as a strong age-related thickening was observed in 

edentulous individuals, confirming what was previously suspected by Oettlé (2014) in a sample 

including diverse dentition statuses and Schwartz-Dabney and Dechow (2002). Furthermore, 

while younger edentulous (or almost edentulous) individuals displayed an already thicker than 

usual midline lingual cortical bone compared to fully dentate individuals or with moderate 

tooth loss, this thickening was even more important in older age categories (CtTh: old 

edentulous > young edentulous > fully dentates and moderate tooth loss). Age, and most 

probably the duration of edentulism, generate a long-term increase in midline lingual strains 

accentuating the thickening of the lingual cortical bone over time. Moreover, due to the ever-

changing morphology of the mandible with edentulism (more and more resorbed and thin), the 

tongue and its related muscles always have to adapt to the new environment, leading to the 

maintenance of the increased midline lingual strains. 

Furthermore, the cortical thickness increase was present in all edentulous subgroups 

(females and males, South Africans of African and European ancestries) and always correlated 

with aging. This local secondary adaptation, compounded by senescence, appears to be 

independent from demographic factors (sex and ancestry), and common to all individuals with 

edentulism. 
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The comprehensive assessment of the mandibular cortical bone microstructure and its 

external morphology conducted during this research, considered the effects of biomechanical 

factors, like tooth loss, as well as the influence of systemic factors, such as aging, sex and 

ancestry. These findings and the methodology designed may have implications in clinical 

fields, like dentistry or maxillofacial surgery, but also in biological anthropology, and more 

particularly in palaeoanthropology, in which they could be used as reference data. 

 

 

 

In the thesis, micro-CT, considered as the imaging technology of reference in ex-vivo 

dental and bone research, was the main imaging method employed, notably because of its high 

micron-level resolution and reliability. However, because of its high radiation exposure and 

thus its non-usability on patients, comparison of micro-CT and CBCT is of great importance 

to confirm, or not, the feasibility and applicability of the measurements and parameters 

assessed in the thesis. As reviewed in the Literature Review (see section [2.2.3]), for linear 

distances, CBCT and micro-CT were often directly compared using dental samples, but on rare 

occasions with bone samples. Only one study (Suttapreyasri et al., 2018) was found analysing 

CBCT vs. micro-CT mandibular and maxillary cortical thicknesses directly, for which they 

observed significant correlations and no differences between the modalities. Our findings also 

showed high degrees of agreement and accuracy for external distances and cortical thicknesses, 

which was confirmed by the automatic volume comparisons performed and displaying general 

retained shapes and only small deviation errors. However, a small tendency of underestimation 

was noticed in CBCT measurements – the smaller the measurement was, the lesser the 

agreement and accuracy between the two modalities were.  

CBCT may lack discriminative abilities required to describe the microstructure of the 

bone because of a lower image resolution and artefacts issues (Scarfe and Farman, 2008; Maret 

et al., 2012, 2014; Forst et al., 2014; Rios et al., 2017; Sharawy, 2020; Pauwels et al., 2021). 

This was confirmed by the intra-observer findings we obtained. Indeed, micro-CT and its 

“clearer” images resulted in very high agreement and repeatability, while it was a bit lower in 

CBCT measurements. The difference was especially present when measuring small-scale 
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distances like cortical thickness. The first explanation is, of course, linked to the difference in 

resolution between the two imaging modalities, which is almost twice in CBCT (0.200 mm) 

vs. micro-CT (0.068-0.106 mm). Voxel resolution has already been proven to be an essential 

parameter at multiple occasions for dental or bone samples (Naitoh et al., 2004; Maret et al., 

2012, 2014; Humbert et al., 2016). Other explanations might be associated with artefact issues. 

While several types of artefacts exist in all scanning modalities (Sharawy, 2020), because of 

similar experimental settings (mandibles secured within a polystyrene box) during micro-CT 

and CBCT scanning, we can for instance exclude motion-related artefacts, usually caused by 

movement during the acquisition. However, noise (“graining” of the image) is particularly 

present in CBCT, notably because of lower amperage settings (in the thesis: CBCT: 10-11 mA 

vs. micro-CT: 100-120 mA) (Sharawy, 2020). 

Additionally, measurements towards the ramus (both external distances and 

microstructure) displayed less accuracy and lower correlations in CBCT compared to micro-

CT. The volume maps corroborated these discrepancies with more frequent geometrical 

deformations towards the posterior part of the mandible (around the molars, ramus including 

condyles and coronoid processes). Some technical factors, like the field of view (FOV) of the 

CBCT machine, may explain these antero-posterior discrepancies. A few authors (Parsa et al., 

2013; Ibrahim et al., 2014; de Oliveira Pinto et al., 2021; Pauwels et al., 2021) already reported 

FOV as a scanning parameter affecting measurement accuracy and repeatability in CBCT 

systems and all particularly noted differences between the centre of the FOV and its periphery. 

De Oliveira Pinto et al. (2021) observed that measurements done in the centre of the FOV were 

more specific and accurate, and differed from the lateral positions; which corresponds exactly 

to what was observed in the thesis (i.e., the ramus is at the periphery of the FOV). This 

difference between the centre and the periphery is due to the beam collimation causing a 

difference in intensity between areas and thus a lack in uniformity of the grey values (Ibrahim 

et al., 2014; Sharawy, 2020). 

Even if bone density has been extensively compared between micro-CT and CBCT 

modalities, uncertainties are still present as no real consensus has been reached yet, even when 

looking at histomorphometric parameters (such as BV/TV, the bone volume fraction). In the 

thesis, while the cortical BV/TV values in CBCT and micro-CT followed the same tendencies, 

significant differences were found between the two scanning techniques. It almost confirmed 

what was found by several authors in the literature (Van Dessel et al., 2013, 2017; Kim et al., 

2015; Parsa et al., 2015; Tsai et al., 2020) as they obtained significant differences as well, but 
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associated to strong correlations between CBCT and micro-CT BV/TV values. Results 

observed by Panmekiate and colleagues (2015) were more similar to ours with moderate 

correlations accompanied by large ranges of errors and deviations. As concluded by 

Panmekiate et al. (2015), this apparent lack of reliability and accuracy of CBCT compared to 

micro-CT might hinder the direct use of these parameters in clinical applications. However, 

because the literature is often focused on the trabecular bone structure (Van Dessel et al., 2013, 

2017; Panmekiate et al., 2015; Parsa et al., 2015) and not the cortical bone, the comprehensive 

evaluation of the microstructure of the mandible done in the thesis is still of interest and can 

be used as a preliminary reference database. Furthermore, while the results obtained with a 

micro-CT can be generalised to all micro-CTs, it is not the case with CBCT. Indeed, micro-CT 

measurements were found to be reliable across models and manufacturers (Olejniczak et al., 

2007), whereas a lack of standardisation and calibration between manufacturers is often of 

concern for CBCT (Gaêta-Araujo et al., 2020). 

 

 

 

This research provided a precise and comprehensive set of mandibular measurements 

(morphological and microstructural) using very high-resolution scanning modalities on a large 

modern human sample, improving the knowledge of morphological variations, and some of 

their causes, in South African individuals. Understanding of the morphology and 

microstructure of the mandible is of great importance for many clinical procedures, such as 

oral and maxillofacial surgeries, orthodontic treatments, restorative and implant dentistry, 

among others. Even for common procedures like tooth extraction, information on the cortical 

bone, such as its thickness and distribution, is often pivotal. Indeed, a thick and dense cortical 

bone will, for instance, make the extraction more difficult, while a too thin cortical bone makes 

the extraction more delicate (Humphries, 2007). 

 

7.5.2.1. Oral and maxillofacial surgery 

 

Variations in the mandibular morphology and microstructure are important for 

treatment of fractures, frequently done by miniplate fixation anchored by screws, for which a 

good quantity and quality of bone are required (Al-Jandan et al., 2013; McKay, 2019). All over 
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the world, including South Africa, mandibular fractures are the most common fracture of the 

entire maxillofacial skeleton in individuals of all ages (children, adults, the elderly) (Ferreira 

et al., 2005; Yamamoto et al., 2011; Mogajane and Mabongo, 2018). In almost all populations, 

two age-related incidence peaks are generally detected: one in young adults (15 to 30 years 

old) and then again after age 70 (Ferreira et al., 2005; Mogajane and Mabongo, 2018; Lalloo 

et al., 2020). Even if the principles of treatment are the same as in a young population, 

additional factors need to be considered for the elderly patients (e.g., number of remaining 

teeth, extended resorption of the alveolar bone, low bone density). In a study focusing on an 

elderly Japanese population, Yamamoto et al. (2011) found that tooth loss and more 

particularly edentulism had consequences on the type of fractures, with more frequent body 

fractures. In dentate adults, however, fractures at the angle, condyle, body and 

symphyseal/parasymphyseal regions are the most common types of mandibular fracture 

observed (Roode et al., 2007; Yamamoto et al., 2011; Santos et al., 2015; Mogajane and 

Mabongo, 2018). While in children and young adults, the number of facial and mandibular 

fractures decreased  fractures decreased in the recent years (Ferreira et al., 2005), the incidence 

particularly increased in the elderly population (Yamamoto et al., 2011), most probably due to 

the general aging of the world population (United Nations, 2019). Knowledge of the body 

height and cortical thickness along the body and their variations with age, sex and ancestry 

gives important insights to develop optimal treatments, with appropriate screw placement and 

length for stability and safety purposes. For instance, for a good fixation, stability and support 

of miniplates, a buccal cortical thickness of 3 mm is often recommended with the use of 5-7 

mm long screws (Al-Jandan et al., 2013; McKay, 2019). However, many injuries were reported 

with 6 mm screws, especially in females, which was most certainly due to their general thinner 

cortical thickness, as reported earlier in the thesis, in section [7.1]. Furthermore, several articles 

(Katranji et al., 2007; Al-Jandan et al., 2013) and our findings (in fully dentate individuals, 

anterior CtTh: mean ± SD = 1.85 ± 0.51 mm; posterior CtTh: mean ± SD = 2.32 ± 0.58 mm) 

highlighted that the buccal cortical thickness is often less than 3 mm, for which 5-7 mm screws 

would be high risks of injury. Additionally, the cortical thickness in the posterior body of the 

mandible (around the first and second molars), a site often used for miniplate screws, is 

particularly affected by tooth loss, with a pronounced decrease (posterior buccal CtTh in 

individuals without tooth loss: mean ± SD = 2.32 ± 0.58 mm; with moderate tooth loss: mean 

± SD = 2.12 ± 0.59 mm; with extreme tooth loss: mean ± SD = 1.92 ± 0.73 mm), especially in 

females, which intensifies the risk of injuries in this specific group.  
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7.5.2.2. Orthodontic mini-implants 

 

Similarly than for repairing a fracture, in orthodontics, it is necessary to evaluate the 

thickness of the mandibular cortical bone, as well as its density, for safe and optimal positioning 

of Temporary Anchorage Devices (TADs). Among the TADs, mini-implants (also called mini-

screw implants), commonly used by orthodontists, are temporarily placed between teeth in 

various sites of the mandible or maxilla to serve as an anchorage for orthodontic devices in 

adolescents and adults. Mini-implants are also known to not osseointegrate with the 

surrounding bone and are thus particularly reliant on cortical bone thickness (Humphries, 

2007). The general consensus is that sites with thick and dense cortical bone are the most 

favourable, as bone quantity and quality will have a direct impact on the primary stability and 

thus on the implant success rate (Deguchi et al., 2006; Humphries, 2007; Ono et al., 2008; 

Farnsworth et al., 2011; Sathapana et al., 2013). Several studies (Deguchi et al., 2006; 

Humphries, 2007; Ono et al., 2008; Park et al., 2008; Fayed et al., 2010; Farnsworth et al., 

2011; Cassetta et al., 2013; Sathapana et al., 2013), were conducted to determine the optimal 

implant sites. However, they are not all in agreement. For instance, while Deguchi et al. (2006) 

did not find any differences in cortical bone thickness between mandibular sites (between 

premolar and molar areas), the findings in the thesis showed the opposite, which was also 

confirmed by other authors (Fayed et al., 2010; Farnsworth et al., 2011; Cassetta et al., 2013), 

particularly between anterior and posterior sites (canine vs. premolar region vs. molar region). 

Besides sites and location differences, and as explained in various sections of the thesis, 

variations with sex, age and population should also be considered by clinical professionals. For 

instance, the cortical bone thickness displaying sexual dimorphism with thicker cortical bone 

in males than females (see section [7.1]), was also observed in Cassetta et al. (2013) and Fayed 

et al. (2010), as well as in Humphries (2007), albeit not significant. However, most of the 

studies focusing on mini-implant sites did not report any differences between females and 

males (Deguchi et al., 2006; Ono et al., 2008; Park et al., 2008; Farnsworth et al., 2011; 

Sathapana et al., 2013), and had particularly small sample sizes (between 10 and 82 

individuals). None of the orthodontic studies cited above which analysed cortical thickness or 

density changes with sex and/or age, were performed in South Africa (e.g., Australia, Italy, 

Japan, Korea, Switzerland, United States). The measurements done in the thesis, although not 

always specifically adapted to orthodontic purposes, could thus serve as a preliminary study 
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from which guidelines and placement protocols could be developed for the South African 

population. 

 

7.5.2.3. Dental implants 

 

Nowadays, one of the most common treatment options to restore dental functions is 

dental implants (Resnik and Misch, 2020a), which can be performed after natural tooth loss in 

partially or fully edentulous patients following a delayed approach, or placed directly into a 

socket after the extraction of a problematic tooth according to the immediate approach. Now 

implant-fixed prostheses have higher success rates than “traditional” dentures (e.g., fixed or 

removable partial dentures, complete dentures) and better outcomes thanks to many 

advantages, like the maintenance of alveolar bone and of masticatory performances, and thus 

better long-term stability and retention of prostheses (Resnik and Misch, 2020a). Short and 

long-term success rates of implants are dependent of many factors that are often patient specific 

and need to be evaluated pre-treatment (Merheb et al., 2010; Chrcanovic et al., 2017; Sharawy, 

2020). For instance, the bone quality (i.e., cortical/trabecular densities) is of utmost importance 

for treatment planning (choice of implant size and design, surgical protocols, etc.), but also 

post-treatment for the primary stability, anchorage, healing process and osseointegration 

(Aranyarachkul et al., 2005; Akça et al., 2006; De Oliveira et al., 2012; Chrcanovic et al., 

2017; Merheb et al., 2018; Resnik and Misch, 2020b). However, in the implantology literature, 

bone quantity (e.g., cortical thickness) in the mandible is often overlooked compared to bone 

quality. Cortical bone thickness, particularly on the buccal side, is in fact a key factor 

influencing the implant stability, and even appears to contribute more than some implant design 

characteristics, like the implant length (Miyamoto et al., 2005; Merheb et al., 2010, 2018; 

Tomasi et al., 2010; Temple et al., 2015; Chrcanovic et al., 2017). Interestingly, bone density 

continues to be important for stability after healing and osseointegration, while the cortical 

thickness is only pivotal during implantation and osseointegration (Merheb et al., 2018). 

The microstructure of specific areas, like the mandibular symphysis and ramus, is also 

important to know because of their use as donor sites for autogenous bone grafts (Sharawy, 

2020). In order to choose the best possible graft site, inner and morphological variations at 

these sites need to be described in detail and evaluated (Sharawy, 2020). For example, the 

midline region has the least dense cortical bone compared to anterior and posterior sites, and 
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this density was observed to decrease even more with tooth loss, which could be a limitation 

in some patients, particularly in older South African females.  

Expanding the knowledge and understanding of the factors affecting the cortical bone 

are essential for clinicians to choose the ideal implant, the optimal site and thus avoid implant 

failure (Quirynen et al., 2007; Fugazzotto, 2008; Smith and Tarnow, 2013; Chrcanovic et al., 

2017). This knowledge is also important for dental implant manufacturers always aiming to 

reduce treatment times and improve patient outcomes by designing new and improved 

products. For example, in Theye et al. (2018) (see Appendix A), using micro-CT scans and a 

subsample of the thesis (i.e., only dentate South African individuals of African ancestry), we 

provided for the first time, a comprehensive analysis describing and quantifying the 

morphology of first molars and of the surrounding bone microstructure, with implications for 

immediate implant placement and design characteristics (e.g., platform width, body shape, 

taper). Indeed, some of the mandibular cortical measurements of the thesis, supplemented by 

others on the trabecular bone, were analysed and showed interesting results for the South 

African population. For instance, the buccal plates in posterior mandibular areas were found to 

be rarely thinner than 1 mm, which is the threshold recommended by the literature to avoid 

augmentation procedures and obtain positive predictable outcomes for immediate implant 

placement (Lazzara, 1989; Tomasi et al., 2010; Matsuda et al., 2016). Furthermore, while aging 

did not affect the mandibular buccal plate thicknesses, as also found by Temple et al. (2015), 

the cortical densities decreased with advancing age, highlighting the fact that age is of major 

importance for bone quality, even if the patient does not indicate signs of age-related diseases 

(like tooth loss or osteoporosis). These results were since confirmed with the bigger sample 

studied in the thesis (see section [7.3] with individuals not affected by tooth loss). 

The possible impact of osteoporosis on dental implant placement and survival is still 

being debated and no consensus has been reached by the dentistry community yet (von 

Wowern, 2001; Singh and Tripathi, 2010; Glowacki and Christoph, 2013; de Medeiros et al., 

2018; Radi et al., 2018; Temmerman et al., 2019). The diagnostic procedure followed for 

osteoporosis is generally performed in postcranial bones (such as the vertebrae or the femur), 

and not on the bones directly involved for the placement of dental implants. As underlined by 

Kingsmill (1999), changes with aging in the postcranial skeleton are different from changes in 

the mandible. In the thesis, it was for example observed that, while the cortical bone density 

showed an age-related decrease in both the mandible and femur, the diminution was more 

pronounced in the femur. Furthermore, we also noticed that there was a lack of correlation 
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between the mandibular and femoral cortical bone densities, i.e., the density in the mandible is 

not increasing or decreasing according to the one in the femur, and reciprocally. This type of 

result was also found by Guo et al. (2020) in an article comparing bone mineral density in the 

mandible with cervical and lumbar vertebrae without observing predictable relationships 

between the skeletal sites. To go further, several dentistry professionals suggested to see if 

individuals at risk of osteoporosis could be directly identified from the mandibular or the 

maxillary bones using dental radiography, CT or CBCT (Nicopoulou-Karayianni et al., 2009; 

Gulsahi, 2015; Guerra et al., 2017; Guo et al., 2020; Nakamoto et al., 2020). 

In the literature, several authors highlighted that osteoporotic patients presented an age-

related decreased bone quality, lower density, and lower primary stability scores, as well as 

higher implant failure risks in low-density bone (Merheb et al., 2016; de Medeiros et al., 2018). 

Nonetheless, for most of the authors in the literature, dental implants are not contraindicated in 

osteoporotic patients (von Wowern, 2001; Singh and Tripathi, 2010; Merheb et al., 2016; de 

Medeiros et al., 2018; Radi et al., 2018). However, recently, a few authors (Temmerman et al., 

2017, 2019; Radi et al., 2018) started to caution on the long-term implant survival (e.g., after 

several years) and not just on the implant placement and short-term survival as reported in most 

of the studies. Indeed, Temmerman et al. (2019) found that after five years, the survival rate 

was slightly less in osteoporotic patients, which was also highlighted in a review by Radi et al. 

(2018). Clinicians generally conclude that implant treatments are the best solution for these 

patients, especially compared to conventional prosthodontic treatments, like partial dentures, 

which have been found to aggravate the already accelerated bone loss of osteoporotic patients 

(von Wowern, 2001; Singh and Tripathi, 2010). A more preventive approach with a pre-

operative evaluation and an adapted treatment plan, particularly focusing on longer healing 

times, is generally advised (Merheb et al., 2016; de Medeiros et al., 2018; Radi et al., 2018). 

This pre-operative assessment of bone quantity and quality is traditionally done using the 

Lekholm and Zarb classification (1985), which is based on the visual evaluation of radiographs 

and tactile sensation during surgery. This method is, however, more and more called into 

question because of its subjectivity, the lack of quantitative data (Merheb et al., 2010; 

Munakata et al., 2011; Chrcanovic et al., 2017) as well as the lack of information given by 2D 

images compared to 3D regions (Merheb et al., 2016). The advances and spreading of medical 

3D imaging modalities, such as CT or CBCT, allowed the development of new methodologies 

measuring objectively bone quantity and quality (Merheb et al., 2016; Resnik and Misch, 

2020a).   
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The morphology and cortical microstructure of the mandible are important not only for 

clinical fields, such as dentistry as seen previously, but also for biological anthropology. The 

mandible is a particularly resistant bone with high rates of preservation and recovery in 

forensic, archaeological, and even palaeoanthropological contexts (Standring, 2009; White et 

al., 2012; Stodder, 2019). While factors of bone preservation are not discussed in detail here, 

specific intrinsic factors, like size, shape and density, have particular importance for recovery 

(Stodder, 2019). The mandible, with its size, heaviness, and high density, has greater survival 

rates than most of the other bones of the skeleton. As illustrated by our findings, the cortical 

density measured in the mandible was for example much greater than in the femur of the same 

individuals. 

The hominoid fossil record includes many mandibles of adults and juveniles from 

different taxa ranging from early hominins to modern humans (e.g., Australopithecines, Homo 

erectus, Homo neanderthalensis, early and late Homo sapiens). In the literature, fossil 

specimens are usually compared to recent nonhuman and/or human primate samples to provide 

valuable insights into various topics, such as functional and biomechanical properties (e.g., 

mastication, diet, speech) or intra- and interspecific variations (e.g., sexual dimorphism, 

taxonomy). Various morphological and shape parameters, such as mandibular robusticity, are 

often evaluated as it provides a wealth of information on interspecific relationships and assists 

in assessing taxonomic affinities (Lague et al., 2008; Mounier et al., 2009; Bermúdez de Castro 

et al., 2016; Pitirri and Begun, 2019; Balolia et al., 2020). Cortical bone thickness and its 

distribution in the mandible also are of particular interest to detect possible asymmetrical 

patterns, and thus attempt to characterise specific local functional demands, such as masticatory 

and para-masticatory activities (Daegling, 1989, 2007; Daegling and Hotzman, 2003; Zanolli 

et al., 2017; Fiorenza et al., 2019; Genochio et al., 2019) with caution as highlighted by Ichim 

and colleagues (2007). 

However, several limitations are encountered in most of the articles of the 

palaeoanthropological literature. One restriction often met is the variety of methods used and 

protocols followed between studies, or even within a study between specimens, making 

comparisons difficult or even not always accurate. As the methodology implemented during 

the present thesis is usable and reliable on mandibles with various morphologies (edentulous 

or not for example), it could be applied to fossil specimens having diverse dentition status (i.e., 
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moderate or complete loss of teeth), which are often deliberately excluded from comparative 

studies (e.g., in Skinner et al., 2006). Indeed, a few individuals affected by tooth loss or even 

edentulism were recovered, such as the earliest toothless hominin skull (cranium D3444 and 

mandible D3900, Early Pleistocene) from Dmanisi (Georgia), which is thought to have lost 

teeth several years before death and shows extensive resorption and remodelling of the alveolar 

bone (Lordkipanidze et al., 2005; Margvelashvili et al., 2013); or the Neanderthal “Old Man” 

La Chapelle-aux-Saints 1 (France), which shows intermediate tooth loss and remodelling 

(Tappen, 1985; Trinkaus, 1985). In addition to being affected by tooth loss, both individuals 

were estimated to be elderly individuals. The morphology and internal structure of these fossil 

specimens could thus be directly compared to the dataset provided in the thesis and 

interpretations about changes related to either tooth loss or aging in these fossil mandibles 

could be inferred. 

Part of the methodology developed during this thesis was tested and applied to two 

fossil hominin fragmentary mandibles, with still unclear taxonomic affinities, in Genochio et 

al. (2019) (see Appendix B). In the article, the still unreported cortical structural organisations 

of two late Early Pleistocene mandible specimens, Tighenif 1 and Tighenif 2 (Tighenif, 

Algeria), were compared to a small extant human subsample of the thesis. Cortical bone 

thickness was assessed on two cross-sections at the level of premolars and molars. As expected, 

the cortical bone was thicker in the two fossils (example of the 2D Relative Cortical Thickness 

at the molars: 2D RCT Tighenif 1 = 16.4 and 2D RCT Tighenif 2 = 17.3), even if the extant 

humans presented a high variability (mean 2D RCT = 12.5, range = 9.7 – 18.0). It was also 

noticed that the cortical bone of the fossil specimens was particularly thick around the right 

premolars, which was also reflected by an important dental occlusal wear on this side. These 

results suggested that cortical bone thickness and distribution might be related to 

biomechanical activities, with specific masticatory and/or para-masticatory strains in the 

Tighenif specimens. However, some differences between the cortical structural organisations 

of the two fossils highlighted intraspecific variation, and more particularly possible sexual 

dimorphism. Furthermore, as several studies have shown the significant influence of sexual 

dimorphism on intraspecific variations in mandibular size and shape of hominoids (Humphrey 

et al., 1999; Plavcan, 2002; Taylor, 2006), it is possible to hypothesise similar consequences 

on the inner structure. 

As seen in Genochio et al. (2019), in the palaeoanthropological literature, fossil 

specimens are in general compared to extant human and/or nonhuman primate samples. 
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However, these comparative samples are often limited (Brown and Vavrek, 2015) and might 

not be representative of the actual variation detected in the extant human mandible, as observed 

in our results. The measurements provided in the thesis were obtained from a large extant 

human sample including several factors of variations, such as different degrees of tooth loss, a 

broad spectrum of ages, or even sex and ancestry; and thus, could be used in the future as a 

reference database, particularly when studying fossil specimens affected by tooth loss. 
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The principal limitations of this research project were associated with the sample 

analysed, directly reflecting the unbalanced composition of the two skeletal collections used 

(L’Abbé et al., 2005; Dayal et al., 2009) with: (i) a general smaller number of females 

compared to males; (ii) more individuals of European ancestry in the older decades, especially 

males, compared to the younger age ranges; (iii) fewer females of African ancestry in the older 

age ranges. However, South African males of African ancestry were well represented in almost 

all decades and all dentition statuses. Another limitation related to the skeletal sample was the 

fact that the duration of tooth loss and possible denture wearing was not precisely known 

restraining the scope of the interpretations and increasing the number of hypotheses explaining 

some trends. Perhaps a more representative sample of the population and the access to patient 

records and dental history could have been possible with the use of CT or CBCT scans of 

patients. However, micro-CT scanning skeletal material was chosen because micro-CT is 

considered as the gold standard imaging modality and many uncertainties are still surrounding 

the “clinically accepted” scanning machines (e.g., CT, CBCT), especially for small-scale 

measurements and microstructural assessments, like the cortical density (BV/TV). 

Furthermore, despite its biases, the sample size analysed in this thesis surpassed that of many 

other studies based on 3D imaging, and was comprehensive and representative in terms of 

dentition status, age, sex and ancestry. 

Another type of limitation related to in vitro factors of bone preparation and storage 

needs to be investigated. Indeed, some researchers argue that fresh bone is more appropriate 

than dry bone for studying mechanical bone properties as certain processes, such as 

embalming, boiling, freezing storage, or drying, might significantly influence these 

characteristics (Zioupos et al., 2000). These authors, however, reviewed only studies analysing 

the effects of these factors on mechanical (e.g., elastic modulus, tensile strength, stiffness) and 

not microstructural characteristics, like BV/TV, the histomorphometric parameter studied in 

the thesis. On the other hand, Le Garff (2018) worked on the effects of embalming and freezing 

on histomorphometric parameters assessed on human trabecular bone by micro-CT. The results 

highlighted a difference between formalin-based embalming and freezing, with embalming 

causing significant changes to all histomorphometric parameters of the trabecular bone, while 

freezing only slightly modified the number of trabeculae. They, however, only focused on 

trabecular bone biopsies harvested from one type of bone of a unique cadaver. Finally, the 
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consensus is to use fresh bone, which relies on harvesting bone biopsies in patients or in fresh 

cadavers, which is not easy to implement and realise. Furthermore, bone biopsies are not 

always ideal for quantifying microstructural and architectural parameters because of the 

minimal size of the volume of interest required for the histomorphometric analysis. The way 

forward would be to evaluate the influence of several conservation methods, like embalming, 

on cortical bone and on histomorphometric parameters using micro-CT. 

Lastly, the methodology itself has encountered some limitations and could be optimised 

when planning future research. Firstly, only the left side of the mandible was analysed in the 

thesis. While several authors (Schwartz-Dabney and Dechow, 2003; Deguchi et al., 2006; 

Swasty et al., 2009) observed that the cortical thickness is symmetric between the left and right 

sides of the mandible in humans, it might be worthwhile to evaluate this symmetry for the 

cortical bone density.  

Secondly, both the cortical thickness and cortical density were measured at three sites 

(basal, buccal, lingual) defined on precise sections, which were easily reproducible and not 

subjected to any changes, like tooth loss. Instead of focusing on these three sites only, the 

thickness of the cortical bone could be measured on the entire section, by calculating the 

distances between two curves (one along the periosteum of cortical bone, one along the 

endosteal border; both from the most superior buccal point to the most superior lingual point), 

as it was done in Genochio et al. (2019) using a subsample of ten individuals (see Appendix 

B). In a similar way, the cortical density could be assessed with a greater number of VOIs and 

thus maybe capture more information on the variations – along the mylohyoid line for example, 

or closer to the alveolar bone, as performed by Wang and colleagues (2010) as well as Dechow 

et al. (2017) on baboon and macaque mandibles, respectively.  

Finally, it would be interesting for future research to use the more advanced technology: 

synchrotron radiation-based micro-CT (SR micro-CT), which is revolutionising 3D imaging 

with a new way of scanning using an electron beam (Andronowski et al., 2018). SR micro-CT 

acquisitions can reach a very high resolution approximating traditional histologic techniques, 

with the additional advantage of the visualisation in 3D and not 2D like in histology. For 

instance, SR micro-CT allows the assessment of cortical porosity, or very small structures, 

such as the Haversian systems or osteocytes (Andronowski, 2016; Maggiano et al., 2016; 

Andronowski et al., 2018). 
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Chapter 8. Conclusion 

was the first attempt to investigate, within South 

African individuals, microstructural mandibular changes, with reference to macrostructural 

changes in the mandible, with advancing age and across various patterns of tooth loss. An 

extensive sample of 333 mandibles was constituted, micro-CT-scanned and analysed with 

external dimensions and inner cortical parameters, namely cortical thickness and cortical 

density. From this study, the following conclusions were made: 

 

• 

 

• In fully dentate mandibles, regional mandibular variations were found: between 

symphyseal, anterior and posterior body heights (midline > anterior > posterior), as well as 

for the cortical thickness (CtTh: posterior > anterior > midline) and density (BV/TV: 

posterior and anterior > midline). Thus, for a mandible without tooth loss, the smaller the 

alveolar height, the thicker and denser the cortical bone. The asymmetry between basal, 

buccal and lingual areas was confirmed. Even if the basal cortical bone was always the 

thickest, the cortical thickness was greater lingually than buccally at the midline and 

anteriorly (CtTh: lingual > buccal), while no bucco-lingual asymmetry was observed 

posteriorly (CtTh: buccal = lingual). No bucco-lingual asymmetry in cortical density was 

noted. 

• In fully dentate mandibles, sexual dimorphism and ancestral variations were also confirmed 

in the external distances (M > F; AA > EA, except for ramus height: EA > AA) and in the 

cortical thicknesses (CtTh: M > F; AA > EA). The cortical bone densities were only slightly 
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different between males and females (BV/TV: M ≥ F), or between South African of African 

and European ancestries (BV/TV: AA ≈ EA). 

 

 

BV/TV: M > F

BV/TV: AA ≈ EA)
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• Understanding the effects of tooth loss and aging in the mandible, and more particularly in 

the cortical microstructure, is crucial and has implications in clinical fields. In Theye et al. 

(2018) (see Appendix A), the methodology developed in the thesis was successfully applied 

to describe and quantify the morphology of the first molars and of the surrounding bone 

microstructure, such as bone quality (density) and quantity (cortical thickness), having 

direct implications for immediate dental implant placement and design characteristics (e.g., 

platform width, body shape, taper). 

• 

In Genochio et al. (2019) (see Appendix B), 

methodology developed during the thesis was successfully adapted to two fossil 

fragmentary mandibles that had still unreported cortical structural organisations. 
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Anatomists) or BACA (British Association of Clinical Anatomists) Meeting Abstracts - A 

Selection of Abstracts Presented at the 47th Annual Conference of the Anatomical Society of 

Southern Africa (ASSA). Clinical Anatomy. 

 

Theye C., Oettlé A.C. and Steyn M. 2018. Sénescence et perte dentaire : comment la 

microstructure osseuse de la mandibule est-elle affectée ? Advancing age and tooth loss: how 

do these variables affect the bony microstructure of the mandible? Published in: Colloque 

annuel de la Société d’Anthropologie de Paris, 1843e réunion scientifique. Bulletins et 

Mémoires de la Société d’Anthropologie de Paris 30:S9-S31. 

 

Theye C., Oettlé A.C., Steyn M., Cracknell T.J., Hattingh A., Blackbeard G., De Beer F., De 

Bruyn H., Hoffman J.W. and Vandeweghe S. 2018. Critical dental and periodontal parameters 

for immediate dental implant placement: a micro-focus X-ray computed tomography (µCT) 
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study. Published in: AACA (American Association of Clinical Anatomists) or BACA (British 

Association of Clinical Anatomists) Meeting Abstracts - A Selection of Abstracts Presented at 

the 45th Annual Conference of the Anatomical Society of Southern Africa (ASSA). Clinical 

Anatomy, 31:E25-E39. 

 

Theye C., Hoffman J.W., De Beer F., Oettlé A.C. & Steyn M. 2018. The effects of aging and 

tooth loss on the microstructure of the mandible in South Africans. Published in: AACA 

(American Association of Clinical Anatomists) or BACA (British Association of Clinical 

Anatomists) Meeting Abstracts - A Selection of Abstracts Presented at the 44th Annual 

Conference of the Anatomical Society of Southern Africa (ASSA). Clinical Anatomy, 31:E11-

E24. 

 

Contributions to national and international scientific conferences and meetings 

47th Annual Conference of the Anatomical Society of Southern Africa – ASSA (07-10/04/2019, 

South Africa). Theye C.E.G., Steyn M. & Oettlé A.C. Accuracy and reliability of three-

dimensional (3D) macroscopic and microscopic measurements performed on Cone-Beam 

Computed-Tomography (CBCT) and Micro-Focus X-Ray Computed-Tomography (micro-

CT) -based reconstructions of the mandible. Oral presentation. 

 

Sefako Makgatho Health Sciences University Research Days (21-23/08/2018, South Africa). 

Theye C., Oettlé A.C. & Steyn M. Accuracy and reliability of three-dimensional (3D) 

macroscopic and microscopic measurements performed on cone-beam computed-tomography 

(CBCT) and micro-focus computed-tomography (micro-CT)-based reconstructions of the 

mandible. Poster presentation. 

 

University of Pretoria Faculty of Health Sciences Research Days (21-22/08/2018, South 

Africa). Theye C., Oettlé A.C. & Steyn M. Accuracy and reliability of three-dimensional (3D) 

macroscopic and microscopic measurements performed on cone-beam computed-tomography 

(CBCT) and micro-focus computed-tomography (micro-CT) -based reconstructions of the 

mandible. Oral presentation. 

 

1843e Journées de la Société d’Anthropologie de Paris – SAP (24-26/01/2018, France). Theye 

C., Oettlé A.C. & Steyn M. Sénescence et perte dentaire : comment la microstructure osseuse 
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de la mandibule est-elle affectée ? Advancing age and tooth loss: how do these variables affect 

the bony microstructure of the mandible? Oral presentation. 

 

3rd Conference on Imaging with Radiation – Imgrad2017 (14-15/09/2017, Evolutionary Studies 

Institute, University of the Witwatersrand, South Africa). Theye C., Oettlé A.C. & Steyn M. 

Application of Micro-Focus X-Ray Computed-Tomography (X-µCT) to assess maxillofacial 

skeletal morphology in a South African sample. Oral presentation. 

 

University of Pretoria Faculty of Health Sciences Research Days and Sefako Makgatho Health 

Sciences University Research Days (22-24/08/2017, South Africa). Theye C., Oettlé A.C., 

Steyn M., Cracknell T., Hattingh A., Vandewegue S. & De Bruyn H. Three-Dimensional (3D) 

assessment of critical dento-alveolar parameters for immediate dental implant placement in 

South Africans. Poster presentations. 

 

45th Annual Conference of the Anatomical Society of Southern Africa – ASSA (23-26/04/2017, 

South Africa). Theye C., Oettlé A.C., Steyn M., Cracknell T.J., Hattingh A., Blackbeard G., 

De Beer F., De Bruyn H., Hoffman J.W. & Vandeweghe S. Critical dental and periodontal 

parameters for immediate dental implant placement: a micro-focus X-ray computed-

tomography (µCT) study. Oral presentation. 

 

University of Pretoria Faculty of Health Sciences Research Days (23-24/08/2016, South 

Africa). Theye C., Oettlé A.C. & Steyn M. Preliminary results of the effects of aging and tooth 

loss on the microstructure of the mandible in South African males. Poster presentation. 

 

44th Annual Conference of the Anatomical Society of Southern Africa – ASSA (8-11/05/2016, 

South Africa). Theye C., Hoffman J.W., De Beer F., Oettlé A.C. & Steyn M. The effects of 

aging and tooth loss on the microstructure of the mandible in South Africans. Oral 

presentation. 

 

3D imaging in a South African context – an AESOP (A European and South African 

Partnership on Heritage and Past) workshop (12-15/10/2015, University of Pretoria, South 

Africa). Theye C., Oettlé A.C. & Steyn M. The effects of aging and tooth loss on the 

microstructure of the mandible in South Africans. Oral presentation. 
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Appendix D. Scanning parameters 

 

Mandibles scanned by micro-CT 

Table D.1. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in 

µA) for all the mandibles selected by CT. __________________________________ 394 

Table D.2. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in 

µA) for all the mandibles micro-CT-scanned for previous research projects and 

included in the thesis. __________________________________________________ 402 

 

Mandibles scanned by CBCT 

Table D.3. CBCT acquisition parameters (resolution in mm, voltage in kV, current in mA, 

exposure time in ms, field of view FOV in mm) for all the specimens CBCT-scanned 

at the Oral and Dental Hospital (University of Pretoria). _______________________ 405 

 

Femora scanned by micro-CT 

Table D.4. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in 

µA) for all the femora selected by CT. _____________________________________ 406 

Table D.5. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in 

µA) for all the femora selected by MC for previous research projects and included in 

the thesis. ____________________________________________________________ 408 
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Mandibles scanned by micro-CT 

Table D.1. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in µA) for all 

the mandibles selected by CT. 

MD_ID: individual identification number; RADC: Raymond A. Dart Collection of Modern Human 

Skeletons, University of the Witwatersrand; PBC: Pretoria Bone Collection, University of Pretoria; 

Op.: operator; CT: Charlotte Theye. 

 MD_ID Collection Op. Resolution Voltage Current 

1 1904 RADC CT 0.077 100 100 

2 1926 RADC CT 0.077 100 100 

3 2179 RADC CT 0.076 100 100 

4 2187 RADC CT 0.070 100 100 

5 2209 RADC CT 0.075 100 100 

6 2294 RADC CT 0.076 100 100 

7 2331 RADC CT 0.070 100 100 

8 2409 RADC CT 0.073 100 100 

9 2453 RADC CT 0.070 100 100 

10 2657 RADC CT 0.070 100 100 

11 2866 PBC CT 0.073 100 200 

12 2930 RADC CT 0.070 100 100 

13 3046 RADC CT 0.077 100 100 

14 3129 RADC CT 0.076 100 100 

15 3481 RADC CT 0.070 100 100 

16 3603 RADC CT 0.068 100 100 

17 3643 RADC CT 0.070 100 100 

18 3696 RADC CT 0.071 100 100 

19 3773 RADC CT 0.071 100 100 

20 3838 RADC CT 0.071 100 100 

21 3851 RADC CT 0.070 100 100 

22 3865 RADC CT 0.071 100 100 

23 3953 PBC CT 0.075 100 100 

24 4006 PBC CT 0.071 100 100 

25 4139 PBC CT 0.075 100 100 

26 4220 PBC CT 0.078 100 200 

27 4256 PBC CT 0.075 100 100 

28 4364 PBC CT 0.075 100 100 

29 4384 PBC CT 0.073 100 100 
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 MD_ID Collection Op. Resolution Voltage Current 

30 4399 PBC CT 0.074 100 100 

31 4416 PBC CT 0.071 100 100 

32 4417 PBC CT 0.073 100 100 

33 4435 PBC CT 0.075 100 100 

34 4442 PBC CT 0.075 100 100 

35 4448 PBC CT 0.073 100 200 

36 4449 PBC CT 0.074 100 100 

37 4458 PBC CT 0.077 100 100 

38 4537 PBC CT 0.075 100 100 

39 4540 PBC CT 0.075 100 100 

40 4565 PBC CT 0.075 100 100 

41 4578 PBC CT 0.072 100 100 

42 4636 PBC CT 0.070 100 100 

43 4837 PBC CT 0.078 100 200 

44 4853 PBC CT 0.075 100 100 

45 4905 PBC CT 0.071 100 100 

46 4946 PBC CT 0.075 100 100 

47 4956 PBC CT 0.073 100 200 

48 5033 PBC CT 0.075 100 100 

49 5039 PBC CT 0.075 100 100 

50 5056 PBC CT 0.073 100 100 

51 5150 PBC CT 0.075 100 100 

52 5178 PBC CT 0.071 100 100 

53 5203 PBC CT 0.071 100 100 

54 5248 PBC CT 0.075 100 100 

55 5259 PBC CT 0.075 100 100 

56 5304 PBC CT 0.073 100 100 

57 5305 PBC CT 0.075 100 100 

58 5343 PBC CT 0.076 100 100 

59 5345 PBC CT 0.075 100 100 

60 5347 PBC CT 0.073 100 100 

61 5386 PBC CT 0.071 100 100 

62 5446 PBC CT 0.071 100 100 

63 5462 PBC CT 0.071 100 100 
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 MD_ID Collection Op. Resolution Voltage Current 

64 5483 PBC CT 0.075 100 100 

65 5495 PBC CT 0.076 100 100 

66 5575 PBC CT 0.073 100 100 

67 5599 PBC CT 0.075 100 100 

68 5673 PBC CT 0.078 100 100 

69 5681 PBC CT 0.081 100 100 

70 5684 PBC CT 0.073 100 100 

71 5688 PBC CT 0.078 100 100 

72 5692 PBC CT 0.070 100 100 

73 5694 PBC CT 0.075 100 100 

74 5696 PBC CT 0.072 100 100 

75 5697 PBC CT 0.075 100 100 

76 5704 PBC CT 0.076 100 100 

77 5705 PBC CT 0.073 100 100 

78 5710 PBC CT 0.075 100 100 

79 5712 PBC CT 0.078 100 100 

80 5716 PBC CT 0.073 100 100 

81 5717 PBC CT 0.079 100 100 

82 5719 PBC CT 0.078 100 100 

83 5725 PBC CT 0.075 100 100 

84 5728 PBC CT 0.074 100 100 

85 5735 PBC CT 0.071 100 100 

86 5737 PBC CT 0.076 100 100 

87 5743 PBC CT 0.079 100 100 

88 5744 PBC CT 0.075 100 100 

89 5746 PBC CT 0.079 100 100 

90 5747 PBC CT 0.077 100 100 

91 5748 PBC CT 0.072 100 100 

92 5750 PBC CT 0.077 100 100 

93 5752 PBC CT 0.075 100 100 

94 5754 PBC CT 0.075 100 100 

95 5755 PBC CT 0.081 100 100 

96 5756 PBC CT 0.071 100 100 

97 5757 PBC CT 0.079 100 100 
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 MD_ID Collection Op. Resolution Voltage Current 

98 5759 PBC CT 0.081 100 100 

99 5760 PBC CT 0.075 100 100 

100 5761 PBC CT 0.073 100 200 

101 5763 PBC CT 0.071 100 100 

102 5766 PBC CT 0.073 100 100 

103 5768 PBC CT 0.073 100 100 

104 5769 PBC CT 0.073 100 100 

105 5784 PBC CT 0.077 100 100 

106 5785 PBC CT 0.075 100 200 

107 5796 PBC CT 0.073 100 100 

108 5797 PBC CT 0.073 100 200 

109 5800 PBC CT 0.081 100 100 

110 5807 PBC CT 0.068 100 100 

111 5810 PBC CT 0.073 100 100 

112 5812 PBC CT 0.075 100 100 

113 5816 PBC CT 0.073 100 200 

114 5832 PBC CT 0.075 100 100 

115 5837 PBC CT 0.070 100 100 

116 5842 PBC CT 0.075 100 100 

117 5845 PBC CT 0.066 100 200 

118 5848 PBC CT 0.080 100 100 

119 5855 PBC CT 0.073 100 100 

120 5857 PBC CT 0.080 100 100 

121 5860 PBC CT 0.075 100 100 

122 5862 PBC CT 0.068 100 100 

123 5865 PBC CT 0.077 100 100 

124 5867 PBC CT 0.080 100 100 

125 5868 PBC CT 0.075 100 100 

126 5875 PBC CT 0.080 100 100 

127 5880 PBC CT 0.080 100 200 

128 5882 PBC CT 0.075 100 100 

129 5885 PBC CT 0.070 100 100 

130 5886 PBC CT 0.075 100 100 

131 5892 PBC CT 0.071 100 200 
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 MD_ID Collection Op. Resolution Voltage Current 

132 5895 PBC CT 0.080 100 100 

133 5896 PBC CT 0.071 100 100 

134 5903 PBC CT 0.073 100 100 

135 5905 PBC CT 0.077 100 100 

136 5909 PBC CT 0.080 100 100 

137 5912 PBC CT 0.075 100 100 

138 5913 PBC CT 0.075 100 100 

139 5924 PBC CT 0.075 100 100 

140 5925 PBC CT 0.072 100 100 

141 5929 PBC CT 0.084 100 100 

142 5932 PBC CT 0.073 100 100 

143 5942 PBC CT 0.075 100 100 

144 5946 PBC CT 0.074 100 100 

145 5951 PBC CT 0.075 100 100 

146 5953 PBC CT 0.075 100 100 

147 5954 PBC CT 0.077 100 100 

148 5957 PBC CT 0.070 100 100 

149 5958 PBC CT 0.077 100 100 

150 5960 PBC CT 0.077 100 100 

151 5966 PBC CT 0.075 100 100 

152 5975 PBC CT 0.075 100 100 

153 5976 PBC CT 0.075 100 100 

154 5981 PBC CT 0.074 100 100 

155 5982 PBC CT 0.075 100 100 

156 5986 PBC CT 0.071 100 100 

157 5989 PBC CT 0.075 100 100 

158 5990 PBC CT 0.081 100 100 

159 5991 PBC CT 0.075 100 100 

160 5999 PBC CT 0.073 100 100 

161 6002 PBC CT 0.073 100 100 

162 6009 PBC CT 0.073 100 200 

163 6010 PBC CT 0.077 100 100 

164 6011 PBC CT 0.075 100 100 

165 6023 PBC CT 0.077 100 100 
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 MD_ID Collection Op. Resolution Voltage Current 

166 6024 PBC CT 0.073 100 100 

167 6028 PBC CT 0.073 100 100 

168 6030 PBC CT 0.075 100 100 

169 6031 PBC CT 0.080 100 200 

170 6034 PBC CT 0.075 100 100 

171 6035 PBC CT 0.073 100 100 

172 6068 PBC CT 0.073 100 100 

173 6109 PBC CT 0.073 100 100 

174 6145 PBC CT 0.073 100 100 

175 6157 PBC CT 0.077 100 100 

176 6172 PBC CT 0.073 100 100 

177 6187 PBC CT 0.073 100 200 

178 6192 PBC CT 0.071 100 200 

179 6198 PBC CT 0.071 100 200 

180 6215 PBC CT 0.075 100 100 

181 6219 PBC CT 0.080 100 100 

182 6228 PBC CT 0.084 100 100 

183 6229 PBC CT 0.076 100 100 

184 6234 PBC CT 0.073 100 100 

185 6236 PBC CT 0.075 100 100 

186 6237 PBC CT 0.073 100 100 

187 6242 PBC CT 0.072 100 100 

188 6244 PBC CT 0.080 100 100 

189 6248 PBC CT 0.073 100 100 

190 6251 PBC CT 0.072 100 100 

191 6254 PBC CT 0.071 100 100 

192 6256 PBC CT 0.073 100 100 

193 6257 PBC CT 0.073 100 100 

194 6264 PBC CT 0.075 100 100 

195 6274 PBC CT 0.080 100 100 

196 6286 PBC CT 0.083 100 100 

197 6288 PBC CT 0.077 100 100 

198 6289 PBC CT 0.071 100 100 

199 6290 PBC CT 0.073 100 100 
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 MD_ID Collection Op. Resolution Voltage Current 

200 6293 PBC CT 0.073 100 100 

201 6296 PBC CT 0.075 100 100 

202 6307 PBC CT 0.077 100 100 

203 6310 PBC CT 0.077 100 100 

204 6313 PBC CT 0.080 100 100 

205 6315 PBC CT 0.075 100 100 

206 6316 PBC CT 0.080 100 100 

207 6318 PBC CT 0.077 100 100 

208 6319 PBC CT 0.073 100 100 

209 6322 PBC CT 0.071 100 100 

210 6338 PBC CT 0.075 100 100 

211 6339 PBC CT 0.073 100 100 

212 6342 PBC CT 0.073 100 100 

213 6347 PBC CT 0.071 100 200 

214 6358 PBC CT 0.072 100 100 

215 6359 PBC CT 0.075 100 100 

216 6360 PBC CT 0.075 100 100 

217 6364 PBC CT 0.080 100 100 

218 6367 PBC CT 0.084 100 100 

219 6368 PBC CT 0.080 100 100 

220 6369 PBC CT 0.075 100 200 

221 6370 PBC CT 0.075 100 100 

222 6372 PBC CT 0.073 100 100 

223 6374 PBC CT 0.077 100 100 

224 6378 PBC CT 0.073 100 100 

225 6379 PBC CT 0.077 100 100 

226 6388 PBC CT 0.073 100 100 

227 6390 PBC CT 0.075 100 100 

228 6392 PBC CT 0.084 100 100 

229 6395 PBC CT 0.075 100 100 

230 6396 PBC CT 0.073 100 200 

231 6402 PBC CT 0.073 100 100 

232 6407 PBC CT 0.080 100 100 

233 6409 PBC CT 0.075 100 100 
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 MD_ID Collection Op. Resolution Voltage Current 

234 6411 PBC CT 0.075 100 100 

235 6412 PBC CT 0.075 100 100 

236 6425 PBC CT 0.075 100 100 

237 6426 PBC CT 0.075 100 100 

238 6430 PBC CT 0.075 100 100 

239 6432 PBC CT 0.080 100 100 

240 6437 PBC CT 0.080 100 100 

241 6440 PBC CT 0.075 100 100 

242 6444 PBC CT 0.080 100 100 

243 6449 PBC CT 0.080 100 100 

244 6456 PBC CT 0.075 100 100 

245 6458 PBC CT 0.075 100 100 

246 6459 PBC CT 0.072 100 100 

247 6461 PBC CT 0.072 100 100 

248 6463 PBC CT 0.072 100 100 

249 6466 PBC CT 0.073 100 100 

250 6470 PBC CT 0.073 100 100 

251 6481 PBC CT 0.076 100 100 

252 6482 PBC CT 0.073 100 100 

253 6483 PBC CT 0.073 100 100 

254 6487 PBC CT 0.072 100 100 

255 6488 PBC CT 0.072 100 100 

256 6504 PBC CT 0.080 100 100 

257 6512 PBC CT 0.070 100 100 

258 6515 PBC CT 0.080 100 200 

259 6523 PBC CT 0.075 100 100 

260 6524 PBC CT 0.075 100 100 

261 6528 PBC CT 0.070 100 100 

262 7018 PBC CT 0.084 100 100 

263 7022 PBC CT 0.081 100 100 

264 7049 PBC CT 0.080 100 100 

265 7053 PBC CT 0.075 100 100 
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Table D.2. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in µA) for all 

the mandibles micro-CT-scanned for previous research projects and included in the thesis. 

MD_ID: individual identification number; PBC: Pretoria Bone Collection, University of Pretoria; 

Op.: operator; ACO: Anna C. Oettlé, CS: Clarisa Sutherland. 

 MD_ID Collection Op. Resolution Voltage Current 

1 1636 PBC ACO 0.089 100 70 

2 3094 PBC ACO 0.098 100 70 

3 4968 PBC ACO 0.097 100 70 

4 5007 PBC ACO 0.095 100 70 

5 5012 PBC ACO 0.098 100 70 

6 5020 PBC ACO 0.097 100 70 

7 5057 PBC ACO 0.073 100 70 

8 5086 PBC ACO 0.091 100 70 

9 5177 PBC ACO 0.093 100 70 

10 5250 PBC ACO 0.097 100 70 

11 5256 PBC ACO 0.095 100 70 

12 5285 PBC ACO 0.097 100 70 

13 5296 PBC ACO 0.095 100 70 

14 5315 PBC ACO 0.093 100 70 

15 5358 PBC ACO 0.090 100 70 

16 5378 PBC ACO 0.097 100 70 

17 5383 PBC ACO 0.089 100 70 

18 5407 PBC ACO 0.094 100 70 

19 5454 PBC ACO 0.091 100 70 

20 5463 PBC ACO 0.095 100 70 

21 5476 PBC ACO 0.094 100 70 

22 5526 PBC ACO 0.097 100 70 

23 5573 PBC ACO 0.076 100 70 

24 5576 PBC ACO 0.089 100 70 

25 5614 PBC ACO 0.078 100 100 

26 5657 PBC ACO 0.089 100 70 

27 5661 PBC ACO 0.090 100 70 

28 5679 PBC ACO 0.106 100 70 

29 5693 PBC ACO 0.102 100 70 

30 5772 PBC ACO 0.095 100 70 

31 5792 PBC ACO 0.102 100 70 
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 MD_ID Collection Op. Resolution Voltage Current 

32 5806 PBC ACO 0.102 100 70 

33 5809 PBC ACO 0.095 100 70 

34 5863 PBC ACO 0.102 100 70 

35 5872 PBC ACO 0.099 100 70 

36 5873 PBC ACO 0.095 100 70 

37 5884 PBC ACO 0.102 100 70 

38 5944 PBC ACO 0.102 100 70 

39 6016 PBC ACO 0.092 100 70 

40 6159 PBC ACO 0.092 100 70 

41 6232 PBC ACO 0.105 100 70 

42 6243 PBC ACO 0.096 100 70 

43 6259 PBC ACO 0.105 100 70 

44 6265 PBC ACO 0.078 100 100 

45 6280 PBC ACO 0.078 100 100 

46 6284 PBC ACO 0.078 100 100 

47 6300 PBC ACO 0.082 100 100 

48 6305 PBC ACO 0.102 100 70 

49 6308 PBC ACO 0.082 100 100 

50 6309 PBC ACO 0.075 100 100 

51 6314 PBC ACO 0.085 100 100 

52 6323 PBC ACO 0.073 100 100 

53 6325 PBC ACO 0.095 100 70 

54 6335 PBC ACO 0.082 100 100 

55 6337 PBC ACO 0.078 100 100 

56 6344 PBC ACO 0.082 100 100 

57 6365 PBC ACO 0.096 100 70 

58 6401 PBC ACO 0.078 100 100 

59 6410 PBC ACO 0.102 100 70 

60 6416 PBC ACO 0.074 100 100 

61 6423 PBC ACO 0.099 100 70 

62 6526 PBC ACO 0.078 100 100 

63 6872 PBC ACO 0.078 100 100 

64 7020 PBC ACO 0.078 100 100 

65 5819 PBC CS 0.075 120 220 
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 MD_ID Collection Op. Resolution Voltage Current 

66 5931 PBC CS 0.075 120 220 

67 6011 PBC CS 0.068 90 120 

68 6217 PBC CS 0.069 120 220 

69 6220 PBC CS 0.073 90 120 

70 6225 PBC CS 0.072 120 220 

71 6231 PBC CS 0.095 90 120 

72 6247 PBC CS 0.070 90 120 

73 6252 PBC CS 0.073 120 220 

74 6262 PBC CS 0.073 120 220 

75 6263 PBC CS 0.069 120 220 

76 6265 PBC CS 0.074 90 120 

77 6334 PBC CS 0.070 90 120 

78 6350 PBC CS 0.074 120 220 

79 6353 PBC CS 0.072 120 220 

80 6357 PBC CS 0.076 120 220 

81 6371 PBC CS 0.068 120 220 

82 6376 PBC CS 0.072 120 220 

83 6389 PBC CS 0.076 120 220 

84 6394 PBC CS 0.072 120 220 

85 6403 PBC CS 0.077 120 220 

86 6404 PBC CS 0.077 120 220 

87 6413 PBC CS 0.073 120 220 

88 6429 PBC CS 0.076 120 220 

89 6530 PBC CS 0.075 120 220 

90 6537 PBC CS 0.082 120 220 

91 7019 PBC CS 0.073 120 220 

92 7031 PBC CS 0.073 120 220 
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Mandibles scanned by CBCT 

Table D.3. CBCT acquisition parameters (resolution in mm, voltage in kV, current in mA, exposure 

time in ms, field of view FOV in mm) for all the specimens CBCT-scanned at the Oral and Dental 

Hospital (University of Pretoria). 

MD_ID: individual identification number; PBC: Pretoria Bone Collection, University of Pretoria. 

 MD_ID Collection Resolution Voltage Current Exposure time FOV 

1 5761 PBC 0.200 88 11 12.11 130 x 900 

2 6030 PBC 0.200 88 11 12.06 130 x 160 

3 6035 PBC 0.200 88 11 12.09 130 x 160 

4 6231 PBC 0.200 88 11 12.10 130 x 160 

5 6403 PBC 0.200 88 11 12.08 130 x 160 

6 6537 PBC 0.200 88 11 12.16 130 x 160 

7 5819 PBC 0.200 88 11 12.15 130 x 130 

8 5981 PBC 0.200 88 11 12.08 130 x 130 

9 6247 PBC 0.200 88 11 12.14 130 x 130 

10 6263 PBC 0.200 88 11 12.13 130 x 130 

11 6305 PBC 0.200 88 11 12.08 130 x 130 

12 6401 PBC 0.200 88 11 12.10 130 x 130 

13 5810 PBC 0.200 88 10 12.12 130 x 160 

14 5886 PBC 0.200 88 10 12.13 130 x 160 

15 5951 PBC 0.200 88 10 12.12 130 x 160 

16 5966 PBC 0.200 88 10 12.13 130 x 160 

17 5991 PBC 0.200 88 10 12.14 130 x 160 

18 6394 PBC 0.200 88 10 12.12 130 x 160 

19 4139 PBC 0.200 88 10 12.15 130 x 900 

20 5462 PBC 0.200 88 10 12.14 130 x 900 

21 5862 PBC 0.200 88 10 12.14 130 x 900 

22 5982 PBC 0.200 88 10 12.13 130 x 900 

23 6426 PBC 0.200 88 10 12.15 130 x 900 

24 7019 PBC 0.200 88 10 12.14 130 x 900 
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Femora scanned by micro-CT 

Table D.4. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in µA) for all 

the femora selected by CT. 

FEM_ID: individual identification number; PBC: Pretoria Bone Collection, University of Pretoria; 

Op.: operator; CT: Charlotte Theye. 

 FEM_ID Collection Op. Resolution Voltage Current 

1 4006 PBC CT 0.0729 100 100 

2 4946 PBC CT 0.0924 100 100 

3 5020 PBC CT 0.0924 100 100 

4 5039 PBC CT 0.0640 100 100 

5 5347 PBC CT 0.0834 100 100 

6 5681 PBC CT 0.0924 100 100 

7 5705 PBC CT 0.0924 100 100 

8 5708 PBC CT 0.0856 100 100 

9 5710 PBC CT 0.0700 100 100 

10 5748 PBC CT 0.0729 100 100 

11 5756 PBC CT 0.0924 100 100 

12 5759 PBC CT 0.0942 100 100 

13 5772 PBC CT 0.0920 100 100 

14 5784 PBC CT 0.1006 100 100 

15 5806 PBC CT 0.0856 100 100 

16 5810 PBC CT 0.0924 100 100 

17 5863 PBC CT 0.1006 100 100 

18 5905 PBC CT 0.0920 100 100 

19 5946 PBC CT 0.0856 100 100 

20 5953 PBC CT 0.0754 100 100 

21 5958 PBC CT 0.0924 100 100 

22 5981 PBC CT 0.0924 100 100 

23 5990 PBC CT 0.0924 100 100 

24 6002 PBC CT 0.0924 100 100 

25 6010 PBC CT 0.0640 100 100 

26 6028 PBC CT 0.0700 100 100 

27 6030 PBC CT 0.0924 100 100 

28 6109 PBC CT 0.0700 100 100 

29 6232 PBC CT 0.0942 100 100 

30 6236 PBC CT 0.0733 100 100 
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 FEM_ID Collection Op. Resolution Voltage Current 

31 6237 PBC CT 0.0733 100 100 

32 6244 PBC CT 0.0700 100 100 

33 6247 PBC CT 0.0924 100 100 

34 6274 PBC CT 0.0942 100 100 

35 6284 PBC CT 0.0924 100 100 

36 6288 PBC CT 0.0942 100 100 

37 6310 PBC CT 0.0700 100 100 

38 6313 PBC CT 0.0856 100 100 

39 6339 PBC CT 0.0856 100 100 

40 6344 PBC CT 0.0924 100 100 

41 6359 PBC CT 0.0733 100 100 

42 6365 PBC CT 0.0700 100 100 

43 6367 PBC CT 0.0942 100 100 

44 6368 PBC CT 0.1006 100 100 

45 6378 PBC CT 0.1006 100 100 

46 6426 PBC CT 0.0942 100 100 

47 6449 PBC CT 0.1006 100 100 

48 6482 PBC CT 0.0856 100 100 

49 6488 PBC CT 0.0729 100 100 

50 7049 PBC CT 0.1006 100 100 
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Table D.5. Micro-CT acquisition parameters (resolution in mm, voltage in kV, current in µA) for all 

the femora selected by MC for previous research projects and included in the thesis. 

FEM_ID: individual identification number; PBC: Pretoria Bone Collection, University of Pretoria; 

Op.: operator; MC: Marine Cazenave. 

 FEM_ID Collection Op. Resolution Voltage Current 

1 4220 PBC MC 0.0750 100 100 

2 4926 PBC MC 0.0689 100 100 

3 5155 PBC MC 0.0757 100 100 

4 5626 PBC MC 0.0757 100 100 

5 5767 PBC MC 0.0689 100 100 

6 5618 PBC MC 0.0750 100 100 

7 5878 PBC MC 0.0689 100 100 

8 5957 PBC MC 0.1000 100 100 

9 6064 PBC MC 0.0649 100 100 

10 6068 PBC MC 0.1000 100 100 

11 6177 PBC MC 0.0888 100 100 

12 6192 PBC MC 0.0757 100 100 

13 6293 PBC MC 0.0689 100 100 

14 6314 PBC MC 0.0757 100 100 

15 6338 PBC MC 0.0689 100 100 

16 6390 PBC MC 0.0849 100 100 

17 6512 PBC MC 0.0888 100 100 

18 7028 PBC MC 0.0772 100 100 
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Appendix E. Micro-CT analysis of the mandible 

 

Repeatability – ICCs and TEMs 

Table E.1. Intra-observer errors estimated on micro-CT-based measurements: ICCs and 

95 % Confidence Intervals (CI lower – upper bounds), TEM and %TEM values. 

Lowest ICCs and largest %TEMs are in bold. _______________________________ 411 

 

Intra-observer agreement – Bland-Altman plots 

Figure E.1. Bland-Altman plots of the intra-observer agreement for the micro-CT-based 

external distances recorded on the mandibular corpus: m_h, a_h and p_h (top); and 

on the mandibular ramus: ra_b and ra_h (bottom). ____________________________ 412 

Figure E.2. Bland-Altman plots of the intra-observer agreement for the micro-CT-based 

cortical thicknesses recorded on the midline [A], anterior [B] and posterior [C] 

sections, as well as on the ramus breadth [D] and height [E]. ___________________ 413 

 

Normality – Kernel density plots 

Figure E.3. Kernel density plots of age in the entire sample [A], per sex [B], per ancestry 

[C], per sex/ancestry [D], per dentition category only [E] or per dentition category 

within sex [F]. ________________________________________________________ 415 

Figure E.4. Kernel density plots of the external distances in the entire sample [A], per sex 

[B], per ancestry [C] and per sex/ancestry [D]. _______________________________ 416 

Figure E.5. Kernel density plots of the external distances in the three dentition categories 

(from light to dark purple) within the entire sample [A], within females [B] and within 

males [C]. ___________________________________________________________ 417 

Figure E.6. Kernel density plots of the external distances in the three dentition categories 

(from light to dark purple) per sex/ancestry: FAA [A], FEA [B], MAA [C] and MEA 

[D]. ________________________________________________________________ 418 

Figure E.7. Kernel density plots of the cortical thicknesses in the entire sample [A], per 

sex [B], per ancestry [C] and per sex/ancestry [D]. ___________________________ 419 

Figure E.8. Kernel density plots of the cortical thicknesses in the three dentition categories 

(from light to dark purple) within the entire sample [A], within females [B] and within 

males [C]. ___________________________________________________________ 421 
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Figure E.9. Kernel density plots of the cortical thicknesses in the three dentition categories 

(from light to dark purple) within sex/ancestry: FAA [A], FEA [B], MAA [C] and 

MEA [D].____________________________________________________________ 423 

Figure E.10. Kernel density plots of the cortical BV/TV in the entire sample [A] and per 

sex [B]. _____________________________________________________________ 425 

Figure E.11. Kernel density plots of the cortical BV/TV in the three dentition categories 

(from light to dark purple) within the entire sample. __________________________ 426 
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Repeatability – ICCs and TEMs 

Table E.1. Intra-observer errors estimated on micro-CT-based measurements: ICCs and 95 % 

Confidence Intervals (CI lower – upper bounds), TEM and %TEM values. Lowest ICCs and largest 

%TEMs are in bold. 
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Intra-observer agreement – Bland-Altman plots 

External distances 

 
Figure E.1. Bland-Altman plots of the intra-observer agreement for the micro-CT-based external distances recorded on the mandibular corpus: m_h, a_h and 

p_h (top); and on the mandibular ramus: ra_b and ra_h (bottom). 95% of the measurements are located within the upper and lower limits of agreement (red dashed 

lines), while the mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is relative to the spread of variations.  
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Cortical thickness 

 
Figure E.2. Bland-Altman plots of the intra-observer agreement for the micro-CT-based cortical thicknesses recorded on the midline [A], anterior [B] and 

posterior [C] sections, as well as on the ramus breadth [D] and height [E]. 95% of the measurements are located within the upper and lower limits of 

agreement (red dashed lines), while the mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is relative to the spread 

of variations. (continued on the next page)  
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Figure E.2. (continued) 
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Normality – Kernel density plots 

Age 

 
Figure E.3. Kernel density plots of age in the entire sample [A], per sex [B], per ancestry [C], per 

sex/ancestry [D], per dentition category only [E] or per dentition category within sex [F]. 
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External distances 

 
Figure E.4. Kernel density plots of the external distances in the entire sample [A], per sex [B], per ancestry [C] and per sex/ancestry [D].
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Figure E.5. Kernel density plots of the external distances in the three dentition categories (from light 

to dark purple) within the entire sample [A], within females [B] and within males [C].
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Figure E.6. Kernel density plots of the external distances in the three dentition categories (from light to dark purple) per sex/ancestry: FAA [A], FEA [B], 

MAA [C] and MEA [D].  
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Cortical thickness 

 
Figure E.7. Kernel density plots of the cortical thicknesses in the entire sample [A], per sex [B], per ancestry [C] and per sex/ancestry [D]. (continued on the 

next page)  
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Figure E.7. (continued) 
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Figure E.8. Kernel density plots of the cortical thicknesses in the three dentition categories (from light 

to dark purple) within the entire sample [A], within females [B] and within males [C]. (continued on 

the next page) 
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Figure E.8. (continued) 
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Figure E.9. Kernel density plots of the cortical thicknesses in the three dentition categories (from light to dark purple) within sex/ancestry: FAA [A], FEA [B], 

MAA [C] and MEA [D]. (continued on the next page) 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

424 

 
Figure E.9. (continued) 
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Cortical density 

 
Figure E.10. Kernel density plots of the cortical BV/TV in the entire sample [A] and per sex [B]. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



APPENDIX E. MICRO-CT ANALYSIS OF THE MANDIBLE 

 

 426 

 
Figure E.11. Kernel density plots of the cortical BV/TV in the three dentition categories (from light to 

dark purple) within the entire sample. 
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Appendix F. Micro-CT analysis of the femur 

 

Normality – Kernel density plots 

Figure F.1. Kernel density plots of age in the entire femoral sample [A], per sex [B], per 

ancestry [C] and per sex/ancestry [D]. _____________________________________ 428 

Figure F.2. Kernel density plots of the femoral cortical BV/TV in the entire sample [A], 

per sex [B], per ancestry [C] and per sex/ancestry [D]. ________________________ 429 
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Normality – Kernel density plots 

Age 

 
Figure F.1. Kernel density plots of age in the entire femoral sample [A], per sex [B], per ancestry [C] 

and per sex/ancestry [D]. 
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Cortical density 

 
Figure F.2. Kernel density plots of the femoral cortical BV/TV in the entire sample [A], per sex [B], per ancestry [C] and per sex/ancestry [D].
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Appendix G. CBCT analysis of the mandible 

 

CBCT intra-observer agreement – Bland-Altman plots 

Figure G.1. Bland-Altman plots of the intra-observer agreement for the CBCT-based 

external distances recorded on the mandibular corpus (top): midline (m_h), anterior 

(a_h) and posterior (p_h) heights; and on the mandibular ramus (bottom): breadth 

(ra_b) and height (ra_h). ________________________________________________ 432 

Figure G.2. Bland-Altman plots of the intra-observer agreement for the CBCT-based CtTh 

recorded on the midline, anterior and posterior sections, as well on the ramus breadth 

and height. ___________________________________________________________ 433 

 

Micro-CT vs. CBCT agreement – Bland-Altman plots 

Figure G.3. Bland-Altman plot of micro-CT vs. CBCT mandibular body length. ________ 435 

Figure G.4. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the 

anterior section: alveolar height a_h [A], basal, buccal and lingual CtTh [B] and 

BV/TV [C]. __________________________________________________________ 436 

Figure G.5. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the 

posterior section: alveolar height p_h [A], basal, buccal and lingual CtTh [B] and 

BV/TV [C]. __________________________________________________________ 437 

Figure G.6. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the 

ramus breadth section: breadth ra_b [A], buccal and lingual CtTh [B] and BV/TV 

[C]. _________________________________________________________________ 438 

Figure G.7. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the 

ramus height section: height ra_h [A], buccal and lingual CtTh [B] and BV/TV [C]. _ 439 

 

Micro-CT vs. CBCT agreement – Passing-Bablok regressions 

Figure G.8. Micro-CT vs. CBCT Passing-Bablok regression of the body length. ________ 440 

Figure G.9. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements 

recorded on the anterior section: alveolar height a_h [A], basal, buccal and lingual 

CtTh [B] and BV/TV [C]. _______________________________________________ 441 

Figure G.10. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements 

recorded on the posterior section: alveolar height p_h [A], basal, buccal and lingual 

CtTh [B] and BV/TV [C]. _______________________________________________ 442 
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Figure G.11. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements 

recorded on the ramus breadth section: breadth [A], buccal and lingual CtTh [B] and 

BV/TV [C]. __________________________________________________________ 443 

Figure G.12. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements 

recorded on the ramus height section: height [A], buccal and lingual CtTh [B] and 

BV/TV [C]. __________________________________________________________ 444 
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CBCT intra-observer agreement – Bland-Altman plots 

External distances 

 
Figure G.1. Bland-Altman plots of the intra-observer agreement for the CBCT-based external distances recorded on the mandibular corpus (top): midline 

(m_h), anterior (a_h) and posterior (p_h) heights; and on the mandibular ramus (bottom): breadth (ra_b) and height (ra_h). 95% of the measurements are 

located within the upper and lower limits of agreement (red dashed lines), while the mean of differences is illustrated by the horizontal black dashed line. The 

vertical y-axis scale is relative to the spread of variations. 
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Cortical thickness 

 
Figure G.2. Bland-Altman plots of the intra-observer agreement for the CBCT-based CtTh recorded on the midline, anterior and posterior sections, as well on 

the ramus breadth and height. 95% of the measurements are located within the upper and lower limits of agreement (red dashed lines), while the mean of 

differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is relative to the spread of variations. (continued on the next page)  
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Figure G.2. (continued) 
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Micro-CT vs. CBCT agreement – Bland-Altman plots 

Length of mandibular corpus 

 

 
Figure G.3. Bland-Altman plot of micro-CT vs. CBCT mandibular body length. 95% of the 

measurements are located within the upper and lower limits of agreement (red dashed lines), while the 

mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is 

relative to the spread of variations. 
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Anterior section 

 
Figure G.4. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the anterior 

section: alveolar height a_h [A], basal, buccal and lingual CtTh [B] and BV/TV [C]. 95% of the 

measurements are located within the upper and lower limits of agreement (red dashed lines), while the 

mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is 

relative to the spread of variations.  
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Posterior section 

 
Figure G.5. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the posterior 

section: alveolar height p_h [A], basal, buccal and lingual CtTh [B] and BV/TV [C]. 95% of the 

measurements are located within the upper and lower limits of agreement (red dashed lines), while the 

mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is 

relative to the spread of variations.  
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Ramus sections 

 
Figure G.6. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the ramus 

breadth section: breadth ra_b [A], buccal and lingual CtTh [B] and BV/TV [C]. 95% of the 

measurements are located within the upper and lower limits of agreement (red dashed lines), while the 

mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is 

relative to the spread of variations.  
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Figure G.7. Bland-Altman plots of the micro-CT vs. CBCT measurements recorded on the ramus 

height section: height ra_h [A], buccal and lingual CtTh [B] and BV/TV [C]. 95% of the 

measurements are located within the upper and lower limits of agreement (red dashed lines), while the 

mean of differences is illustrated by the horizontal black dashed line. The vertical y-axis scale is 

relative to the spread of variations. 
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Micro-CT vs. CBCT agreement – Passing-Bablok regressions 

Length of mandibular corpus 

 

 
Figure G.8. Micro-CT vs. CBCT Passing-Bablok regression of the body length. Reference method (x-

axis: micro-CT) is plotted against the method tested (y-axis: CBCT) with a regression line (dark 

purple lines), a 95% confidence area (light purple) and an identity line (x = y, red dashed lines). 
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Anterior section 

 
Figure G.9. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements recorded on the 

anterior section: alveolar height a_h [A], basal, buccal and lingual CtTh [B] and BV/TV [C]. 

Reference method (x-axis: micro-CT) is plotted against the method tested (y-axis: CBCT) with a 

regression line (dark purple lines), a 95% confidence area (light purple) and an identity line (x = y, red 

dashed lines). 
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Posterior section 

 
Figure G.10. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements recorded on the 

posterior section: alveolar height p_h [A], basal, buccal and lingual CtTh [B] and BV/TV [C]. 

Reference method (x-axis: micro-CT) is plotted against the method tested (y-axis: CBCT) with a 

regression line (dark purple lines), a 95% confidence area (light purple) and an identity line (x = y, red 

dashed lines). 
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Ramus sections 

 
Figure G.11. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements recorded on the 

ramus breadth section: breadth [A], buccal and lingual CtTh [B] and BV/TV [C]. Reference method 

(x-axis: micro-CT) is plotted against the method tested (y-axis: CBCT) with a regression line (dark 

purple lines), a 95% confidence area (light purple) and an identity line (x = y, red dashed lines). 
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Figure G.12. Micro-CT vs. CBCT Passing-Bablok regressions for the measurements recorded on the 

ramus height section: height [A], buccal and lingual CtTh [B] and BV/TV [C]. Reference method (x-

axis: micro-CT) is plotted against the method tested (y-axis: CBCT) with a regression line (dark 

purple lines), a 95% confidence area (light purple) and an identity line (x = y, red dashed lines). 
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