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Summary: 

In order to support identification of crime victims in South Africa, new methods need 

to be sought. If victim identification involving fingerprints, DNA or dental records are not 

possible, facial approximation is often the only alternative. In order to gain necessary 

background data for the identification of unknown individuals, e.g. for facial 

approximations, facial features of modern South Africans need to be investigated and shape-

influencing factors identified. New imaging technologies have opened the possibility of 

including living, dentate individuals, as specimens in skeletal collections are often 

edentulous. The aim of this dissertation was to assess chin shape variation and the factors 

influencing it, in black and white South Africans.  

In the first part, the mental eminence was assessed by applying a morphoscopic sex 

estimation technique, to test its applicability to 105 dry mandibles from the Pretoria Bone 

Collection, and to the respective micro-focus X-ray computed tomography (micro-XCT) 

scans, obtained at the Nuclear Energy Corporation South Africa. Fleiss Kappa, Cohen’s 

Kappa and Wilcoxon Signed-Rank tests were applied. Score frequencies and observer 

performance were analysed. In the second part, the chin shape was assessed by quantifying 

its morphology, applying geometric morphometric methods to 291 retrospectively collected 

CBCT scans. The scans were obtained for medical reasons from dental patients, at the Oral 

and Dental Hospital, University of Pretoria. The possible influences of ancestry, sex, age 

and allometry on the chin shape were tested, using MAN(C)OVA, 50-50 MANOVA, 

permutation tests and discriminant function analysis (DFA) on the x-, y- and z-coordinates 

of the anatomical landmarks. 

The morphoscopic method to estimate sex on the mental eminence, originally applied 

to bone, was found to be applicable to micro-XCT scans as well, and observer performance 

did not vary greatly between the two modalities. However, an observer’s personal affinity to 

assess 3D images, the level of experience and tendency to over- or underscore in one of the 

two modalities cannot be excluded and should be individually tested. The chins of black 

females and white males had the highest probabilities of correct sex estimation. Ancestry, 
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age and allometry were significant chin shape influencing factors in the complete sample. In 

addition, ancestry influenced the chin shape significantly within the sex groups, allometry 

within the ancestral groups. Sexual dimorphism significantly influenced chin shape in the 

complete sample on the bony menton and in the ancestral groups. Most results from both 

parts of the study concurred, except the influence of age. 

With the increasing availability of imaging techniques in forensic anthropology, 

researchers are motivated to look for new, and validate existing, methods in 3D. By assessing 

the applicability of a morphoscopic sex estimation technique to micro-XCT scans, and by 

investigating the chin shape variation using CBCT scans, the present study contributed to 

the quantifiable biological profiling methods involving 3D imaging techniques in South 

Africa. 

This study could encourage further research on all five traits of the morphoscopic 

method in bone and 3D surfaces, and of the soft-tissue shape of the chin in the same 

populations.  
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CHAPTER 1 INTRODUCTION 

Forensic anthropologists in South Africa have been assisting the South African 

Police Services (SAPS) with the identification of a large number of unidentified bodies each 

year for more than a decade. Over 1,100 bodies remained unidentified in Gauteng Province 

alone between April 2018 and March 2019; the majority of them (360 bodies) at the 

Johannesburg mortuary (Bloom 2019). The high number of unidentified bodies, especially 

in Gauteng Province, could be partly attributed to the migrant working situation in South 

Africa (L’Abbé et al. 2005). When migrant workers from a different South African province 

or non-South African citizens lacking identification documentation die, but are not reported 

as missing, personal identification is rendered difficult or even impossible (Bloom 2015).  

Another factor contributing to the high number of unidentified bodies is the crime 

rate. South Africa has one of the highest homicide rates worldwide (Krüger et al. 2018). In 

the year 2000, nearly 60,000 deaths due to injury had been registered, resulting in a higher 

overall unnatural death rate (157.8 per 100,000 population) than that of the entire African 

continent (139.5). Moreover, South Africa’s unnatural death rate is nearly double the global 

rate of 86.9 per 100,000 population (Seedat et al. 2009). In 2007 and 2008, the nationwide 

South African homicide rate amounted to 39 per 100,000 population as recorded by the 

SAPS (Seedat et al. 2009). The current annual number of homicides is reported as 

approximately 32,600 (Statistics of South Africa 2018/2019). Even in rural areas, homicide 

can be the most frequent cause of death in men after HIV-related deaths and the most 

frequent cause of death in women (Otieno et al. 2015). The homicide rate for women is six 

times the global average, with half the homicides committed by the women’s intimate 

partners (Seedat et al. 2009). In addition to migrant labour and immigration, factors 
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contributing to the high homicide rate in South Africa have been identified as the unique 

political history and economic inequalities of the country, as well as alcohol and substance 

abuse, unemployment, lack of education and male dominance (Otieno et al. 2015).  

The high number of unidentified victims per year is expected to remain an issue in 

South Africa if priority is not given to victim identification (Bloom 2015; 2019). When 

victim identification is not possible due to progressed soft-tissue decomposition and the lack 

of dental records, DNA or fingerprint databases, there is often a need to fall back on facial 

approximation methods (Short et al. 2014). Facial approximation can be done in two or in 

three dimensions (2D, 3D) (Snow et al. 1970; Gerasimov 1971; Taylor 2000; Wilkinson 

2004). The underlying principle is in the relationship between the hard- and the soft-tissue 

of the face (Allam et al. 2018). In the present study, the quantification of the scanned chin 

morphology should contribute to the understanding of shape influencing demographic 

parameters, in order to then allow to correlate the hard- and soft-tissue of the lower face in 

South Africans. In 3D, the face can be reconstructed either manually (Gerasimov 1971) or 

virtually (Vanezis et al. 1989), with 3D imaging software. While the manual methods are 

considered subjective by the scientific community, the computer-based models aim at 

objectivity (Stephan et al. 2003; Guyomarc’h et al. 2014). Representations of facial 

approximations are published to instigate recognition among the populace as family and/or 

friends of the victim spot the reconstructed face. Hence, research efforts at the Forensic 

Anthropology Research Centre (FARC), University of Pretoria, are being undertaken to 

alleviate the problematic issues of victim identification and to further the scientific 

foundation on which to build facial approximations. The study by Dorfling and colleagues 

verified the current facial approximation guidelines (Stephan and Davidson 2008) regarding 

the position of the eyeballs in the socket (Dorfling et al. 2018). This allows a more adequate 

approximation of the position of the eyes in facial approximation. Recently, Ridel (2019) 

studied the shape variation of the hard-tissue shape and predicted the soft-tissue shape of the 

nose and the mid-face in South African populations, using cone beam computed tomography 

(CBCT) surfaces.  

The increasing use of scanned bones in forensic anthropology has been leading 

researchers to test and to develop new methods (Garvin and Stock 2016; Dereli et al. 2018). 
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The present study made use of 3D imaging techniques to test an existing method (Walker 

2008), and to develop a new method for forensic anthropology in South Africa. 

In the first part of the study, a widely used morphoscopic method (Walker 2008) to 

estimate sex was tested regarding its applicability to 3D surface scans in South African 

populations. The study involved 105 mandibles from the Pretoria Bone Collection (PBC), 

and the corresponding micro-focus X-ray computed tomography (micro-XCT) surfaces from 

South African blacks and whites, allowing direct comparison between the scoring of bone 

and 3D surfaces. The aim was to test the method’s applicability to micro-XCT scans by 

comparing scores in the two modalities (bone and micro-XCT scans) and among observers. 

The second part of the study entailed the analysis of the bony chin shape variation in 

black and white South Africans and the possible influence ancestry, sex, age and allometry 

could wield over it. The CBCT scans of 291 dental patients were studied, applying geometric 

morphometric (GMM) methods. The aim was to broaden the knowledge on the chin shape 

variation, possibly influenced by the factors ancestry, sex, age and allometry. The 

verification of the shape variation connected to these factors could lay the foundation for 

research dedicated to victim identification in forensic anthropology in South Africa.  

Thus far, no study had been carried out on the quantification of the chin shape 

variation with ancestry, sex, age and allometry, in black and white South Africans, involving 

craniometric landmarks and GMM.  

 

The specific objectives of this study were to 

1. assess the shape of the chin by testing the applicability of the Walker (2008) method 

on 105 dry mandibles and micro-XCT surface scans, and compare the scores between 

these two modalities among observers and to known sex, and to  

2. analyse the chin shape variation using CBCT hard-tissue surfaces of 291 dental 

patients with geometric morphometrics (GMM). Within this study part to  

a. test the accuracy of the manual versus automatic placement of the nine pre-

defined craniometric landmarks, and to 

b. determine and describe the covariance of the hard-tissue chin shape with the 

variables ancestry, age, sex and size (allometry).
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CHAPTER 2 LITERATURE REVIEW 

In this chapter, a literature review is given, underlining the aims of this study. An 

anthropological description, including an account of the anatomy of the mandible, 

evolutionary aspects of the prominent chin, as well as the genetic (ancestry, sex, age) and 

biomechanical (mastication, tooth loss, subsistence and speech) factors thought to possibly 

influence the mandible, will be described. Micro-focus X-ray computed tomography (micro-

XCT) and cone beam computed tomography (CBCT) technologies will be highlighted, 

followed by a section on why and how anatomical landmarks are used. This will be followed 

by an introduction to forensic anthropology, and a description of shape variation within this 

field of research, using morphoscopic methods and geometric morphometrics (GMM). 

 

2.1 ANTHROPOLOGICAL DESCRIPTION 

The anatomy of the mandible and, more specifically, the chin in the adult will be 

described in the following section. Possible evolutionary aspects of the prominent human 

chin will follow, as well as genetic and biomechanical factors influencing its development 

and expression. Among the genetic factors, which may influence the shape of the mandible 

and the chin, are ancestry, sex, and age. Along with the effects of ageing, ontogenesis, tooth 

eruption and changes during adulthood will be outlined. Among the biomechanical factors, 

mastication and tooth loss as the most obvious influencing parameters on the morphology of 

the mandible and the chin will be discussed. Furthermore, subsistence strategy connected to 
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the shape of the mandible will be evaluated as well as speech and its possible connection to 

the shape of the mandible and chin.  

 

2.1.1 Mandibular anatomy 

The mandible is a robust bone of the human skeleton and forms part of the skull. The 

mandible consists of the ramus and the body, connected at the mandibular angle. The condyle 

forms the temporomandibular joint with the glenoid fossa in the temporal bone of the 

cranium. Anteriorly in the mandible, the chin or menton is shaped by the mental tubercles 

and the mental protuberance, the latter being located on the fused mental symphysis (Netter 

2014). An equal expression of the mental tubercles and the protuberance contributes to a 

rounded chin shape (Figure 2.1a), whereas a square chin shape (Figure 2.1b) is caused by a 

more prominent expression of the mental tubercles and an explicit fossa mentalis. 

 

 

 

Figure 2.1 a) Round chin shape, b) square chin shape, depending on the morphology of the fossa mentalis, the 

protuberance and the mental tubercles (mandibles from the Pretoria Bone Collection). 

 

 

If, however, the mental protuberance is markedly expressed, the chin shape is 

perceived as pointed (Loth and Henneberg 2001; Garvin and Ruff 2012). 

In the alveolar part of the mandibular body, the teeth are anchored in deep sockets 

called alveoli (Figure 2.2).  

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

Department of Anatomy 

University of Pretoria 

 

                                                                  

 

6 

 

 

Figure 2.2 Bony features of the mandible, lateral view (photo taken by the author, courtesy curator of the 

Pretoria Bone Collection). 

 

 

The incurvatio mandibularis or supramentale (Figure 2.3) is situated just above the 

mental protuberance. The incurvatio mandibularis deepens on either side into the fossa 

mentalis (Schwartz and Tattersall 2000) for the attachment of the mentalis muscle (Figure 

2.4). 

 

 

Figure 2.3 Bony features of the chin, frontal view (photo taken by the author, courtesy curator of the Pretoria 

Bone Collection). 
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Lateral to the mental tubercles originates the depressor anguli oris muscle, which 

draws the angle of the mouth downwards, and the depressor labii inferioris (Figure 2.4) 

moving the lower lip downwards (Standring 2008). Together with the masseter and the 

medial pterygoid muscles, the temporal muscle lifts the mandible into occlusal contact with 

the maxillary teeth (Potgieter et al. 1983). The depressor muscles of the mandible, in 

contrast, oppose this upward movement of the mandible while the digastric muscles pull the 

mandible down towards the hyoid bone, which in turn is braced by the infrahyoid muscles. 

The platysma, together with the effect of gravity, further increases the space between the 

maxilla and mandible. Bite force is dependent on the strength of the masseter, temporal and 

pterygoid muscles (Sella-Tunis et al. 2018). 

 

 

 

 

Figure 2.4 Muscle attachment sites on the lateral aspect of the mandible (photo taken by the author, courtesy 

curator of the Pretoria Bone Collection; muscle attachments drawn by Mrs Franci Swanepoel). 
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2.1.2 Possible evolutionary basis for chin shape variation 

The prominent chin is a hallmark of modern human anatomy and numerous theories 

arose over the past 100 years, attempting to explain why the chin evolved in the first place 

(Hrdlička 1911). When the chin was studied in the human fossil record (Schwartz and 

Tattersall 2000), it was found that while some of the late Pleistocene specimens analysed 

exhibited a pronounced mental tuberosity, some of the juvenile Qafzeh fossils from the late 

Pleistocene (92,000 to 95,000 years), which are presumably anatomically modern Homo 

sapiens, did not. Neanderthals, on the other hand, lacked the expression of the trait 

completely (Schwartz and Tattersall 2000). The trait can thus not be used as a criterion for 

inclusion into, or exclusion of, the species H. sapiens.  

A hypothesis for the evolution of the chin is sexual selection (Hershkovitz 1970). 

Further studies on this theory in the 1990s and early 2000s suggest the development of a 

prominent and square male chin due to a female preference, indicating social dominance, for 

a desirable trait in a potential mate (Grammer and Thornhill 1994; Thornhill and Gangestad 

1999; Grammer et al. 2003; Borelli and Berneburg 2009). The perception of attractiveness 

in the female face in today’s central European region is based on childlike characteristics 

including, among other features, a small chin (Borelli and Berneburg 2009).  

With the evolutionary reduction of the dental arch to a more vertical face, a 

connection between a protruding chin and space allotment in the oral cavity is suspected. 

The tongue can thus be accommodated anteriorly without obstructing the posterior space 

needed for breathing and swallowing (Coquerelle et al. 2013a; Coquerelle et al. 2013b). This 

theory would imply that a more prognathic facial shape has less necessity to develop a 

prominent chin as the available space for the tongue is provided by prognathism. 
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2.1.3 The influence of genetic and biomechanical factors on chin shape 

variation 

The mandibular shape in humans is influenced by a variety of genetic factors 

(Fazekas and Kósa 1978), such as the appearance and expression of traits defined by 

geographical origin, or ancestry (İşcan and Steyn 2013), and the circulation of sex hormones 

(Roosenboom et al. 2018), thus expressing a certain degree of size and shape differences 

between the sexes (sexual dimorphism) (Thayer and Dobson 2010). The influence of ageing 

on the mandible, in contrast, is thought not to be discernible beyond youth (Windhager et al. 

2019). Apart from the genetic influences, biomechanical factors may also contribute to 

mandibular shape, including mastication, tooth loss (Oettlé 2014; Bertl et al. 2016), 

subsistence and speech, which will be discussed in this section (Lieberman et al. 2001; 

Holton et al. 2015; Noback and Harvati 2015; Blasi et al. 2019).  

 

2.1.3.1 Ancestry 

Ancestral shape differences in the skeleton are based on human evolutionary 

geographic dispersion and genetic variation (İşcan and Steyn 2013; Spradley 2016). 

Ancestral shape variation in mandibular morphology is not only visible and measurable in 

the overall appearance of the mandible (breadth and width), it can also be ascertained in the 

shape of the ramus and the bony chin (Oettlé 2014). In South African and North American 

populations, ancestry is assessed morphoscopically (Spiros and Hefner 2019), and metrically 

(Spradley 2016) on the mandibular shape (L’Abbé et al. 2011; Hefner and Ousley 2014; 

Oettlé et al. 2017). The mandible of black South Africans is generally larger and presents 

with longer and broader rami than that of white South Africans (Tobias 1974), and it exhibits 

a lower degree of gonial eversion than that of whites (Oettlé et al. 2009a). Enhanced gonial 

eversion is thought to be directly linked to stronger muscle attachments of the masseter (Loth 

and Henneberg 2000). Despite the higher degree of gonial eversion and the more robust 

masseter attachment sites, mandibles of white South Africans are shorter and wider than in 

blacks (Parr 2005; Oettlé et al. 2009a). In addition to general mandibular shape and gonial 

eversion, the shape of the bony chin in black and white South Africans differs as well (Tobias 
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1974). While African groups exhibit a more pointed or rounded chin shape (Garvin and Ruff 

2012), the chin in European groups tends to make a squarer impression (De Villiers 1968; 

Parr 2005; Oettlé 2014), constituting part of the ancestral shape variation.  

 

2.1.3.2 Sexual dimorphism 

Sex can be estimated either morphoscopically or metrically (Spradley 2016) and is 

based on the expression of sexual dimorphism, a term first described by Darwin (1871), 

referring to the size and shape differences between sexes in a species as well as the primary 

sex characteristics (Gilbert 2000). In modern humans, sexual dimorphism can involve up to 

15% larger dimensions in males than in females (Larsen 2003). These so-called male-biased 

size differences as observed in humans may have evolved from enhanced male-male 

competition, resulting in better mating success (Barreto and Avise 2011).  

Dimensions of the mandible in males are in general greater than in females: a greater 

general mandibular body height, especially at the mental symphysis, a greater degree of 

gonial eversion, a broader ramus, and also a flexure of the posterior margin of the ramus and 

a more acute gonial angle (Loth and Henneberg 1996; Loth and Henneberg 2000; Oettlé et 

al. 2009b; İşcan and Steyn 2013). Sexual dimorphism in the mandible is generally perceived 

as prominent, but ancestry-specific (Garvin and Ruff 2012). These researchers studied skulls 

from the 19th and 20th centuries in the United States and discovered that white American 

females displayed generally shorter chins than white males, and black females and males 

from the same region and period (Garvin and Ruff 2012). As corroborated by the study of 

Oettlé (2014), a more prominent or even square chin shape is associated with a male 

individual while a more rounded or even pointed chin shape (Byrnes et al. 2017) is associated 

with a female individual (İşcan and Steyn 2013). 

While generally the chin can be and is used for sex estimation, a relatively great 

overlap of chin morphology between the sexes should be taken into account; Garvin and 

Ruff (2012) found that even when employing a new scanning method to quantify chin shape, 

the cross-validated results reached only 62.2% for correct sex estimation. While the chin has 

been used for sex estimation with morphoscopic methods, the lack of metrically founded 

results has been limiting repeatability of the estimation methods (Garvin and Ruff 2012).  
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Early childhood sex differences are expressed in the tooth eruption patterns, 

described in section 2.1.3.3 below, and in a shape dimorphism from birth to about three or 

four years of age (Coquerelle et al. 2011; Hutchinson et al. 2012). After that, until the age of 

14 or 15 years, no sexual dimorphism is detectable (Franklin et al. 2007; Coquerelle et al. 

2011). The early sexual dimorphism noted by Hutchinson (2010), but not by Franklin and 

colleagues (2007), could be related to the different materials used in the two studies 

(skeletonised versus cadaveric). Skeletonised material, as used by Franklin et al. (2007), 

might not fully represent the chin shape, as ossicles of the symphysis do not fuse with the 

mandibular bones until the first or second year of life (see section 2.1.3.3) (İşcan and Steyn 

2013). Sexual dimorphism in early childhood includes a significantly greater mental angle 

(at the mental symphysis) in females as opposed to males.  

 

2.1.3.3 Age  

Like ancestry and sex, age is a demographic parameter estimated in forensic 

anthropology (Acsádi and Nemeskéri 1970). In this section, an overview will be given on 

the ontogenesis of the mandible and on the dental tooth eruption during childhood and early 

adulthood, followed by a description of morphological changes taking place during 

adulthood (İşcan and Steyn 2013; Guo et al. 2014). 

 

 

Ontogenesis 

The term ontogenesis refers to the development of an organism, from the fertilisation 

of the ovum to the adult stage (Gould 1977; Zetkin and Schaldach 1980). This section of the 

literature review focuses on the ontogenesis of the mandible and the chin.  

The mandible ossifies in the middle of the third foetal month from membranous 

cartilage that disintegrates as soon as the shape of the mandible is final. Ossification of the 

mandible takes place at about the same time or slightly before that of the maxilla (Fazekas 

and Kósa 1978). In the foetus, the mandible consists of two halves, with the mental 

symphysis remaining unfused until sometime between the first and second year postpartum. 

Fusion of the mental symphysis starts from centres of ossification (ossicles) within the 
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mesenchymal tissue in the symphysis. The ossicles fuse in the fifth or sixth month 

postpartum (Fazekas and Kósa 1978; Becker 1986; Reichs 1986), but do not fuse with the 

two mandibular bones until the first or second year of life (İşcan and Steyn 2013). The 

ossicles of the mental symphysis do not influence the shape of the mental protuberance 

(Fazekas and Kósa 1978), as their function is limited to the ossification of the mental 

symphysis. The prenatal growth of the mandibular arch is dedicated to the accommodation 

of the tongue and the developing deciduous dentition (Hutchinson et al. 2012). 

The chin shape appears to be a developmental feature that does or does not form 

prominently during adolescence, from a vertical symphyseal shape as seen in profile during 

childhood. The degree of chin development can vary and produce an array of shapes 

(Schwartz and Tattersall 2000). In contrast to the other parts of the mandible, the variable 

ontogenetic allometry in the chin indicates the possibility that the allometry of the mental 

symphysis is not correlated with symphyseal stresses during mastication (Holton et al. 2015). 

Rather, the space arrangement for the tongue mass and the muscle attachments between the 

anteriorly limiting dental arch and the laryngopharynx posteriorly are more related to the 

ontogenetic expression of the mental region (DuBrul and Sicher 1954; Enlow 1990; 

Coquerelle et al. 2013a; Coquerelle et al. 2013b; Coquerelle et al. 2017).  

 

 

Tooth eruption 

The eruption sequence of teeth after birth is well studied and described, and defines 

the beginning and ending of the different stages of childhood and adolescence (Schaefer et 

al. 2009; Irish and Scott 2016). A difference in the tooth eruption patterns between females 

and males can be detected as early as two years of age (Hutchinson 2010). By definition, 

early childhood starts at around six months of age with the eruption of the first deciduous 

tooth, and ends with the eruption of the first permanent molar at about six years of age 

(Liversidge 2016). Likewise, childhood starts with the eruption of the first permanent tooth 

and ends when the permanent second premolar is erupted at between eleven and 13 years of 

age (Ubelaker 1984; İşcan and Steyn 2013). An individual is a young adult once the third 

molar has erupted and its roots are fully formed at approximately 18 to 21 years (İşcan and 

Steyn 2013; Guo et al. 2014). Hence, chronological age (see section 2.3) in individuals 
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younger than 18 to 21 years can be estimated reasonably well, according to tooth 

development and eruption, among other skeletal developmental stages (İşcan and Steyn 

2013). The expression of the mental eminence is fully developed well before the eruption of 

the third molar, namely between about 13 (females) and about 16 (males) years of age (Stock 

2018).  

 

 

Changes during adulthood 

After the eruption of teeth, the mandible, and the skeleton on the whole, is not 

generally useful to estimate chronological age (İşcan and Steyn 2013). The difficulty is that 

due to the individual biological ageing factors, tooth loss associated with advanced age does 

not follow determinate patterns and is thus not a valuable age estimation method (Oettlé 

2014). After the conclusion of dental eruption, the shape of the mandible and, more 

specifically, the chin is known to change slightly in the adult stage. When the influence of 

ageing on the hard- and soft-tissue in a modern Croatian sample was studied, the authors 

concluded that the female face changes at approximately the age of 50, especially in early 

menopause when hormonally-induced bone resorption in the mandible is reported to take 

place (Windhager et al. 2019). However, the mandibular shape changes were not statistically 

significant. The present study took South African populations into account and investigated 

any possible influence of ageing on the chin shape. 

 

2.1.3.4 Biomechanical factors  

In this section, the roles of mastication, tooth loss as well as subsistence will be 

discussed. It will become apparent how intertwined the three topics are as they all involve 

mastication and the relevant muscles. In tooth loss, the latter are reduced, thus influencing 

the ability to masticate and, in the process, the mandible is remodelled (Figure 2.5). 

Subsistence strategy is the determining factor for the masticatory stress in a population and 

thus influences mandibular morphology. Speech, in contrast, plays a different role, 

depending on the researchers’ perspectives and how the cause-effect relationship is viewed. 
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Mastication 

Mandibular morphology has been found to be strongly influenced by the functional 

forces of mastication. Especially the masseter and temporalis muscles impact the shape of 

the mandible with their attachments on the ramus and the coronoid process, respectively. 

The cross-sectional areas of the masseter and temporalis muscles, representing muscle force, 

are found to covary with mandibular shape (Sella-Tunis et al. 2018); with increased muscle 

force, the ramus is wider and more trapezoidal, the coronoid process is stronger, the 

mandibular body shape is more rectangular, and the basal arch is more curved (Sella-Tunis 

et al. 2018), with the basal arch referring to the base of the mandibular body (Ronay et al. 

2008). The mentioned covariance of masticatory muscle force and mandibular morphology 

is independent of sex. In contrast, a taller and narrower ramus, a more pointed coronoid 

process, a more triangular body shape and a more triangular basal arch were found to 

correspond to a lower cross-sectional area of the masseter and temporalis muscles (Sella-

Tunis et al. 2018). However, as the direct correlation between these morphological 

observations and diet had not been part of the study by Sella-Tunis and colleagues (2018), a 

connection between muscle force and mandibular shape had to be sought by linking both 

phenomena to dental attrition and subsistence strategy (see below). Indeed, a connection 

between dental attrition and mandibular shape has been reported in a variety of studies, 

pointing to a covariance of diet, masseter and temporalis muscle force, dental attrition and 

mandibular morphology (Krogstad and Dahl 1985; Varrela 1990; Luther 1993). Thus, diet 

is thought to be connected to mandibular shape. Animal studies have shown the same effect: 

in pigs, a softer diet requiring lower bite force leads to different jaw and dental arch 

dimensions as compared to individuals with a normal diet (Ciochon et al. 1997). 

The development of the prominent human chin in connection with mastication has 

been discussed, but was shown to be rather unlikely (Ichim et al. 2007; Fukase and Suwa 

2008; Coquerelle et al. 2017). It was suggested that the masticatory stress on the mental 

symphysis stemmed from the opposing forces of dorsoventral shear versus lateral-transverse 

bending (‘wishboning’) (Hylander 1985). However, no correlation was found between chin 

prominence and the vertical bending and ‘wishboning’ resistance (Holton et al. 2015). Thus, 

the prominent human chin is thought not to have evolved in connection with mastication. 
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Tooth loss 

The loss of teeth is expected to modify mandibular morphology as mastication is ensured by 

muscles and teeth. In tooth loss, the bite force is diminished, which impacts the shape of the 

mandible (Oettlé 2014). Parallel to the decreased bite force, the muscles of mastication 

reduce their size and the expression of their attachments on the bones (Oettlé 2014). As a 

result, resorption takes place in areas with decreased strain and the mandible is remodelled 

(Wolff 1986; Kingsmill 1999; Martinez-Maza et al. 2013; Patriquin 2013; Chou et al. 2015). 

Tooth loss over time can have considerable effects on mandibular morphology (Enlow et al. 

1976; Kingsmill 1999; Martinez-Maza et al. 2013) (Figure 2.5): the chin appears more 

prominent through alveolar resorption and recession (Parr 2005) and the gonial angles 

become more obtuse in edentulous individuals (Parr et al. 2017). The changes in the 

morphology of the chin may in part also be mediated by the change in biomechanical forces 

in the edentulous mandible, with or without denture wearing over time. More specifically, 

the muscles attaching to the chin area, including the mentalis, could increase their activity 

with denture wearing (Tallgren and Tryde 1992; Tallgren 2003; KuĆ et al. 2015), and 

displace their attachments as the alveolar process is absorbed (Shannon 1972). Lingually, 

the genial tubercles are noted to enlarge (Jindal 2015) along with the volume of the 

genioglossus (Morelli et al. 2011) in the presence of macroglossia (Bucca et al. 2006) 

associated with tooth loss. 

 

 

Figure 2.5 Reduced mandibular body height and increased mandibular angle following tooth loss (photo taken 

by the author, courtesy curator of the Pretoria Bone Collection). 
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Subsistence 

The focus of this section centres on whether apart from the previously mentioned 

genetic factors, the subsistence strategy of a population could have a greater influence on the 

mandibular shape than diet and mastication in an individual. While diet refers to the nutrition 

of an individual or a population, subsistence is a nutritional strategy in a broader context, 

consisting of either hunting-gathering or agriculture (von Cramon-Taubadel 2011; Noback 

and Harvati 2015; Marklein et al. 2019). Mandibular traits of overall robusticity such as 

mandibular body breadth, bending rigidity and strength may be influenced by masticatory 

demands caused by different diets. Thus, a demanding diet in a hunter-gatherer subsistence 

based on dried meats and fish and unprocessed foods in general, representing a heavy 

masticatory load, can lead to increased overall mandibular robusticity and thus increased 

bite force. A relatively less demanding diet consisting of processed plant and animal foods 

of an agricultural subsistence strategy, resulting in a lower masticatory load, does not 

promote an increase in mandibular body breadth (Holmes and Ruff 2011). Diet thus 

influences mandibular morphology, but not beyond the developmental stages in adolescence 

(Holmes and Ruff 2011), apart from tooth loss and the subsequent mandibular modifications. 

Dietary influence could be explained by the difference in measurements and a possibly 

greater impact of subsistence strategies between the populations studied by Holmes and Ruff 

(2011), consuming varying diets. The results obtained by Holmes and Ruff (2011) can be 

generalised into forms of subsistence and the covarying mandibular morphologies. Hunter-

gatherer populations are found to have generally longer and narrower mandibles than 

agricultural societies (von Cramon-Taubadel 2011; Toro-Ibacache et al. 2019), when 

confounding factors like climate, a possible shared history and geography are eliminated. 

The reduction in mandibular length in agricultural societies is continued in post-

industrialisation, explaining the often-observed mismatch between mandibular size and 

dental crowding as well as malocclusion (von Cramon-Taubadel 2011). Contrary to the 

shape of the neurocranium, which generally is not linked with diet and subsistence, 

mandibular morphology and the characteristic size of the temporalis muscle are affected 

(Noback and Harvati 2015). No reports regarding the influence of diet and subsistence on 

the human chin shape could be found in the literature researched. However, as mentioned in 
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the section on mastication above, the study by Holton and colleagues (2015) found no 

correlation between the human chin shape and mastication. If this finding is extrapolated to 

diet and subsistence, given the proximate connection between diet and mastication, it could 

be suspected that human chin shape, unlike mandibular shape, is not influenced by 

subsistence. 

 

 

Speech 

A theory connecting the shapes of the mandible and the chin to speech (Ichim et al. 

2007) remains as yet unproven (Coquerelle et al. 2017). The theory proposed by Ichim and 

colleagues (2007) suggests that the number of mandibular muscular movements involved in 

speech is greater than that connected with mastication. Thus, it is argued that speech could 

have influenced the evolution of oral structures, even if the cause-effect relationship is 

difficult to establish (Bermejo-Fenoll et al. 2019). Further, the theory claims that muscles 

involved in speech execute stress on the mandibular symphysis, thus developing a prominent 

chin, which, however, has also not been proven. Although speech requires the coordination 

of a variety of orofacial muscles, mainly those of the tongue and the hyoid (Hiiemae and 

Palmer 2003), the cause-effect relationship could be explained differently. Speech appears 

not to have influenced the shapes of the mandible and chin. Alternatively, speech could have 

been influenced by maxillomandibular positioning, which, in turn, was influenced by 

subsistence strategies (Blasi et al. 2019). With the reduction of the pre-Neolithic edge-to-

edge bite and the development of the overbite in agricultural societies consuming less 

demanding processed diets, more speech sounds, the so-called labiodentals, became 

possible. Labiodentals are produced by positioning the lower lip against the upper teeth (“f” 

or “v”) and require much less muscular involvement in an overbite than in an edge-to-edge 

bite (Blasi et al. 2019). The authors of the study argue that in today’s hunter-gatherer 

societies with an edge-to-edge bite, labiodentals are not as wide-spread as in populations 

with an agricultural subsistence strategy (Blasi et al. 2019). 

A connection between speech and chin shape could possibly be seen in the specific 

ratio of pharyngeal height to oral cavity length, which is assumed to be determinant for 

speech (Lieberman et al. 2001). This ratio decreases from 1.5 to 1.0 between birth and six to 
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eight years, after which it remains stable. Sexual dimorphism in this ratio does not play a 

role until puberty, when a slight descent of the larynx occurs. The postnatal descent of the 

larynx and hyoid is unique in humans (Lieberman et al. 2001) and could serve as an 

explanation for the human ability to speak. Hence, the prominent chin could have developed 

as part of this ratio, allowing for the necessary space in the oral cavity. 

 

2.2 THREE-DIMENSIONAL ANATOMICAL EXTRACTIONS 

Three-dimensional techniques for anatomical extractions, such as CBCT and micro-

XCT scans, have been used in research since the early years of the new millennium (Scarfe 

et al. 2017). Within this time frame, the application of CBCT scans in forensic anthropology 

could have been in even wider use, were it not limited by factors such as access to devices 

and high costs of licensing three-dimensional (3D) imaging software (Garvin and Stock 

2016). The advantage of this relatively new techniques is a non-invasive and non-destructive 

virtual visualisation of external and internal structures of an object (Pernter et al. 2007; 

Grabherr et al. 2009; Ramsthaler et al. 2010; Franklin et al. 2013; Ekizoglu et al. 2014; 

Garvin and Stock 2016; Seiler et al. 2019). Cone beam computed tomography and micro-

XCT scans are described in the sections below. Anatomical landmarks, traditionally used for 

shape quantification in forensic anthropology, are discussed thereafter. 

 

2.2.1 Cone beam computed tomography 

Cone beam computed tomography is an imaging technique traditionally used for 

dental and medical diagnostic purposes (Scarfe et al. 2006; De Vos et al. 2009). During the 

scanning procedure, a patient is positioned so that the patient’s head is stabilised (Figure 

2.6a). The source of the cone-shaped X-ray beam and the reciprocating detector revolve 360° 

around the region of interest on the patient’s head, depicting the pre-set field of view in one 

arc, and taking images at intervals (Figure 2.6b) with a resolution of 0.4 mm up to 0.125 mm 

(Scarfe et al. 2006). 
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Figure 2.6 a) Planmeca ProMax ® 3D device (source: https://www.planmeca.com/imaging/3d-

imaging/compare-our-units/), b) Geometric configuration of X-ray beam projection and sensor for CBCT 

imaging (source: Aust Dent J, Scarfe et al. 2017;62(1):33-50. With kind permission by Wiley), c) CBCT slice 

in 2D, axial (left), coronal (centre) and sagittal (right) view of the region of interest, d) CBCT surface in 3D. 

 

Voxel size (pixel in the third dimension) in CBCT technology is isotropic, meaning it is 

equal in all three dimensions; in the Planmeca ProMax ® 3D device, the voxel size can be 

as low as 75 µm. So-called ‘basis’ or raw images are taken at specific degree intervals within 

the 360° with a radiation dosage up to 15 times lower than in conventional CT scanners 

(Scarfe et al. 2006). When combining the raw images, so-called ‘projection data’ is obtained. 

Suitable software programs with sophisticated algorithms combine the projection data into 

a 3D volumetric data set, which in turn is used for primary reconstruction of images (Scarfe 

et al. 2006; Scarfe et al. 2017). Images can be viewed in the different planes (Figure 2.6c) or 

in 3D (Figure 2.6d). The great advantage of CBCT scans applied to forensic anthropological 

research is the scanning process in the patients’ upright position, thus avoiding distortion of 

soft-tissue in a supine position (Munn and Stephan 2018). 

 

a b 

c d 
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2.2.2 Micro-focus X-ray computed tomography 

Micro-focus X-ray computed tomography is an imaging technique used to observe a 

variety of non-living materials with a resolution of between 1 and 100 µm (Sharma et al. 

2014). The device from the Micro-focus X-ray Radiography and Tomography facility 

(MIXRAD) at the Nuclear Energy Corporation South Africa (Necsa) distinguishes itself by 

a 0.001 to 0.003 mm spot size and a voxel size of 0.0087 mm3 (Hoffman and De Beer 2012) 

(Figure 2.7a). The scanning process is done by fixing the object to ensure no movement 

occurs during scanning (Figure 2.7b and 2.7c). Sample rotation takes place in the scanning 

cabinet in a vacuum (Hoffman and De Beer 2012). The rotation movement of the radiation 

source can move at intervals of up to 1/1000th of a degree and thus produces an enormous 

number of projections around 360° (Hoffman and De Beer 2012). The resulting 3D 

extraction from a micro-XCT scanning progress is a high-resolution image (Figure 2.7d). 

 

 

Figure 2.7 a) Micro-XCT scanner, MIXRAD, Necsa*, b) schematic illustration of specimen location and 

micro-XCT scanning procedure#, c) micro-XCT scanning process, MIXRAD facility, Necsa*, d) micro-XCT 

3D reconstruction of mandible.  

* Source: 18th World Congress on Nondestructive Testing, 2012. With kind permission by Dr de Beer, Necsa. 
# (Zysk et al. 2012)  

 

a b 

c d 
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2.2.3 Anatomical landmarks  

When shape analysis and accurate measurements involving anatomical landmarks 

are performed, precise landmarks are essential. Anatomical landmarks are used for 

measurements and allow the extraction of shape information, to be used for GMM 

(Wärmländer et al. 2019) for the present study. However, the uniformity and repeatability of 

landmark placement remain an issue (Wärmländer et al. 2019), whether landmarks are 

collected in dry bone, in 2D or in 3D (Caple and Stephan 2016; Wärmländer et al. 2019) to 

quantify and analyse shape. Shape, defined as “all the geometric information that results 

from eliminating the effects of the position, scale and rotation of an object” (Kendall 1977), 

can be measured, quantified and objectively and repeatably described by using anatomical 

landmarks (Weber and Bookstein 2011). Shape can be analysed in dry skulls with 

craniometric landmarks or on the soft-tissue face with capulometric landmarks (Caple and 

Stephan 2016). 

Standardisation of craniometric landmarks was undertaken repeatedly in the early 

1900s (Papillault 1906; MacCurdy 1912; Papillault 1919). In 1991, Bookstein proposed the 

definition of three types of landmarks, according to their positions and settings: type I 

representing a location on a juxtaposition of tissues, type II on maximal curvatures or 

processes, and type III are extremal points without a precise location, defined by a distance 

such as ‘farthest distance from’ or ‘midpoint between’ (Bookstein 1991). Bookstein himself 

referred to type III landmarks as ‘deficient’ as they miss precise coordinates (Bookstein 

1991). Thus, type III landmarks are especially prone to placement error due to the relative 

imprecision of definition (Lagravère et al. 2010). Examples of type III landmarks used in 

this research are the gnathion and the gonion. The gnathion is defined as the “median point 

between pg and me” (Krogman and Sassouni 1957) and subsequently depends on the 

location of both, the pogonion (pg) and the menton (me), with the pogonion, per definition, 

being rather variable in location. The definition of the gonion is diverse (Figure 2.8) (Martin 

1928; Martin and Knussmann 1988; Lagravère et al. 2010; Miloro et al. 2014) and places 

the landmark on a varying site on the mandibular angle.  
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Figure 2.8 Landmark on the mandibular angle indicating the possible gonion placement. 

 

 

Over time, the three landmark types became equivalent to good or precise (type I) 

and to bad or unprecise (type III) (Wärmländer et al. 2019). With a further expansion of the 

landmark types from three to six (Weber and Bookstein 2011), the uniformity of the 

landmark placement did not improve, and considerable confusion regarding landmark types 

became manifest in research papers (Cummaudo et al. 2013; Wärmländer et al. 2019). 

Therefore, Wärmländer and colleagues question the use of landmark types and rather 

encourage researchers to explain the purpose of their landmarks (be they craniometric or 

capulometric) and to be transparent on the intra- and interobserver errors (Wärmländer et al. 

2019).  

Anatomical landmarks may be placed manually (Schlager and Rüdell 2015) on a 3D 

surface, or they can also be placed automatically (Ridel 2019; Ridel et al. 2020), or when 

using a microscribe device (Nagasaka 2003). Especially in large samples, manual 

landmarking would be tedious and the repeatability in the manual process is lower than with 

the automatic process (Guyomarc’h et al. 2014; Ridel et al. 2018; Ridel et al. 2020). As the 

geometry of the measured landmark configuration is preserved by the set of landmark 

coordinates, GMM allows for effective visual representations of statistical results as actual 

shapes or shape deformations (Bookstein 1991; Slice 2007; Mitteroecker and Gunz 2009). 
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2.3 FORENSIC ANTHROPOLOGY 

At the University of Pretoria, the Forensic Anthropology Research Centre (FARC) 

has been closely collaborating with the South African Police Service (SAPS) and their 

Victim Identification Centre (VIC) to alleviate the challenge of the high number of 

unidentified human remains in South Africa. Biological profiling is of paramount 

importance in forensic anthropological practice; it is based on the analysis of human 

variation for estimation of the demographic parameters, ancestry, sex, age and stature (İşcan 

and Steyn 2013). The forensic anthropologist is motivated to quantify ancestry-related shape 

variation in a medico-legal setting (Stull et al. 2014).  

The estimation of ancestry is based on geographical origin and patterns of shape 

variation within a population (Brace 1995; Church 1995; Ousley 2009; L’Abbé 2011; Sholts 

et al. 2011; İşcan and Steyn 2013; Spradley 2016; Oettlé et al. 2017). The estimation of sex 

is expressed as the female and male biological sexes; ‘gender’ is not expressed in the genetic 

makeup of an individual and is thus not a category used in the field of forensic anthropology 

(İşcan and Steyn 2013). Sex estimation in subadult individuals is a challenge, as the 

expression of sex-discriminating traits develops for a short time during early childhood and, 

after that, only during young adulthood (Franklin et al. 2007; Hutchinson et al. 2012).  

In the estimation of skeletal age, forensic anthropologists distinguish between 

biological and chronological age (Acsádi and Nemeskéri 1970). The latter refers to the actual 

number of years lived by an individual as recorded in personal identification documents, and 

constitutes the age sought by the forensic anthropologist. The former, in contrast, describes 

the physiological condition of the individual, which may differ from the number of years 

lived. Biological age depends on a number of influencing factors such as genetic disposition, 

nutrition, body mass index and level of physical activity (İşcan and Steyn 2013). Hence, 

chronological age is estimated based on the influence that unidentifiable factors could have 

on the ageing process of an individual (İşcan and Steyn 2013). The estimation of age is 

considered to be an inherently non-metric procedure and based on morphoscopic methods 

only (Spradley 2016).  

In addition to ancestry, sex and age, the estimation of stature can be achieved in two 

different ways: by measuring one or several long bones and deduct stature of the living or 
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by adding up the length of all bones in a skeleton contributing to the individual’s stature in 

life (Fully 1956). A value is then added to make up for the loss of soft-tissues such as 

cartilage, intervertebral discs and the skin (İşcan and Steyn 2013). 

Biological profiles are traditionally done by applying morphoscopic, metric or GMM 

methodologies (see section 2.3.1) to assess the expression of a trait (İşcan and Steyn 2013; 

Spradley 2016) and should, if possible, be based on many individuating traits on the skeleton 

in order to maximise probabilities of correct profiling. If, however, the entire skeleton is not 

available for analysis, biological profiles must be carried out on partial skeletons or single 

bones, even if this results in lower probabilities of correct profiling (İşcan and Steyn 2013). 

Moreover, biological profiles should be carried out, if and where possible, using multivariate 

approaches (Spradley 2016). 

 

2.3.1 Shape variation assessment 

Methods to analyse shape variation in forensic anthropology include morphoscopic, 

metric and GMM techniques. Morphoscopic methods refer to non-metric assessments of 

shape; visually by comparing a shape to a drawing or photo, or tactilely by feeling the 

expression of a trait and classifying it, according to a description, into ordinal data. More 

generally speaking, scores of trait expressions are used to bring the individual within a range 

of morphological variation (Todd 1920; Acsádi and Nemeskéri 1970; İşcan et al. 1984a; 

İşcan et al. 1984b; İşcan et al. 1985; Bruzek 2002; Walker 2008; Klales et al. 2012).  

For metric techniques, standardised bone measurements are taken and entered into 

software programs such as FORDISC, for example, for the estimation of ancestry and sex 

(Ousley and Jantz 1996; Jantz and Ousley 2005). The applicability of a morphoscopic or 

metric method to a new population should be validated before introducing it on a larger scale 

(Krüger et al. 2015) as trait expressions can be population-specific (Walker 2008).  

Geometric morphometrics can make use of data in a coordinate system, derived from 

2D or 3D images, and are a mathematical means to analyse shape variation using landmarks 

and semilandmarks (Hennessy et al. 2002; Schlager and Rüdell 2015; Ridel et al. 2018; 

Noble et al. 2019).  
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2.3.1.1 Morphoscopic methods applied to chin shape variation: the Walker 

method 

Morphoscopic methods for biological profiling are widely used by forensic 

anthropologists, even though they involve a certain degree of observer subjectivity (Walker 

2008; İşcan and Steyn 2013), which may influence both the intra- and the interobserver 

errors (Garvin and Ruff 2012), and may even influence induced cognitive bias 

(Nakhaeizadeh et al. 2014).  

The mandible is generally a useful bone for biological profiles; being a robust and 

durable bone, it is often preserved in a forensic context, even under adverse circumstances 

(Oettlé et al. 2009a), and the chin shape is generally deemed suitable for the estimation of 

sex, both morphoscopically and metrically (Walker 2008; Byrnes et al. 2017). 

The shape of the chin can be assessed morphoscopically by holding the mandible so 

as to view it from a superior perspective. Assessment of the chin shape can be done by 

scoring the chin as “blunt (smoothly rounded), pointed (the chin comes to a distinct point), 

square (the chin has a nearly straight front), or bilobate (the chin has a distinct central 

sulcus)” (Byrnes et al. 2017). The accuracy of results when assessing both ancestry and sex, 

as reported in the study by Byrnes and colleagues (2017), is dependent on the level of 

observer experience; the authors report a higher accuracy when the assessment is done 

metrically (Byrnes et al. 2017).  

The morphoscopic method published by Walker (2008) to assess an individual’s sex 

according to the chin shape is widely used, and based on the original publication by Acsádi 

and Nemeskéri (1970), further developed by Buikstra and Ubelaker (1994). Five traits on 

the human skull (nuchal crest, mastoid process, supraorbital ridge/glabella, supraorbital 

margin and mental eminence) are scored from 1 to 5 according to their expression when 

compared to a line drawing and a description. Score 1 is defined as “minimal expression”, 

score 5 as “maximal expression” of each of the five traits (Walker 2008). “Minimal 

expression” in the mental eminence is equal to: “Area of mental eminence is smooth. There 

is little or no projection of the mental eminence above the surrounding bone”, while 

“maximal expression” is “a massive mental eminence that occupies most of the anterior 
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portion of the mandible” (Walker 2008). While the author refers to the method as being 

‘visual’ (Walker 2008), the scoring process is, at least in part, a tactile procedure. For three 

of the five described traits (nuchal crest, orbital margin and mental eminence), the observer 

is asked to move a hand or finger across the skull region in question and feel the expression 

of the trait (Walker 2008). Using a logistic regression model, the results of all five traits 

combined assume a high probability of correct sex estimation (88%) when carried out 

according to the description by Walker (Walker 2008; Krüger et al. 2015; Dereli et al. 2018). 

None of the five traits should, however, be studied in isolation; results obtained from the 

analysis of the mental eminence, for instance, show a low reliability (Krüger et al. 2015; 

Lewis and Garvin 2016). In this study, the Walker (2008) method was used to test the 

method’s applicability to micro-XCT scans in two South African populations. The test was 

done by comparing the scores given to the same specimens in bone and 3D surfaces and by 

comparing the observers’ performance.  

The Walker method was previously applied to bones from the Pretoria Bone 

Collection (PBC), housed at the Department of Anatomy, University of Pretoria (L’Abbé et 

al. 2005; Krüger et al. 2015), resulting in a discrepancy between sexual dimorphism in North 

American and South African populations; the degree of sexual dimorphism was lower in 

South Africans as compared to the populations studied by Walker (McDowell et al. 2012; 

L’Abbé et al. 2013). Krüger and colleagues (2015) have adapted the formula to South 

African populations, thus highlighting the need for a population-specific formula. 

Coefficients were introduced for any combination of the cranial traits, specific for a South 

African sample. Before the present study, however, there was no certainty how observer 

performance of the mental eminence compares between bones and 3D scan surfaces. 

 

2.3.1.2 Geometric morphometric methods applied to mandibular shape 

variation 

Since the 1990s, many of the commonly used morphoscopic methods have been 

challenged with the surge of GMM (İşcan and Steyn 2013; Klingenberg 2016; Noble et al. 

2019). Geometric morphometrics is a mathematical means of exploring and quantifying 

shape to further knowledge in the fields of medical diagnostics, evolutionary biology, 
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forensics or functional morphology (Weber and Bookstein 2011). In contrast to traditional 

(non-geometric) morphometric approaches based on linear distances, ratios and angles 

(Braun et al. 2004; Pretorius et al. 2006; Mitteroecker and Gunz 2009; Thackeray and Dykes 

2016), GMM methods are based on the Cartesian coordinates (x, y, z) of measurement 

points, the anatomical landmarks. Geometric morphometric methods provide an objective 

way to quantify the shape of morphological features for statistical comparisons between 

groups (Hennessy and Stringer 2002; Franklin et al. 2007). In GMM, the shape and the size 

of a morphological structure are separated. The shape of an object is determined by the 

geometric properties that are unaffected by size, orientation or positioning (Bookstein 1991; 

Dryden and Mardia 2016). The size is measured most frequently as the centroid size (CS), 

which represents the average (arithmetic mean) of all landmarks (Bookstein 1991; Dryden 

and Mardia 2016). It is calculated as the square root of the summed squared distance between 

all landmarks and their CS (Bookstein 1991; Dryden and Mardia 2016).  

Thus far, GMM have been used in a number of studies related to forensic 

anthropology and biological profiling (Pretorius et al. 2006; Franklin et al. 2007; Claes et al. 

2012; Stull et al. 2014; Garvin and Stock 2016). For example, the estimation of ancestry, 

applying GMM in South African populations on the cranium, was studied and found to be 

very accurate, even in South African Coloureds, a highly admixed population group (Stull 

et al. 2014). Geometric morphometrics were also reliably used to estimate sex from the 

gonial eversion in South African black females and males (Oettlé et al. 2009a). When 

studying the mandibular ramus flexure, however, less reliable results were obtained when 

applying GMM (Oettlé et al. 2005; Pretorius et al. 2006) as opposed to the original 

morphoscopic analyses (Loth and Henneberg 1996). Examples for the successful application 

of GMM and the forensic sex estimation in a recent Italian population (Nuzzolese et al. 2019) 

and a modern Czech sample (Bejdová et al. 2013) show the wide range of applications of 

this relatively new technology to mandibles. Geometric morphometrics can also be applied 

to both, the hard- and soft-tissue facial shapes. The nasal shape and size in black and white 

South Africans were analysed employing GMM, and a significant difference between the 

ancestries was found in all of the hard- and soft-tissue measurements (Ridel et al. 2018).  
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Although in addition to the literature cited above, extensive research has been done 

on the mandible regarding the estimation of ancestry, sex, and age (Jensen and Palling 1954; 

De Villiers 1968; Acsádi and Nemeskéri 1970; Tobias 1974; Loth 1996; İşcan and Steyn 

1999; Xie and Ainamo 2004; Oettlé et al. 2009a; 2009b; Thayer and Dobson 2010; İşcan 

and Steyn 2013), a comprehensive analysis of chin shape variation among ancestral, sex and 

age groups as well as allometry, employing GMM on dentate South African blacks and 

whites, had not been performed before the present study. Moreover, specimens in skeletal 

collections are often edentulous (Hutchinson et al. 2015), thus limiting the possibility to 

study dentate individuals. This further increased the need to include 3D images in this study. 

The development of newer imaging modalities, i.e. CBCT, has opened the possibility of 

including living individuals with a wider spectrum of dentition into research pertaining to 

the chin. By assessing the applicability of a morphoscopic sex estimation technique to micro-

XCT scans, and by investigating the chin shape variation using CBCT scans, the present 

study contributed to the quantifiable biological profiling methods involving 3D imaging 

techniques in South Africa. 
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CHAPTER 3 MATERIALS AND 

METHODS 

The materials and methods applied in both parts of this study will be outlined below. 

The first or morphoscopic part of the study entails the sexing of the mandible by scoring the 

mental eminence according to the Walker method (Walker 2008) in bone and the 

applicability of the method to micro-focus X-ray computed tomography (micro-XCT) scan 

surfaces. The second part focusses on the chin shape variation study employing geometric 

morphometrics (GMM) and carried out on cone beam computed tomography (CBCT) scans.  

 

3.1 WALKER METHOD ON THE MENTAL EMINENCE 

3.1.1 Materials 

Data acquisition 

In the morphoscopic part of the study, 105 mandibles from black and white South 

Africans of known ancestry, age and sex were included from the Pretoria Bone Collection 

(PBC). The sex estimation method (Walker 2008) assessing the expression of the mental 

eminence was applied to these 105 mandibles and then to the micro-XCT surfaces of the 

same bones.  

The micro-XCT scans were obtained between 2015 and 2017 at the Nuclear Energy 

Corporation South Africa (Necsa). The surfaces were segmented using the surface 

determination module of VGStudio MAX-3.0 software (Hoffman and De Beer 2012; 
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http://volumegraphics.com) at Necsa. Acquisition parameters were: 1000 projections per 

360°, 90-120 kV, 70-220 mA. The resolution was between 0.066 and 0.100 µm. Three-

dimensional surfaces were created and extracted in .ply format in order to visualise them in 

any software.  

 

 

Sample 

The sample consisted of black and white South African mandibles, with the 

following sample structure (Table 3.1): 34 black females (BF), 43 black males (BM), 8 white 

females (WF) and 20 white males (WM). Age at death ranged between 21 and 98 years, with 

the sample mean age at 52.6 years; 49.6 years for the black and 61.0 years for the white 

South Africans. For the purpose of this study, the same age groups were used here as for the 

chin shape variation study of this dissertation; young adults (18-29), adult group 1 (30-44), 

adult group 2 (45-59) and mature (≥60). The full list of specimens is given in Table 1, 

Appendix A. 

 

 

Table 3.1 Sample structure of the 105 individuals for the Walker study. 

Ancestry Sex Age range in years Mean age 18-29 30-44 45-59 ≥60 N 

Black Female 24-80 47.2 5 10 11 8 34 

Black Male 26-98 51.5 2 16 12 13 43 

White Female 21-81 53.9 1 0 5 2 8 

White Male 31-80 63.8 0 1 6 13 20 

Overall  21-98 52.6 8 27 34 36 105 

 

 

The foremost selection criterion for the sample was the dentition pattern of the 

individuals. Only individuals with dentition patterns A1, A2, A3, B1, B2 and B3 of the 

Eichner Index (Eichner 1955) were included as the shape of the chin and mental eminence 

and the mandibular angle in (almost) edentulous specimens are often altered (Oettlé et al. 

2009b; Oettlé 2014) due to decreased masticatory performance. The latter is lost to a large 

degree between dentition groups B3 and B4 (Ikebe et al. 2010), hence the cut-off at dentition 

pattern B3 for this study. Dentition patterns B1, B2 and B3 consist of three, two and one 
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posterior occlusal zone(s), respectively, with at least one premolar or molar in the maxilla 

and mandible in occlusion. Beyond dentition pattern B3, there is no posterior occlusal zone. 

 

3.1.2 Methods 

In this section, the methodological approach to the Walker (2008) part of this study 

will be described. This includes the description of the scoring process and the tests carried 

out on the data. The subsequent qualitative part of the methodology will highlight the 

observers’ perception of the scoring process. 

 

 

Reliability of trait scores (1-5) associated with the mental eminence 

The method originally published by Walker (2008) is traditionally used on bone to 

estimate an individual’s sex. All five traits described and observed on the human skull 

(nuchal crest, supraorbital ridge/glabella, mastoid process, supraorbital margin and mental 

eminence) are scored according to their expression and a sex estimation is deducted from 

the combined scores. Each of the five traits is observed in the skull and compared to a figure 

in the article by Walker (Walker 2008) depicting the trait expression. In Figure 3.1, the 

scoring of the mental eminence is shown with the score description as follows: score 1: 

female; score 2: probably female; score 3: ambiguous sex; score 4: probably male and score 

5: male Buikstra and Ubelaker article (1994, pp. 21). Score 3 was categorised separately 

from “female” (scores 1 and 2) and “male” (scores 4 and 5). 

 

 

Figure 3.1 Standard for scoring the mental eminence. Source: Am J Phys Anthropol 2008;136:39-50. With 

kind permission by Wiley. 
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 The Walker method (Walker 2008) was applied to the mental eminence in isolation. 

The mental eminence is defined as “the triangular eminence, or bony chin, at the base of 

the corpus in the anterior symphyseal region. It is separated from the alveolar margins of 

the incisors by a pronounced incurvation or ‘mental sulcus’ […].” (White and Folkens 2005, 

pp. 123) (Figures 2.2 and 2.3). Five scores can be attributed to the characteristic of the trait: 

score 1 relates to “little or no projection of the mental eminence”. By contrast, score 5 is 

described as “a massive mental eminence that occupies most of the anterior portion of the 

mandible” (Walker 2008, pp. 42). The scoring process, although usually referred to as being 

‘visual’ (Walker 2008), is at least in part a tactile procedure. In the publication by Walker, 

the method is described as “Hold the mandible between the thumbs and index fingers on 

either side of the mental eminence. Move the thumbs medially until they delimit the lateral 

borders of the mental eminence” (Buikstra and Ubelaker 1994, pp. 20; Walker 2008, pp. 

42). Feeling the bony surface in this way, researchers score the mental eminence and hence 

estimate the individual’s sex (Figure 3.2).  

 

 

 

 

Figure 3.2 Mental eminence in a mandible; blue arrows show approximate thumb placement in the sex 

estimation on bone. 
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Intraobserver and interobserver tests 

The principal investigator carried out an intraobserver error test (intraOE) on 25 

randomly selected specimens out of the 105 (Table 2, Appendix A). The specimens were 

scored twice, each, in bone and three-dimensional (3D) surfaces at an interval of two weeks.  

The blinded interobserver error test (interOE) on the 105 specimens was done by 

four observers of different levels of experience, in both modalities, bone and 3D surfaces, 

including the principal investigator; observers 1 and 3 had the highest level of experience 

applying the Walker (2008) traits to bones, while observer 2 had the lowest and observer 4 

was the principal investigator who had done the largest amount of reading on the subject.  

For the scoring process in bone, the 105 mandibles were laid out on a table in random 

order. Figure 1 (pp. 41) and Table 1 (pp. 42) in the Walker (Walker 2008) article were used 

by all observers for the scoring process in bones as well as 3D surfaces. Scores were entered 

into an excel file; the scores were not shared among observers at the time of observation.  

The scoring of the 3D surfaces was done with myVGL viewer software (Volume 

Graphics, https://www.volumegraphics.com/de/produkte/myvgl.html) (Hoffman and De 

Beer 2012). Observers viewed the surfaces and were free to manipulate the surfaces (rotation 

and zoom) according to their comfort and preference. Again, scores were entered into an 

excel file and scores were shared only after completion of all observations. In addition, all 

observers answered questions asked in writing by the principal investigator and connected 

to the process of scoring of bones as well as 3D surfaces (Table 3.2). The questions referred 

to the observers’ experience during the scoring processes for both modalities, bone and 3D 

surfaces. The purpose of the qualitative part was to assess a possible difference in the 

observers’ experience when scoring the two modalities. All observers answered the 

questions independently by email, after the scoring process in both modalities was 

completed. The questions were the following: 

 

Table 3.2 Questions to all observers referring to the scoring experience in both modalities. 

1 – Which modality took you longer to score; bone or 3D surfaces? 

2 – Which modality did you find harder to score; bone or 3D surfaces? 

3 – Which score(s) (1, 2, 3, 4 and/or 5) did you find the hardest to do, both, in bone and 3D surfaces? 

4 – How did you score the mandible (comparing the mental eminence to other mandibles, etc.)? 

5 – How did you score the 3D surfaces (zoom, rotation, etc.)? 
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Statistical analysis 

The interOE agreement of all four observers’ scores in both modalities was tested 

with Fleiss Kappa (Fleiss 1971). The intra- and pairwise interOE were tested using Cohen’s 

Kappa (Krüger et al. 2015). Likewise, for the comparisons of bone versus 3D surface scores 

per observer Cohen’s Kappa was used. The interpretation of the κ-values (Fleiss and Cohen’s 

Kappa) is given in Table 3.3, according to Landis and Koch (Landis and Koch 1977). The 

median of each observer’s scores was calculated. The next step was to compare the scores 

for bone and 3D surfaces per observer. As scores are classified ordinal data, non-normality 

was assumed, and non-parametric Wilcoxon Signed-Rank tests were used (Liddell and 

Kruschke 2017; Villa 2017). Similar tests were applied for the intraOE tests. Statistical 

analyses were done using R psych package (Revelle 2019) and irr package (Gamer et al. 

2019). Statistical significance was assumed for a p-value equal to or smaller than 0.05. 

 

 

Table 3.3 Kappa values and their interpretation according to Landis and Koch 1977. 

Kappa value Interpretation 

<0.00 Poor 

0.00 to 0.20 Slight 

0.21 to 0.40 Fair 

0.41 to 0.60 Moderate 

0.61 to 0.80 

0.81 to 1.00 

Substantial 

(Almost) perfect 

 

 

 

Further analyses 

As one of the aims was to compare the scores in bones with those in 3D surfaces, the 

sample was analysed overall and split between the observers as well as the subsamples 

(ancestry, sex and age groups). Furthermore, the score frequency per observer was studied. 
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3.2 CHIN SHAPE VARIATION IN SOUTH AFRICANS 

3.2.1 Materials 

For the GMM part of the study, CBCT scans from 291 patients were used. The scans 

originated from the Oral and Dental Hospital, University of Pretoria where patients were 

scanned between 2015 and 2018. Patients were scanned once, for medical reasons, not for 

reasons related to this study. The patient data were anonymised, and only ancestry, sex and 

age at scanning were recorded for the purposes of this study (Table 3, Appendix A).  

Scanning took place in a seated position with eyes closed and a relaxed facial 

expression. Criteria for exclusion of scans were distorting conditions such as pathologies or 

anomalies of the facial bones, current or healed fractures of the bones in question as well as 

tooth loss. All included specimens had the dentition pattern A1, A2, A3, B1, B2 and B3 of 

the Eichner Index (Eichner 1955). Only subjects of the age above 18 years were considered 

as the adolescent, growing mandible was not the focus of this study. The sample structure is 

given in Table 3.4. 

 

Table 3.4 Sample structure of the 291 subjects for the chin shape analysis. 

Group Age in years Ancestry Sex N 

Young adults 18-29 Black Female 12 

   Male 24 

  White Female 27 

   Male 14 

Adult group 1 30-44 Black Female 21 

   Male 22 

  White Female 30 

   Male 12 

Adult group 2 45-59 Black Female 11 

   Male 41 

  White Female 12 

   Male 20 

Mature ≥60 Black Female 3 

   Male 28 

  White Female 1 

   Male 13 

Total    291 
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All CBCT scans were obtained using a CBCT scanner (Planmeca ProMax ® 3D, 

Planmeca OY, Helsinki, Finland) with the following properties: 90 kV, 11.2 mA, voxel size 

of 0.4 mm and field of view of 230 x 260 mm at the Oral and Dental Hospital, University of 

Pretoria. The CBCT images in DICOM format were imported into MeVisLab © v. 2.7.1 

software for segmentation and 3D surface mesh generation. 

 

3.2.2 Methods 

The method used in the present study is based on the proposed procedures suggested 

by Claes (2007) and first tested and published by Ridel and colleagues (2020). This method 

includes the segmentation of CBCT images, the subsequent 3D surface mesh generation, 

followed by an initialisation process to align the 3D surfaces in the same Cartesian 

coordinate system, and a non-rigid registration process allowing an automatic landmarking 

on all hard-tissue 3D surfaces using a template. The individual steps in this procedure are 

depicted in Figure 3.3 and outlined in detail thereafter.  

 

 

Segmentation 

The segmentation process preceding the following procedures describes the 

separation of soft- and hard-tissue of the patient scans acquired at the Oral and Dental 

Hospital, Pretoria. As only the hard-tissue is analysed in the current study, the soft-tissue is 

eliminated in the segmentation process. For this purpose, CBCT images in DICOM format 

are exported into MeVisLab © v. 2.7.1 software. Following the segmentation process, 3D 

surface meshes were generated.  

The segmentation process was based on grey values, which represent the density of 

the observed tissue. As in regular x-ray images, a higher grey value implies a greater tissue 

density. For the segmentation process, grey values between 1 100 and 1 300 were chosen in 

MeVisLab © v. 2.7.1 software for optimal output. The so-called threshold-segmentation 

included the definition of the ideal grey value per scan, thus allowing the observer to obtain 
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the best hard-tissue image according to the “Half Maximum Height” (HMH) thresholding 

method (Spoor et al. 1993).  

With the chosen grey values, the software calculated a 3D image of the scanned skull. 

As the CBCT scans consist of a great number of individual slices, the software calculated 

the spaces in-between.  

 

 

 

Figure 3.3 Workflow of the automatic landmarking used in this study (Ridel et al. 2020); scans are segmented, 

surface mesh is constructed (a); initialisation of surface mesh (b); non-rigid surface registration (c) results in a 

template (d) on which craniometric landmarks are placed manually (e); automatic landmarking (f) places 

craniometric landmarks on the 3D surfaces. Figure courtesy Dr AF Ridel. 
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Surface mesh initialisation 

The crucial point in the next step is the alignment of all the 3D surfaces into a uniform 

Cartesian coordinate system. This process is called surface mesh initialisation (Ridel et al. 

2020). The floating surface, referring to the template from Ridel (Ridel 2019), must be 

brought into close proximity of the target surface (specimen used in this study) before the 

registration process can be initiated. The initialisation process is done by manually placing 

a set of five landmarks on the maxilla and the mandible (Figure 3.4) on the floating as well 

as target hard-tissue surfaces and subsequently bringing them into closer and aligned 

proximity.  

 

 

Figure 3.4 Landmarks used for surface mesh initialisation process (template skull generated in MeVisLab © v. 

2.7.1 software). 

 

This transformation in space resulted in the coordinates of each landmark of the 

floating surface into the space of the target surface. The quality of the preceding initialisation 

process determines the outcome of the surface registration.  

 

1 

2 

3 
4 5 
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Hard-tissue template generation using a non-rigid surface registration process  

The reference templates are created in an iterative fashion, akin to the generation of 

the mean shape in a General Procrustes Analysis (GPA) procedure (Kendall 1984; Slice 

2001), the main difference being the insertion of a point-correspondence establishment step 

determined by the non-rigid registration process (Claes 2007; Ridel et al. 2018). Surface 

registration refers to the establishment of the geometrical relationship between surfaces that 

aligns the surfaces between them as closely as possible (Claes 2007). Then, every individual 

surface is “templated” (named the warped surfaces) such that every point on all 3D surfaces 

is associated with the anatomically corresponding point on the reference template. In a last 

step, landmarks are indicated once on the reference templates. Every landmark placed on the 

template is associated with the anatomically corresponding point on the warped surfaces 

(Ridel et al. 2018). 

 

 

Anatomical templating 

During an anatomical templating process, the reference template is warped non-

rigidly to every subject’s anatomically corresponding surface (target surface) (Ridel et al. 

2018). The non-rigid (robust) surface registration software used for this warping was 

developed using the MeVisLab © v. 2.7.1 software (Snyders et al. 2014). The warping is 

performed iteratively starting with a rigid alignment, and gradually following with more 

flexible registration steps (Ridel et al. 2018). At the end of this process every landmark of 

the template is projected onto every subject’s surface, thus establishing a dense point-based 

anatomical correspondence among all subjects (Ridel et al. 2018). Therefore, the coordinates 

of all subjects are recorded within a common coordinate system, which may be used for 

statistical analysis (Ridel et al. 2018).  

The use of anatomical craniometric landmarks is the basis for research in this area. 

Thus, reliable and uniform placement of the craniometric landmarks was essential. For the 

present study, the definitions of all nine craniometric landmarks as presented in Caple and 

Stephan (Caple and Stephan 2016) were used. The landmarks selected were first placed on 

the template and then placed automatically on the mandible as well as on the maxilla, 
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enabling the consistent study of the hard-tissue region of the chin and anchoring the bony 

menton in the face (Table 3.5). 

 

Table 3.5 Definitions, abbreviations, nature and type of landmarks used for the surface meshes initialisation. 

Landmark Position Abbrev. Nature Definition Original source 

Subspinale / 

A Point 

1 ss Unilateral The deepest point seen in the profile 

view below the anterior nasal spine. 

(Howells 1937, 

1973) 

Prosthion 2 pr Unilateral Median point between the central 

incisors on the anterior most margin 

of the maxillary alveolar rim. 

(Martin 1928; 

Martin and 

Knussmann 

1988) 

Infradentale 3 id Unilateral Median point at the superior tip of 

the septum between the mandibular 

central incisors. 

Buikstra and 

Ubelaker 1994 

Supramentale 

/ B Point 

4 sm Unilateral Deepest median point in the groove 

superior to the mental eminence. 

(Phulari 2013; 

George 1993) 

Pogonion 5 pg Unilateral Most anterior median point on the 

mental eminence of the mandible. 

(Martin 1928, 

Martin and 

Knussmann 

1988) 

Menton 6 me Unilateral Most inferior median point of the 

mental symphysis (may not be the 

inferior point on the mandible as the 

chin is often clefted on the inferior 

margin). 

(Krogman and 

Sassouni 1957) 

Gnathion 7 gn Unilateral Median point halfway between pg 

and me. 

(Krogman and 

Sassouni 1957) 

Mental 

tubercle 

8, 9 mt Bilateral Rounded projections forming the 

inferior angles at the base of 

triangular mental protuberance. 

(Oettlé 2014) 

Gonion 10, 11 go Bilateral Point on the rounded margin of the 

angle of the mandible, bisecting two 

lines; one following vertical margin 

of the ramus and one following 

horizontal margin of corpus of 

mandible. 

(Martin 1928; 

Martin and 

Knussmann 

1988) 

 

 

The sequence of craniometric landmarks placement in both, manual and automatic 

procedures, was as follows: 1 subspinale (ss), 2 prosthion (pr), 3 infradentale (id), 4 

supramentale (sm), 5 pogonion (pg), 6 menton (me), 7 gnathion (gn), 8 mental tubercle left 
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(mt lft), 9 mental tubercle right (mt rgt), 10 gonion left (gn lft), 11 gonion right (gn rgt) 

(Figure 3.5). They were placed in the MeVisLab © v. 2.7.1 software by zooming and rotating 

the 3D surface to the best position in order to best detect the location. 

 

 

Figure 3.5 Landmarks used for this study; frontal (a), diagonal (b) and lateral (c) view. The sequence of 

landmarks is listed in Table 3.5 (template skull generated in MeVisLab © v. 2.7.1 software). 

 

 

The craniometric landmarks on the entire sample were placed automatically by 

positioning the pre-defined craniometric landmarks on the template surface and projecting 

them onto each surface in the subsample (Figure 3.3). The coordinates of the craniometric 

landmarks were saved in an excel file for statistical analysis.  
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The craniometric landmarks were placed manually and automatically in an intra- and 

interobserver dispersion test (intraOD and interOD) on ten surfaces from a previous study 

sample (Table 4, Appendix A), in order to test the repeatability of both methods (Ridel et al. 

2018). 

 

 

Statistical analysis 

 The statistical analysis of this study was concerned with the chin shape variation and 

the possible influencing factors ancestry, sex, age and allometry. The evaluation and the 

quantification of shape differences attributed to known factors (ancestry, sex and age) were 

performed on hard-tissue shapes using GMM. The first analyses as described below were 

carried out on all nine craniometric landmarks while in a second analysis, only selected 

craniometric landmarks on the bony menton (Figure 3.6) were looked at (1 infradentale, 2 

supramentale, 3 pogonion, 4 menton, 5 gnathion, 6 mental tubercle left and 7 mental tubercle 

right). The selection criterion was the specific analysis of the morphology of the bony 

menton only, without the landmarks on the maxilla and the gonia. 

 

Figure 3.6 Selected craniometric landmarks used for this study; frontal (a) and diagonal (b) view (template 

skull generated in MeVisLab © v. 2.7.1 software). 
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Before analysing chin shape variation and the factors influencing it, reproducibility 

testing of the manual versus automatic landmark placement as well as the intraOD and 

interOD test were performed to evaluate the landmark dispersion between observers and 

methods (manual and automatic). Geometric morphometric methods involving GPA and 

Principal Component Analysis (PCA) to create principal component (PC) scores, were the 

underlying methodologies used in the study of shape variation between methods, observers 

and with influencing factors.  

 

 

General Procrustes Analysis  

Preceding the statistical analysis, a GPA (Goodall 1991; Dryden and Mardia 2016) 

was performed on the hard-tissue raw Cartesian coordinates to obtain pose-invariant shape 

coordinates (Kendall 1984; Klingenberg and McIntyre 1998; Slice 2001; Klingenberg et al. 

2002). The raw landmark coordinates not only contain information on size and shape of the 

landmark configurations, but also on their position and orientation. The most common 

approach for separating shape from size and the “nuisance parameters” position and 

orientation is GPA (Rohlf and Slice 1990). This method comprises three steps: translating 

all landmark configurations to the same centroid, scaling all configurations to the same 

coordinate system, and iteratively rotating all configurations until the summed squared 

distances between the landmarks and their corresponding sample average are a minimum. 

The coordinates of the resulting superimposed landmark configurations are called Procrustes 

shape coordinates as they only contain information about the shape of the configurations. 

 

 

Reproducibility testing 

The reproducibility of the manual versus automatic landmark placement was tested 

with an intra- and an interOD. For this purpose, ten scans from the sample were randomly 

selected. Two observers placed the craniometric landmarks on the template (interOD); the 

principal investigator placed them twice (intraOD), at an interval of two weeks. The same 

observers carried out the manual and the automatic landmarking procedures. The manual 
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and the automatic landmark placement were carried out using MeVisLab © v. 2.7.1 software. 

The Cartesian coordinates of both procedures were saved in excel files for further analysis. 

The manual placement of landmarks was performed by indicating the eleven 

craniometric landmarks on the ten scans individually. For the automatic landmarking 

procedures, the same ten scans were used as for the manual craniometric landmark 

placement. For the automatic placement, the observers placed the craniometric landmarks 

once on the template; the software then placed them on each scan automatically.  

The analysis of the precision of the manual versus automatic landmarking took place 

by calculating the dispersion of each landmark using the dispersion Δ𝑖𝑗 for each landmark i 

and individual j. Dispersion is defined as the Mean Euclidean Distance (MED) of the sample 

landmark 𝒑𝑖𝑗𝑘 to the mean �̅�𝑖𝑗of the (x,y,z)-coordinates of landmark i over all observations 

k (intra- and interOD) for subject j: 

 

Δ𝑖𝑗 = ∑ ‖𝒑𝑖𝑗𝑘 − �̅�𝑖𝑗‖ 𝐾⁄

𝐾

𝑘=1

, with �̅�𝑖𝑗 =  ∑ 𝒑𝑖𝑗𝑘 𝐾⁄

𝐾

𝑘=1

 

 

Boxplots of MED values are generated for automatic and manual landmarking 

separately, displaying the dispersion. Precision is then reported as the global (averaged over 

all landmarks) mean (𝜇Δ) and median (𝑚Δ) of the per landmark mean (𝜇Δi) and median (𝑚Δi) 

values over all scans.  

 

 

Principal Component Analysis  

Data reduction was achieved by PCA to reduce data dimensionality and to create 

independent principal component (PC) scores that quantify the different shapes studied. 

Statistical testing was performed using the PC scores covering 95% of the sample’s overall 

variance. The PCA involves the examination of axes that reflect maximum variation and 

covariation. The data is transformed to a new coordinate system, such that the greatest 

variance of the data lies on the first transformed new variable (the first PC) and the second 

greatest variance on the second transformed variable. The orthogonal axes of the PCA 

summarise variation decreasing in order. Individual observation was plotted along axes. The 
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score of a given observation on a given axis corresponds to the projection of the data on that 

axis. Examining variation on the first axis provides a way to reduce the variable space to 

dimensions that express most variation. Each axis corresponds to a linear combination of 

original variables. The first corresponds to the main direction of the variance covariance 

structure of individual observations. 

 

 

Multivariate normality 

For this study, multivariate normality testing was performed on the GMM-derived 

hard-tissue PC scores distribution by interpreting Q-Q-plots (Scrucca 2000), which allows 

the presumption that the variables are distributed according to the distribution tested. The 

graphical output shows the actual values of squared Mahalanobis distances plotted versus 

those of an ideal multivariate normal distribution. The closer the values are to the diagonal 

line, the more probable is a multivariate normal distribution. 

 

 

Univariate / Multivariate analysis of variance and standard discriminant function 

analysis 

First, the impacts of both ancestry and sex on the hard-tissue within the complete 

sample were assessed separately. Then, in order to identify significant ancestry-specific 

differences, the impact of sex, the ageing process and allometry were analysed on each 

subsample (blacks and whites) separately. The entire workflow for the statistical analyses is 

shown in Figure 3.7. Multiple analysis of variance (MANOVA) was run to evaluate 

differences between populations, sexes and with ageing on hard-tissues. A MANOVA is an 

extension of the univariate analysis of variance (ANOVA). MANOVA takes into account 

multiple continuous dependent variables and bundles them together into a weighted linear 

combination or composite variables. The MANOVA will compare whether the newly 

created combination differs among groups or levels of the independent variable. In this way, 

the MANOVA essentially tests whether the independent grouping variable simultaneously 

explains a statistically significant amount of variance in the dependent variable. MANOVA 

was applied using the R-package geomorph (Adams et al. 2018). Two non-parametric tests 
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were also applied in order to double-check the results from the parametric test: 50-50 

MANOVA and permutation testing (all permutation tests were run with 10 000 rounds). A 

50-50 MANOVA (Langsrud 2002; Langsrud et al. 2007) is a modified version of a 

MANOVA, designed for many (potentially correlated) response variables. The 50-50 

MANOVA was applied using the R-package ffmanova (Langsrud and Mevik 2012). 

Permutation testing permits calculation and comparison to values gained from the same 

sample where group membership is randomly reassigned repeatedly. As a result, the number 

of resampled values exceeding the “true” one is divided by the number of permutation 

rounds. If the value to be tested falls within the range of random grouping, the null hypothesis 

cannot be rejected because the measured value is not exceeding the one generated by chance. 

Permutation testing was performed using the R-package morpho (Schlager 2013). 

Significance of age effects were also assessed using standard MANOVA (parametric test) 

and 50-50 MANOVA (non-parametric test). Standard Discriminant Function Analysis 

(DFA) was also performed for ancestry and sex classification purposes and the classification 

accuracy estimated by conducting a leave-one-out cross-validation. A DFA finds linear 

variables that describe intergroup differences. These combinations define linear discriminant 

functions. The linear discriminant coefficients are defined from the non-null eigenvectors of 

the between-group variance-covariance “scaled” by the within-group variance-covariance. 

The DFA in this study was calculated using the R-package morpho (Schlager 2013).  
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Figure 3.7 Workflow of statistical shape variation analysis.  

  

 The statistical analysis was performed with R studio software version 1.0.44-®2009-

2016 for Windows (R Core Team 2012). Statistical significance was assumed for p-values 

equal to or smaller than 0.05. 

 

 

 

Hard-tissue raw coordinates 

Generalised Procrustes Analysis –  

Principle Component Analysis –  

Multivariate normality analysis 

Principle Component scores 

Statistical analysis:  

A) Ancestry (MANOVA; 50-50 MANOVA; PERMUTATION TEST)  

B) Sex, Age, Allometry (MANCOVA, 50-50 MANOVA) and covariates  

(ancestry*sex*age; ancestry*allometry) 
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CHAPTER 4 RESULTS 

4.1 WALKER METHOD 

The analyses of the morphoscopic Walker method (2008) scores in bone and three-

dimensional (3D) surfaces are explained. First, the intra- and interobserver error tests are 

stated, followed by an analysis of the score frequency and the comparison of the scores 

assigned by the four observers to the two modalities. The scores were obtained in bone and 

in 3D surfaces and were compared within the ancestral groups, the sex groups, the age 

groups, as well as with combinations of these groups: ancestral-sex and ancestral-sex-age 

groups. The main attention of the analyses lay on the observers’ performance in relation to 

known sex and on performance compared between bone and 3D surfaces. The qualitative 

analysis section focussed on the observers’ experience during the scoring process of both 

modalities, bone and 3D surfaces.  

 

4.1.1 Intraobserver and interobserver tests 

Before comparing the scoring between modalities and analysing the accuracy of 

sexing in both modalities, repeatability between observations by the principal investigator 

(intraOE) and between observations by four different observers (interOE) are reported. The 

Cohen’s Kappa test results for the intraobserver error (intraOE) and the Fleiss Kappa test 

results for the interobserver error (interOE) are given in Table 4.1. The Cohen’s Kappa test 

for intraOE was moderate with κ=0.448 for bone and substantial, κ=0.799, for 3D surfaces. 
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The interOE agreement of all four observers’ scores as calculated by the Fleiss Kappa tests, 

were minimal both in bone (κ=0.163) and in 3D surfaces (κ=0.169). 

 

 

Table 4.1 Cohen’s Kappa results of the intraOE and Fleiss Kappa results of the interOE. 

 intraOE interOE 

Bone κ=0.448 κ=0.163 

3D surfaces κ=0.799 κ=0.169 

 

 

Regarding the results of the Cohen’s Kappa test for the 12 comparisons among the 

four observers and the two modalities (Table 4.2), only one (κ=0.332) had a fair correlation 

(observer 2 versus observer 3 in 3D surfaces) and two (κ=0.626 for bone and κ=0.748 for 

3D surfaces) had a substantial correlation (observers 1 and 4 in both modalities). The 

remaining nine comparisons were moderate, between κ=0.432 and κ=0.546. The mean value 

of all Cohen’s Kappa results of the interOE in bone was κ=0.521 while that of 3D surfaces 

was κ=0.489; both are moderate.  

 

 

Table 4.2 Cohen’s Kappa results of the interOE and interpretation (Landis and Koch 1977).  

InterOE Modality κ-values Interpretation 

1 vs. 2 Bone 0.546 moderate 

 3D surface 0.464 moderate 

1 vs. 3 Bone 0.516 moderate 

 3D surface 0.481 moderate 

1 vs. 4 Bone 0.626 substantial 

 3D surface 0.748 substantial 

2 vs. 3 Bone 0.432 moderate 

 3D surface 0.332 fair 

2 vs. 4 Bone 0.488 moderate 

 3D surface 0.462 moderate 

3 vs. 4 Bone 0.517 moderate 

 3D surface 0.447 moderate 

Mean Bone 0.521 moderate 

 3D surfaces 0.489 moderate 

Bold figures highlight the highest/substantial κ-values. 
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Medians were calculated for all observers and are shown in Table 4.3. There was 

little variation in the medians among the four observers. While observers 1 and 4 presented 

with a slight difference between the modalities (3 and 2, 2 and 3, respectively), observers 2 

and 3 showed the same values (3 and 2, respectively) for both modalities.  

 

 

Table 4.3 Medians of scores in bone (b) and 3D surfaces (3D), of each observer (obs.). 

 Obs. 1 Obs. 2 Obs. 3 Obs. 4 

Median (b) 3 3 2 2 

Median (3D) 2 3 2 3 

 

 

The comparisons of scores in bone and 3D surfaces for all four observers and the two 

intraOE tests were done with a Wilcoxon Signed-Rank test in R and resulted in the p-values 

listed in Table 4.4. The statistically significant p-values for all (excluding the intraOE 2 test) 

indicated the diversity of the scores. The non-significant p-value for the intraOE 2 test 

(0.183) indicated the relative similarity of the scores between bone and 3D surfaces. 

 

 

Table 4.4 Wilcoxon comparison of scores in bone versus 3D surfaces per observer (obs.). 

 Obs. 1 Obs. 2 Obs. 3 Obs. 4 Intra 1 Intra 2 

p-value <0.001 0.018 0.026 0.016 0.005 0.183 

Bold figure highlights non-significant p-value. 

 

 

4.1.2 Score frequency in bone versus 3D surfaces 

Frequencies for the ordinal scores assigned to the mental eminences according to the 

system described by Walker (2008) are given below in Tables 4.5 and 4.6 for bone and 3D 

surfaces, respectively. The tables per ancestral-sex subsamples highlight the frequency of 
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scores assigned per observer and as combined, across the four observers, for bone and 3D 

surfaces, respectively. The distribution of score frequency showed that black females (BF) 

were most often given score 2 by all four observers although not all observers concurred on 

this score. When looking at black males (BM) and white females (WF), a score 3 was most 

often given in bone by all observers, while in 3D surfaces, score 2 was given to BM and 

score 3 to WF. Score 5 was most often given to white males (WM) in bone while in 3D 

surfaces, WM were most often assigned a score 3. 

 

 

Table 4.5 Score frequency per observer (obs.) and combined for all observers, in bone. 

 Subsample Score 1 Score 2 Score 3 Score 4 Score 5 Total 

  N % N % N % N % N % N % 

Obs. 1 BF 3 8.9 13 38.2 11 32.4 6 17.6 1 2.9 34 100.0 

 BM 3 7.0 17 39.5 15 34.9 5 11.6 3 7.0 43 100.0 

 WF 0 0.0 1 12.5 2 25.0 1 12.5 4 50.0 8 100.0 

 WM 2 10.0 3 15.0 2 10.0 4 20.0 9 45.0 20 100.0 

              

Obs. 2 BF 1 2.9 7 20.6 12 35.3 14 41.2 0 0.0 34 100.0 

 BM 3 7.0 6 14.0 18 41.9 14 32.6 2 4.5 43 100.0 

 WF 0 0.0 1 12.5 2 25.0 3 37.5 2 25.0 8 100.0 

 WM 0 0.0 3 15.0 3 15.0 5 25.0 9 45.0 20 100.0 

              

Obs. 3 BF 3 8.9 24 70.6 7 20.5 0 0.0 0 0.0 34 100.0 

 BM 3 7.0 17 39.5 15 34.9 6 14.0 2 4.6 43 100.0 

 WF 1 12.5 0 0.0 5 62.5 2 25.0 0 0.0 8 100.0 

 WM 1 5.0 4 20.0 8 40.0 5 25.0 2 10.0 20 100.0 

              

Obs. 4 BF 14 41.3 12 35.3 6 17.6 1 2.9 1 2.9 34 100.0 

 BM 6 14.0 17 39.5 11 25.6 5 11.6 4 9.3 43 100.0 

 WF 2 25.0 0 0.0 1 12.5 3 37.5 2 25.0 8 100.0 

 WM 2 10.0 3 15.0 2 10.0 2 10.0 11 55.0 20 100.0 

              

All obs. BF 21 15.4 56 41.2 36 26.5 21 15.4 2 1.5 136 100.0 

 BM 15 8.7 57 33.1 59 34.3 30 17.4 11 6.5 172 100.0 

 WF 3 9.3 2 6.3 10 32.3 9 28.1 8 25.0 32 100.0 

 WM 5 6.3 13 16.2 15 18.8 16 20.0 31 38.7 80 100.0 

Highest values in bold. 
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Table 4.6 Score frequency per observer (obs.) and combined for all observers, in 3D surfaces. 

 Subsample Score 1 Score 2 Score 3 Score 4 Score 5 Total 

  N % N % N % N % N % N % 

Obs. 1 BF 3 8.9 21 61.8 8 23.4 2 5.9 0 0.0 34 100.0 

 BM 6 14.0 23 53.5 9 20.9 2 4.6 3 7.0 43 100.0 

 WF 1 12.5 0 0.0 3 37.5 1 12.5 3 37.5 8 100.0 

 WM 2 10.0 5 25.0 2 10.0 4 20.0 7 35.0 20 100.0 

              

Obs. 2 BF 4 11.8 7 20.6 14 41.3 8 23.4 1 2.9 34 100.0 

 BM 0 0.0 11 25.6 19 44.2 9 20.9 4 9.3 43 100.0 

 WF 0 0.0 2 25.0 1 12.5 4 50.0 1 12.5 8 100.0 

 WM 1 5.0 2 10.0 9 45.0 6 30.0 2 10.0 20 100.0 

              

Obs. 3 BF 12 35.3 12 35.3 6 17.6 4 11.8 0 0.0 34 100.0 

 BM 9 21.0 17 39.5 12 27.9 3 7.0 2 4.6 43 100.0 

 WF 1 12.5 2 25.0 3 37.5 2 25.0 0 0.0 8 100.0 

 WM 1 5.0 5 25.0 10 50.0 4 20.0 0 0.0 20 100.0 

              

Obs. 4 BF 6 17.6 17 50.0 6 17.6 5 14.8 0 0.0 34 100.0 

 BM 6 14.0 14 32.6 12 27.8 9 21.0 2 4.6 43 100.0 

 WF 1 12.5 0 0.0 2 25.0 1 12.5 4 50.0 8 100.0 

 WM 1 5.0 4 20.0 2 10.0 1 5.0 12 60.0 20 100.0 

              

All obs. BF 25 18.4 57 41.9 34 25.0 19 14.0 1 0.7 136 100.0 

 BM 21 12.2 65 37.8 52 30.2 23 13.4 11 6.4 172 100.0 

 WF 3 9.4 4 12.5 9 28.1 8 25.0 8 25.0 32 100.0 

 WM 5 6.2 16 20.0 23 28.8 15 18.6 21 26.4 80 100.0 

Highest values in bold. 

 

 

The average scores assigned by each observer as well as the difference between the 

scores for bone as compared to 3D surfaces are given in Table 4.7 to highlight any under- or 

over-scoring by the observers. While observers 1, 2 and 3 scored bones on average slightly 

higher than 3D surfaces (by 0.2, 0.3 and 0.4 scores), the fourth observer scored rather higher 

in 3D surfaces (0.2) than in bone. Thus, in three of the four observers there was a tendency 
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to sexing the specimens more feminine (on average 0.3 scores), while one observer tended 

to sex the specimens more male (0.2 scores).  

 

 

Table 4.7 Average of scores for all observers for bone (b) and 3D surfaces (3D) and score difference between 

modalities.  

Observer Average score b Average score 3D  Score difference 

between modalities 

1 3.0 2.6 -0.4 

2 3.4 3.1 -0.3 

3 2.6 2.4 -0.2 

4 2.7 2.9 +0.2 

 

 

4.1.3 The application of the Walker method to sexing the mandible 

When considering the application of the Walker method (2008) in terms of correctly 

sexing the specimens, scores were categorised into female, ambiguous and male, following 

the description of the scoring method by Buikstra and Ubelaker (1994). First, scores on the 

entire sample of the 105 mandibles and corresponding 3D surfaces were analysed in view of 

how they compared to known sex. Then ancestral groups were analysed separately, followed 

by the comparison of scores to sex groups and ancestral-sex groups. Finally, age groups were 

considered, together with ancestry and sex, when compared to scores per observer. 

 

 

Analysis of the complete sample 

It was found that in both modalities (bones and 3D surfaces), percentages of correct 

sexing on the complete sample per observer were in general lower than chance (<50 %). See 

Tables 4.8 and 4.9 for the comparative highest values and percentages of correct sexing in 

bone and 3D surfaces. Of the 420 observations (four observers and 105 specimens), only 

observer 4 assigned the correct score most often, as opposed to an incorrect or ambiguous 

score, in both modalities (47.6% in bone and 45.7% in 3D surfaces). Observers 1, 2 and 3 
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sexed the sample most often correctly in bone (correct percentages ranging between 36.2% 

and 47.6%), but not in 3D surfaces. 

 

 

Analysis per ancestral group 

When considering the ancestries separately (Tables 4.8 and 4.9), sexing by the 

observers seemed to be less often correct in black as compared to white South Africans. 

Observers 1 and 2 scored black South Africans mostly incorrectly or ambiguously in bone. 

Observers 3 and 4 displayed the highest percentage of correct sexing (45.5% each) in black 

South Africans in bone but differed in 3D surfaces; only observer 4 showed the highest 

percentage of correctly sexing black South Africans in 3D surfaces (44.2%) while observers 

1, 2 and 3 had their highest percentages in incorrectly and ambiguously sexing black South 

Africans. 

In bone for white South Africans, in contrast, only observer 3 did not display the 

highest correctly sexing percentage. In 3D surfaces, again observer 3 differed from the other 

three observers by most often ambiguously sexing white South Africans. 

 

 

Analysis per sex group 

The results of the score analysis within the female and male subsamples, disregarding 

ancestry, are shown in Tables 4.8 and 4.9 in bone and 3D surfaces, respectively. Three of 

the four observers scored females most often correctly in both modalities (between 40.5% 

and 66.6% in bone and between 57.1% and 64.2% in 3D surfaces). The same three observers 

sexed the male subsample most often incorrectly in bone as well as in 3D surfaces (ranging 

between 39.7% and 46.0% in bone and 39.7% and 57.1% in 3D surfaces). Only one observer 

sexed the females most often incorrectly (in bone) and ambiguously (in 3D surfaces), and 

the males most often correctly (in bone) and ambiguously (in 3D surfaces).  
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Table 4.8 Comparison of scores to known sex in the complete sample, per ancestral group, per sex group and per ancestral-sex group, respectively, per observer, in 

bone. 

  Complete 

sample 

Black White Females Males BF BM WF WM 

Obs. Cat. N % N % N % N % N % N % N % N % N % 

1 Corr. 38 36.2 24 31.2 14 50.0 17 40.5 21 33.3 16 47.1 8 18.6 1 12.5 13 65.0 

 Amb. 30 28.6 26 33.8 4 14.3 13 31.0 17 27.0 11 32.4 15 34.9 2 25.0 2 10.0 

 Inc. 37 35.2 27 35.0 10 35.7 12 28.5 25 39.7 7 20.5 20 46.5 5 62.5 5 25.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

2 Corr. 39 37.1 24 31.2 15 53.6 9 21.5 30 47.6 8 23.5 16 37.2 1 12.5 14 70.0 

 Amb. 35 33.3 30 39.0 5 17.8 14 33.3 21 33.3 12 35.3 18 41.9 2 25.0 3 15.0 

 Inc. 31 29.6 23 29.8 8 28.6 19 45.2 12 19.1 14 41.2 9 20.9 5 62.5 3 15.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

3 Corr. 43 41.0 35 45.5 8 28.6 28 66.6 15 23.8 27 79.4 8 18.6 1 12.5 7 35.0 

 Amb. 35 33.3 22 28.6 13 46.4 12 28.5 23 36.5 7 20.6 15 34.9 5 62.5 8 40.0 

 Inc. 27 25.7 20 25.9 7 25.0 2 4.7 25 39.7 0 0.0 20 46.5 2 25.0 5 25.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

4 Corr. 50 47.6 35 45.5 15 53.6 28 66.6 22 34.9 26 76.5 9 20.9 2 25.0 13 65.0 

 Amb. 19 18.1 18 23.4 2 7.1 7 16.7 12 19.1 6 17.6 11 25.6 1 12.5 1 5.0 

 Inc. 36 34.3 24 31.1 11 39.3 7 16.7 29 46.0 2 5.9 23 53.5 5 62.5 6 30.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

Highest values in bold. Correct (corr.), ambiguous (amb.) and incorrect (inc.) categories are used. 
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Table 4.9 Comparison of scores to known sex in the complete sample, per ancestral group, per sex group and per ancestral-sex group, respectively, per observer, in 

3D surfaces. 

  Complete 

sample 

Black White Females Males BF BM WF WM 

Obs. Cat. N % N % N % N % N % N % N % N % N % 

1 Corr. 41 39.0 29 37.6 12 42.9 25 59.5 16 25.4 24 70.6 5 11.6 1 12.5 11 55.0 

 Amb. 22 21.0 17 22.1 5 17.8 11 26.2 11 17.5 8 23.5 9 20.9 3 37.5 2 10.0 

 Inc. 42 40.0 31 40.3 11 39.3 6 14.3 36 57.1 2 5.9 29 67.5 4 50.0 7 35.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

2 Corr. 34 32.3 24 31.1 10 35.7 13 31.0 21 33.3 11 32.4 13 30.2 2 25.0 8 40.0 

 Amb. 43 41.0 33 42.9 10 35.7 15 35.7 28 44.4 14 41.2 19 44.2 1 12.5 9 45.0 

 Inc. 28 26.7 20 26.0 8 28.6 14 33.3 14 22.3 9 26.4 11 25.6 5 62.5 3 15.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

3 Corr. 36 34.3 29 37.7 7 25.0 27 64.2 9 14.3 24 70.6 5 11.6 3 37.5 4 20.0 

 Amb. 31 29.5 18 23.4 13 46.4 9 21.5 22 34.9 6 17.6 12 27.9 3 37.5 10 50.0 

 Inc. 38 36.2 30 38.9 8 28.6 6 14.3 32 50.8 4 11.8 26 60.5 2 25.0 6 30.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

4 Corr. 48 45.7 34 44.2 14 50.0 24 57.1 24 38.1 23 67.6 11 25.6 1 12.5 13 65.0 

 Amb. 22 21.0 18 23.4 4 14.3 8 19.1 14 22.2 6 17.6 12 27.9 2 25.0 2 10.0 

 Inc. 35 33.3 25 32.4 10 35.7 10 23.8 25 39.7 5 14.8 20 46.5 5 62.5 5 25.0 

 N 105 100.0 77 100.0 28 100.0 42 100.0 63 100.0 34 100.0 43 100.0 8 100.0 20 100.0 

Highest values in bold. Correct (corr.), ambiguous (amb.) and incorrect (inc.) categories are used. 
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Analysis per ancestral-sex group 

The analysis of scores within the ancestral-sex groups showed differences among the 

observers. The detailed results for all four observers for the ancestral-sex groups are given 

in Tables 4.8 and 4.9 for bone and 3D surfaces, respectively. Observers 1, 3 and 4 concurred 

in their scores in both modalities for the BF, sexing it most often correctly. Correct 

percentages ranged between 47.1% and 79.4%. Observer 2 scored the BF less often 

correctly. For the BM, observers 1, 3 and 4 concurred in most often incorrectly sexing this 

subsample in bone and in 3D surfaces (percentages ranging between 46.5% and 67.5%). 

Observer 2 sexed the BM most often ambiguously in both modalities. In the WF, observers 

1, 2 and 4 concurred in most often incorrectly sexing this subsample (between 50.0% and 

62.5%) in both modalities while observer 3 sexed the WF most often ambiguously and 

correctly (62.5% in bone and 37.5% in 3D surfaces). In the WM, observers 1 and 4 concurred 

in most often sexing this subsample correctly in both modalities; in bone, observer 2 also 

concurred (ranging between 65.0% and 70.0%). In 3D surfaces, observers 1 and 4 concurred 

in most often correctly sexing the WM (55.0% and 65.0%, respectively) while observers 2 

and 3 sexed the WM most often ambiguously.  

Thus, BF generally had better chances of being sexed correctly while the chances for 

BM and WF were lower. In the latter subsamples, the highest percentages were for incorrect 

sex; three of the four observers were consistent in this scoring. In WM, again three out of 

four observers agreed on the highest percentage of correctly sexing this subsample. The 

distribution of correct sexing in bones and 3D surfaces was the same. While BF and WM 

were sexed correctly by almost all observers, BM and WF were sexed incorrectly in both 

modalities by three of the four observers. 

 

 

Analysis per ancestral-sex-age group 

Thus far, ancestral and sex groups were analysed separately as well as combined 

(ancestral-sex groups). In addition to ancestry and sex, age at death was tested to assess any 

possible influence on the applicability of the Walker method (Walker 2008) to 3D surfaces 

on the mental eminence. The tests for correct sexing of the specimens, divided into the age 
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groups 18 to 29, 30 to 44, 45 to 59, and over 60 years, delivered the results as shown in 

Tables 4.10 and 4.11 for bone and 3D surfaces, respectively. Observers 1 and 4 concurred 

in their scoring by most often correctly sexing BF and WM, across the age groups and in 

both modalities (correct percentages ranging between 47.1% and 76.5% in bone and 55.0% 

and 70.6% in 3D surfaces). Observer 3 showed a similar trend as observers 1 and 4 in 

correctly or incorrectly sexing the ancestral-sex-age groups but was not as consistent; the 

scoring of the BF and BM concurred with observers 1 and 4 (BF most often correct, BM 

most often incorrect in both modalities) while the WF and WM differed and were scored 

most often ambiguously by observer 3. Observer 2 was less consistent in the scoring of the 

subsamples across the age groups, and scores concurred only in the WM across all age 

groups with the other observers in correct sexing. The scoring of the other subsamples 

differed from the other three observers. 

Age at death had no influence on the outcome of the scoring of the mental eminence 

neither in bone nor in 3D surfaces, as shown in Tables 4.8 and 4.9.  
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Table 4.10 Comparison of scores to known ancestry, sex and age at death per observer (obs.) and category (cat.), in bone. 

  BF BM WF WM 

Obs. Cat. 18-29 30-44 45-59 ≥60 % 18-29 30-44 45-59 ≥60 % 18-29 30-44 45-59 ≥60 % 18-29 30-44 45-59 ≥60 % 

1 Corr. 1 7 4 4 47.1 0 5 1 2 18.6 0 0 0 1 12.5 0 1 4 8 65.0 

 Amb. 3 3 3 2 32.4 1 7 2 5 34.9 0 0 2 0 25.0 0 0 2 0 10.0 

 Inc. 1 0 4 2 20.5 1 4 9 6 46.5 1 0 3 1 62.5 0 0 0 5 25.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

2 Corr. 2 3 3 0 23.5 1 6 4 5 37.2 0 0 0 1 12.5 0 1 5 8 70.0 

 Amb. 1 2 3 6 35.3 0 8 5 5 41.9 0 0 2 0 25.0 0 0 1 2 15.0 

 Inc. 2 5 5 2 41.2 1 2 3 3 20.9 1 0 3 1 62.5 0 0 0 3 15.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

3 Corr. 4 9 8 6 79.4 0 4 0 4 18.6 0 0 0 1 12.5 0 1 2 4 35.0 

 Amb. 1 1 3 2 20.6 1 4 7 3 34.9 0 0 5 0 62.5 0 0 2 6 40.0 

 Inc. 0 0 0 0 0.0 1 8 5 6 46.5 1 0 0 1 25.0 0 0 2 3 25.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

4 Corr. 3 9 8 6 76.5 0 3 2 4 20.9 0 0 1 1 25.0 0 1 4 8 65.0 

 Amb. 1 1 2 2 17.6 1 4 3 4 27.9 0 0 1 0 12.5 0 0 1 0 5.0 

 Inc. 1 0 1 0 5.9 1 9 7 5 51.2 1 0 3 1 62.5 0 0 1 5 30.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

Bold figures highlight the highest values and percentages. Correct (corr.), ambiguous (amb.) and incorrect (inc.) categories are used. 
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Table 4.11 Percent correct sexing of ancestry, sex and age at death per observer, in 3D surfaces. 

Obs.  BF BM WF WM 

  18-29 30-44 45-59 ≥60 % 18-29 30-44 45-59 ≥60 % 18-29 30-44 45-59 ≥60 % 18-29 30-44 45-59 ≥60 % 

1 Corr. 3 8 9 4 70.6 0 3 1 1 11.6 0 0 0 1 12.5 0 1 3 7 55.0 

 Amb. 1 1 2 4 23.5 1 3 1 4 20.9 0 0 3 0 37.5 0 0 1 1 10.0 

 Inc. 1 1 0 0 5.9 1 10 10 8 67.5 1 0 2 1 50.0 0 0 2 5 35.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

2 Corr. 2 3 4 2 32.4 1 4 3 5 30.2 0 0 1 1 25.0 0 1 1 6 40.0 

 Amb. 3 3 6 2 41.2 1 5 6 7 44.2 0 0 1 0 12.5 0 0 4 5 45.0 

 Inc. 0 4 1 4 26.4 0 7 3 1 25.6 1 0 3 1 62.5 0 0 1 2 15.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

3 Corr. 2 9 8 5 70.6 0 1 0 4 11.6 0 0 2 0 25.0 0 0 2 2 20.0 

 Amb. 1 1 2 2 17.6 1 7 3 1 27.9 1 0 1 1 37.5 0 0 3 7 50.0 

 Inc. 2 0 1 1 11.8 1 8 9 8 60.5 0 0 2 1 37.5 0 1 1 4 30.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

4 Corr. 4 8 6 5 67.6 1 5 1 4 25.6 0 0 0 1 12.5 0 1 4 8 65.0 

 Amb. 0 1 3 2 17.6 0 3 5 4 27.9 1 0 1 0 25.0 0 0 1 1 10.0 

 Inc. 1 1 2 1 14.8 1 8 6 5 46.5 0 0 4 1 62.5 0 0 1 4 25.0 

 N 5 10 11 8 100.0 2 16 12 13 100.0 1 0 5 2 100.0 0 1 6 13 100.0 

Bold figures highlight the highest numbers and percentages. Correct (corr.), ambiguous (amb.) and incorrect (inc.) categories are used.
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4.1.4 Qualitative analysis 

In the qualitative part of the study, the questions posed to all four observers after 

completion of the scoring process in bones and 3D surfaces are listed in Appendix B, 

followed by the observers’ answers.  

 The observers’ answers indicate a general tendency to feel more uncomfortable when 

scoring 3D surfaces as opposed to bone and a general uncertainty with the intermediate 

scores 2, 3 and 4 while scores 1 and 5 were perceived to be less of a challenge. Observers 

handled the 3D surfaces differently in the scoring process; some used the zooming tool, 

while others just rotated the 3D surfaces on the screen to better discern the eminence, in the 

absence of the tactile experience. 

 

4.1.5 Summary of results 

1. The overall observer performance in the two modalities was very similar even though 

a slight tendency to underscore the specimens in 3D surfaces was detected.  

 

2. Scoring performance in the intraOE test was best among all pairwise comparisons.  

 

3. Complete sample: observers showed high agreement in correctly sexing the 

specimens in bone but lower in 3D surfaces. 

 

4. Within ancestral groups: white South Africans were more likely to be correctly sexed 

than black South Africans, in bone as well as 3D surfaces.   

 

5. Within sex groups: females were more likely to be correctly sexed than males, in 

bone as well as 3D surfaces.  
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6. Within ancestral-sex groups: BF and WM were more likely to be correctly sexed than 

BM and WF, in either of the two modalities.  

 

7. Within ancestral-sex-age groups: As in the ancestral-sex groups, BF and WM were 

more often correctly sexed than BM and WF, regardless of age at death.  

 

8. In the qualitative section, the observers were almost unanimous about which scores 

were harder to allocate (2, 3 and 4) than others (1, 5). Observers were more 

uncomfortable scoring 3D surfaces than bones.  
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4.2 CHIN SHAPE VARIATION IN SOUTH AFRICANS 

In the following section, the results of the chin shape variation geometric 

morphometrics (GMM) are provided, starting with the reproducibility test of the manual 

versus automatic landmarking, followed by the analysis of the influence of the factors, 

ancestry, sex, age and allometry, on the bony chin shape of black and white South Africans.  

 

4.2.1 Reproducibility test: manual versus automatic landmarking 

In Table 4.12, automatic landmarking had high reproducibility of the craniometric 

landmarks in the interOD. The mean interobserver dispersion (interOD) of landmarks in the 

interOD 1 test was 7.00 mm and somewhat less in the interOD 2 test with 5.73 mm. The 

mean interOD for the automatic landmarking resulted in 0.52 mm and 0.60 mm in the 

interOD 1 and 2, respectively. Even though the manual intraobserver dispersion (intraOD) 

resulted in only 2.08 mm average dispersion of the eleven craniometric landmarks, automatic 

landmarking resulted in 0.21 mm dispersion. In Figures 4.1 and 4.2, the reproducibility for 

each craniometric landmark with a manual and an automatic placement are given. For this 

study, the automatic landmarking process was used. 

 

 

Table 4.12 Global mean of the inter- and intraobserver dispersion (in mm) of the manual versus automatic 

landmark placement.  

Method InterOD 1 InterOD 2 IntraOD 

Manual 7.00 5.73 2.08 

Automatic 0.52 0.60 0.21 

 

 

For each craniometric landmark separately in the manual placement analysis, best 

reproducibility (<2 mm) was found for landmark 1 (subspinale), 2 (prosthion) and 3 

(infradentale) as well as for craniometric landmark 6 and 7 (menton and gnathion) for the 
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intraOD and the interOD tests (Figure 4.1). The mental tubercles (8 and 9) and both gonia 

(10 and 11) were less reproducible in interOD 1 and intraOD (>2 mm) but were more 

reproducible in interOD 2 (<2 mm). A low reproducibility could be seen in 4 and 5, namely 

the supramentale and pogonion, in the intraOD and in interOD 1 (>2 mm), while a higher 

reproducibility was achieved in interOD 2 (<2 mm). 

 

 

Figure 4.1 Boxplots of the dispersion (in mm) for manual landmarking; interOD 1 (green); interOD 2 (blue); 

intraOD (red). Numbering of landmarks in Table 3.5. 

 

 

 In the automatic craniometric landmark placement, the intraOD (red) showed the best 

reproducibility of all the tests (Figure 4.2) while interOD 2 (blue) was slightly less 

reproducible than interOD 1 (green). Interestingly, the craniometric landmarks with the best 

reproducibility (<0.2 mm) was 8 (mental tubercle left) while craniometric landmark 9 

(mental tubercle right) showed the lowest reproducibility in the interOD tests (>1 mm). The 

gonia (10 and 11) were equally reproducible as, for example, 4 and 5 (supramentale and 

pogonion); <0.2 mm for the intraOD and <1 mm for both interOD tests. The latter two 
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craniometric landmarks also showed the lowest reproducibility in the manual landmarking 

process. As in the manual landmarking, craniometric landmarks 1, 2 and 3 (subspinale, 

prosthion and infradentale) exhibited relatively good reproducibility (<0.6 mm). 

 

 

 

Figure 4.2 Boxplots of the dispersion (in mm) for automatic landmarking; interOD 1 (green); interOD 2 (blue); 

intraOD (red). Numbering of landmarks in Table 3.5. 

 

 

Overall, craniometric landmarks 1, 2, 3 and 7 (subspinale, prosthion, infradentale and 

gnathion) showed high reproducibility in both the manual and the automatic placement 

procedures, as opposed to craniometric landmarks 4, 5, 9 and 10 (supramentale, pogonion, 

mental tubercle right and gonion left). Craniometric landmarks 6, 8 and 11 (menton, mental 

tubercle left and gonion right) performed differently in the two placement procedures with 

an overall lower reproducibility in the manual placement procedure. 
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4.2.2 Multivariate normality analysis 

The normality distribution of the entire sample (n=291) is given in Figure 4.3. The 

Q-Q-plot demonstrates some degree of non-normal distribution of the data, the points 

forming a curve deviating slightly from the straight line. Thus, for the sake of thoroughness, 

both parametric and non-parametric tests were carried out on the data.  

 

 

 
Figure 4.3 Multivariate normality of the sample; Q-Q-plot of the linear model of the hard-tissue shape of the 

sample.  

 

 

4.2.3 Chin shape analysis 

In this section, the results of the analysis of the parameters ancestry, sex, age and 

allometry are reported in view of their influence on the chin shape. This influence was tested 

in the complete sample for each parameter, as well as in ancestral-sex, ancestral-sex-age, 

allometry-ancestral, and allometry-ancestral-sex groups.  
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4.2.3.1 Ancestry 

Complete sample 

Testing the ancestry-related shape variation in the complete sample (n=291), 

mandibular shape differences were statistically significant among the two ancestral groups, 

as can be seen in Figure 4.4. The lower margin of the mandibular body and the gonial angle 

in red indicate the visibility of the template mandible of white South Africans whereas the 

rest of the mandible is brown, pointing at the pronounced mandible of black South Africans. 

The mental tubercles, however, are more developed, and the chin at the mental symphysis is 

slightly higher in white than in black South Africans. However, the greater parts of the 

mandible and maxilla are more prominent in black than in white South Africans, as seen in 

Figure 4.4. 

 

Figure 4.4 Mandibular shape differences between ancestral averages (black South Africans: brown; white 

South Africans: red). Template skulls of black and white South Africans generated in MeVisLab © v. 2.7.1 

software. 

 

 

Principal Component 1, accounting for 28.36% of shape variation versus PC 2, 

accounting for 25.48% of shape variation, are shown in Figure 4.5, indicating the extent of 

shape changes (minimum and maximum). The maximum shape reflecting the extreme of 

white South Africans displayed a wider distance between the gonia and a greater width 

between the mental tubercles, as compared to the minimum shape. However, when 

comparing the mean shapes per ancestry from frontal and diagonal views as depicted in 
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Figures 4.6a, c, d and f, differences between ancestral groups are not obvious. The obtained 

p-value of the MANOVA was 0.001. The 50-50 MANOVA test resulted in a p-value of 

<0.001, the permutation test in a p-value of 0.001. Discriminant function analysis of black 

and white South Africans in connection with ancestry as a shape-influencing factor resulted 

in 86.9% (Table 4.13). Ancestry was thus a shape-influencing factor on the hard-tissue chin 

in black and white South Africans (Figure 4.27).  

 

 

Figure 4.5 PC 1 versus PC 2 of the complete sample for ancestry on all landmarks indicating the minimum and 

maximum shapes along PC1. 
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Figure 4.6 Frontal and diagonal views of the mean shapes in black and white South Africans, respectively, on all craniometric landmarks; a) black, frontal view; b) 

template, frontal view; c) white, frontal view; d) black, diagonal view; e) template, diagonal view; f) white, diagonal view. 
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In Figure 4.7, the extent of ancestry-related shape variation for the selected 

craniometric landmarks is depicted by plotting PC 1 (71.69%) versus PC 2 (11.74%), 

indicating a greater shape variation in the bony menton in white as opposed to black South 

Africans. The main difference between the minimum and the maximum shapes along the PC 

1 axis was the width between the mental tubercles and height between the menton and the 

infradentale. The mean shapes of both subsamples are given in Figure 4.8a, c, d and f (from 

frontal and diagonal views), highlighting the greater dimensions between pogonion, 

gnathion and menton as well as between the mental tubercles in whites. The actual distances 

were also considerably larger in white than in black South Africans. When the selected 

craniometric landmarks for the hard-tissue chin were analysed, the statistically significant 

(Figure 4.28) results showed a MANOVA p-value of 0.001, a 50-50 MANOVA p-value of 

<0.001, a permutation test of 0.001 and a Discriminant Function Analysis (DFA) outcome 

of 91.7% (Table 4.13). Thus, ancestry-related shape variation was significant in both sets of 

data, all the landmarks, including the gonia and the maxillary landmarks, as well as the 

selected landmarks on the bony chin. 

 

 

Figure 4.7 PC 1 versus PC 2 of the complete sample for ancestry on the seven selected landmarks indicating 

the minimum and maximum shapes along PC1. 
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Figure 4.8 Frontal and diagonal views of the mean shapes in black and white South Africans, respectively, on the selected craniometric landmarks; a) black, frontal view; 

b) template, frontal view; c) white, frontal view; d) black, diagonal view; e) template, diagonal view; f) white, diagonal view.
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Ancestry*Males 

When all black and white males in the sample (black males n=70, white males n=59; 

total n=129) were analysed for the influence of ancestry on the chin shape, the obtained p-

values were all statistically significant (0.001) for all tests (MANOVA p-value, 50-50 

MANOVA p-value and permutation test) (Figure 4.27). The DFA was 87.2% (Table 4.13). 

Principal Component 1 (31.05%) versus 2 (20.91%) are depicted in Figure 4.9, showing a 

distinct shape variation between the male subsamples. As for the complete black sample, 

black males also exhibited a narrower chin but a slightly larger distance between pogonion 

and menton, compared to white males. 

As in the above analysis of all craniometric landmarks, the selected craniometric 

landmarks resulted in a statistically significant value of 0.001 for all statistical tests 

performed (Figure 4.28). The DFA was 88.3% (Table 4.13). Principal Component 1 

(70.46%) versus 2 (12.47%) are given in Figure 4.10 below, depicting the distinct shape 

variation on the chin between black and white males, and highlighting the greater shape 

variation within white as opposed to the black South Africans when analysing the bony 

menton only. The maximum shape reflected the extreme shape, pointing to white South 

African males having a much wider chin and lower distance between pogonion and menton 

than the minimum shape, which reflects black South African males whose chin was narrower 

and taller.  

The mean shapes of both black and white males are depicted in Figures 4.11a, c, d 

and f. In white males, the distance between pogonion, gnathion and menton was smaller than 

in black males, where the distribution of the craniometric landmarks in the vertical line 

(infradentale to menton) were more evenly spaced than in white males. The distance between 

the mental tubercles was larger in white males as opposed to black males, enhancing the 

perception of the squarer chin in white South Africans.  
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Figure 4.9 PC 1 versus PC 2 of the complete sample for males on all landmarks indicating the minimum and 

maximum shapes along PC1. 

 

 

Figure 4.10 PC 1 versus PC 2 of the complete sample for males on the seven selected landmarks indicating the 

minimum and maximum shapes along PC1. 
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Figure 4.11 Frontal and diagonal views of the mean shapes in black and white South African males, respectively, on the selected craniometric landmarks; a) black, frontal 

view; b) template, frontal view; c) white, frontal view; d) black, diagonal view; e) template, diagonal view; f) white, diagonal view. 
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Ancestry*Females 

The analysis of ancestry-related shape variation among all black and white females 

in the sample (black females n=47, white females n=115; total n=162) resulted in statistically 

significant values of 0.001 (MANOVA p-value, 50-50 MANOVA and permutation test). 

The DFA was 86.4% (Table 4.13, Figure 4.27). Principal Component 1 (29.20%) versus 2 

(27.03%) are shown in Figure 4.12. The figure highlights the different shapes between black 

and white females, with the maximum shape of the chin being narrower between the mental 

tubercles and slightly higher between the pogonion and the menton than the minimum shape. 

The same statistically significant results (MANOVA: 0.001, 50-50 MANOVA: 

0.001, permutation test: 0.001 and DFA: 95.6%) were obtained for the selected craniometric 

landmarks (Table 4.13, Figure 4.28). Principal Component 1 (73.47%) versus 2 (10.16%) 

are shown in Figure 4.5f, highlighting the distinct shapes between black and white females. 

White females presented with a greater shape variation of the selected craniometric 

landmarks on the bony menton, than black females. However, shape did not vary to the 

extent seen in black and white males (Figure 4.13). Mean shapes of black and white females 

are given in Figures 4.14a, c, d and f. As seen in the analyses of ancestry across the complete 

sample and in black and white males, the distance between pogonion, gnathion and menton 

as well as between the mental tubercles is larger in white than in black females. The 

curvature between infradentale, supramentale and pogonion in white females is more 

pronounced than in black females, thus enhancing the perception of the prominent chin in 

white South Africans. 
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Figure 4.12 PC 1 versus PC 2 of the complete sample for females on all landmarks indicating the minimum 

and maximum shapes along PC1. 

 

 
 

Figure 4.13 PC 1 versus PC 2 of the complete sample for females on the seven selected landmarks indicating 

the minimum and maximum shapes along PC1. 
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Figure 4.14 Frontal and diagonal views of the mean shapes in black and white South African females, respectively, on the selected craniometric landmarks; a) black, 

frontal view; b) template, frontal view; c) white, frontal view; d) black, diagonal view; e) template, diagonal view; f) white, diagonal view.
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4.2.3.2 Sex 

Complete sample 

When sex as a chin shape-influencing factor was analysed across the complete 

sample (females n=162, males n=129), the analysis did not result in significant values: a 

MANOVA p-value of 0.067, a 50-50 MANOVA p-value of 0.052, a permutation test of 

0.066 and a DFA outcome of 57.3% (Table 4.13, Figure 4.27). The minimum and maximum 

shapes are given in Figure 4.15, with PC 1 accounting for 28.36% and PC 2 for 25.48% of 

shape variation between sexes. Shape variation between the minimum and maximum mainly 

concerned the distance between pogonion and menton. 

On the selected craniometric landmarks, in contrast, the analysis of sex in the 

complete sample was significant. It resulted in a MANOVA p-value of 0.003, a 50-50 

MANOVA p-value of 0.001, a permutation test of 0.001 and a DFA outcome of 63.9% 

(Table 4.13, Figure 4.28). The influence of PC 1 and PC 2 was 71.69% and 11.74%, 

respectively. The shape variation in Figure 4.16 mainly concerns the width and height of the 

chin (distance between the mental tubercles and pogonion and menton, respectively).  

 

 

Figure 4.15 PC 1 versus PC 2 of the complete sample for sex on all landmarks indicating the minimum and 

maximum shapes along PC1. 
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Figure 4.16 PC 1 versus PC 2 of the complete sample for sex on the seven selected landmarks indicating the 

minimum and maximum shapes along PC1. 

 

 

4.2.3.3 Age 

Complete sample 

Before analysing the ancestral subsamples for the influence of age, the complete 

sample (n=291) was tested for the influence of age on the chin shape. Principal Component 

1 (28.36%) versus 2 (25.48%) are displayed in Figure 4.17. The obtained results were a 

MANCOVA p-value of <0.001 and a 50-50 MANOVA p-value of <0.001, thus, both 

statistically significant (Table 4.13, Figure 4.27). The shape change from minimum to 

maximum referred to an increasing distance between pogonion and menton, between 

supramentale and pogonion as well as a slightly wider distance between the gonia. 

The age analysis on the selected craniometric landmarks (Figure 4.18) resulted in 

equally statistically significant p-values: a MANCOVA of <0.001 and a 50-50 MANOVA 

of <0.001 (Table 4.13, Figure 4.28). Principal Component 1 accounted for 71.69% and PC 
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2 accounted for 11.74% of shape difference, which mainly concerned the width and the 

height of the chin.  

 

 

Figure 4.17 PC 1 versus PC 2 of the complete sample for age on all landmarks indicating the minimum and 

maximum shapes along PC1. 

 

 

Figure 4.18 PC 1 versus PC 2 of the complete sample for age on the seven selected landmarks indicating the 

minimum and maximum shapes along PC1. 
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Sex*Whites 

For the analysis of sex in white South Africans, PC 1 (31.48%) versus PC 2 (19.08%) 

are shown in Figure 4.19. The figure depicts some extent of overlap and little shape variation 

between the sexes in white South Africans. The chin shape variation of sex in this subsample 

(females n=115 and males n=59, total n=174) resulted in a MANOVA p-value of 0.282, the 

50-50 MANOVA p-value in 0.238. The permutation test showed a value of 0.266 and the 

DFA test resulted in 65.2% (Table 4.13). Overall, sex did not significantly influence the 

shape of the bony chin (Figure 4.27). The chin shape changes between females and males in 

white South Africans differed slightly regarding the mandibular body length from the mental 

tubercles to the gonia and the distance from pogonion to menton. 

As for all the craniometric landmarks, when analysing the selected craniometric 

landmarks of the hard-tissue chin, the obtained results were not significant (a MANOVA 

value of 0.417, a 50-50 MANOVA of 0.085 and a permutation test of 0.404). The DFA value 

was 66.1% (Table 4.13, Figure 4.28). Principal Component 1 (77.19%) versus 2 (10.44%), 

depicting great overlap in the shape, are shown in Figure 4.20, highlighting the non-

significant shape variation of sex in white South Africans, when looking at the selected 

craniometric landmarks. Thus, irrespective of all eleven versus the seven selected 

craniometric landmarks, sex in white South Africans did not significantly influence the chin 

shape despite the visible difference between the minimum and maximum shapes, with the 

maximum exposing a much shorter distance between the mental tubercles and a larger 

distance between pogonion and menton. In addition, the distance between the supramentale 

and the pogonion was considerably larger than in the minimum shape. 
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Figure 4.19 PC 1 versus PC 2 of white South Africans on all landmarks indicating the minimum and maximum 

shapes along PC1. 

 

 

Figure 4.20 PC 1 versus PC 2 of white South Africans on the seven selected landmarks indicating the minimum 

and maximum shapes along PC1. 
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Sex*Blacks 

For the analysis of sex in black South Africans, PC 1 (38.51%) versus PC 2 (19.97%) 

are given in Figure 4.10c. The chin shape variation of the factor sex in black South Africans 

(females n=47 and males n=70, total n=117) is not statistically significant (Figure 4.27), as 

can be seen in the great overlap of shape between females and males (Figure 4.21); the 

MANOVA p-value was 0.638 and the 50-50 MANOVA p-value was 0.745. Permutation test 

resulted in 0.800, equally non-significant. The DFA test was 59.8% (Table 4.13), thus very 

similar to the DFA test result in white South Africans above. Hence, the influence of sex on 

the shape of the chin in black and white South Africans was minimal. 

As for all craniometric landmarks, the analysis of the selected craniometric 

landmarks in black South Africans resulted in non-significant values: a MANOVA p-value 

of 0.341, a 50-50 MANOVA of 0.267, a permutation test value of 0.350 and a DFA of 60.6% 

(Table 4.13, Figure 4.28). Principal Component 1 (61.34%) versus 2 (19.35%) are given in 

Figure 4.22, showing great overlap in the shape of the selected craniometric landmarks in 

black females and males, despite the visible shape change between minimum and maximum. 

The maximum shape displayed a shorter distance between the mental tubercles and a larger 

distance between pogonion and menton. 
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Figure 4.21 PC 1 versus PC 2 of black South Africans on all landmarks indicating the minimum and maximum 

shapes along PC1. 

 

 

Figure 4.22 PC 1 versus PC 2 of black South Africans on the seven selected landmarks indicating the minimum 

and maximum shapes along PC1. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



Department of Anatomy 

University of Pretoria 

 

                                                                  

 

85 

 

Age*Whites 

For the analysis of age in white South Africans (18-29 n=38, 30-44 n=34, 45-59 

n=61, ≥60 n=41, total n=174), PC 1 (31.48%) versus PC 2 (19.8%) are given in Figure 4.23, 

highlighting some shape variation in the width of the chin and also in the distance between 

subspinale and prosthion. This analysis of age in white South Africans resulted in a 

MANCOVA p-value of 0.011 and a 50-50 MANOVA of 0.002 (Table 4.13); both values are 

statistically significant (Figure 4.27).  

 The analysis of the selected craniometric landmarks resulted in a MANCOVA p-

value of 0.069 and a 50-50 MANOVA of 0.055 (Table 4.13, Figure 4.28), which was not 

statistically significant. The first two PC scores (with 77.19% and 10.44% shape influence, 

respectively) are given in Figure 4.24, depicting the extent of shape variation which 

concerned the width and the height of the chin (distance between the mental tubercles as 

well as between pogonion and menton), and also the distance between supramentale and 

pogonion. 

 

 

Figure 4.23 PC 1 versus PC 2 of white South Africans for age on all landmarks indicating the minimum and 

maximum shapes along PC1. 
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Figure 4.24 PC 1 versus PC 2 of white South Africans for age on the seven selected landmarks indicating the 

minimum and maximum shapes along PC1. 

 

 

Age*Blacks 

For the analysis of age as a shape-influencing factor on black South Africans (18-29 

n=39, 30-44 n=51, 45-59 n=23, ≥60 n=4, total n=117), the first two PC scores (with 38.51% 

and 19.97% shape influence, respectively) are given in Figure 4.25, highlighting the small 

extent of shape variation in the distance between pogonion and menton. The chin shape 

variation analysis (MANCOVA) of age in black South Africans resulted in a p-value of 

0.468, the 50-50 MANOVA a p-value of 0.408 and was thus not statistically significant 

(Table 4.13, Figure 4.27).  
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Figure 4.25 PC 1 versus PC 2 of black South Africans for age on all landmarks indicating the minimum and 

maximum shapes along PC1. 

 

 

Figure 4.26 PC 1 versus PC 2 of black South Africans for age on the seven selected landmarks indicating the 

minimum and maximum shapes along PC1. 
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 On the selected craniometric landmarks, the same analysis resulted in a MANCOVA 

p-value of 0.359 and a 50-50 MANOVA of 0.282 (Table 4.13), neither of which is 

statistically significant (Figure 4.28). Principal Component 1 (61.34%) versus 2 (19.35%) 

are given in Figure 4.26, highlighting the small extent of shape variation in black South 

Africans in relation to age, referring to the width and the height of the chin (distance between 

the mental tubercles and distance between pogonion and menton). 

 

 

Sex*Age*Whites 

 The combination of age with sex was statistically non-significant in white South 

Africans (n=174). The MANCOVA resulted in a p-value of 0.174, the 50-50 MANOVA in 

0.177 (Table 4.13, Figure 4.27).  

 In the selected craniometric landmarks, the analysis resulted in a MANCOVA value 

of 0.176 and a 50-50 MANOVA of 0.061 (Table 4.13, Figure 4.28), thus not statistically 

significant.  

 

 

Sex*Age*Blacks 

As in white South Africans, the analysis of age combined with sex in black South 

Africans (n=117) was not statistically significant with a MANCOVA p-value of 0.365 and 

a 50-50 MANOVA of 0.344 (Table 4.13, Figure 4.27).  

 When the selected craniometric landmarks were analysed, the MANCOVA value 

was 0.326, and the 50-50 MANOVA value was 0.361 (Table 4.13, Figure 4.28), thus not 

statistically significant. 
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4.2.3.4 Allometry 

Complete sample 

The analysis of the complete sample for allometry resulted in a MANCOVA p-value 

of <0.001 and a 50-50 MANOVA of <0.001, and were thus both statistically significant.  

 

 

Allometry*Whites 

The chin shape variation of allometry as a chin shape-influencing factor in white 

South Africans (n=174) showed a MANCOVA p-value of <0.001 and a 50-50 MANOVA 

p-value of <0.001 (Table 4.13); both were statistically significant (Figure 4.27). 

The analysis of the selected craniometric landmarks resulted in a MANCOVA value 

of <0.001 and a 50-50 MANOVA value of likewise <0.001 (Table 4.13). Allometry was a 

statistically significant shape-influencing factor in whites (Figure 4.28). 

 

 

Allometry*Blacks 

The chin shape variation with allometry as a factor in black South Africans (n=117) 

resulted in a MANCOVA p-value of 0.002 and an equal, statistically significant 50-50 

MANOVA p-value of 0.002 (Table 4.13, Figure 4.27). 

The analysis of the selected craniometric landmarks showed a MANCOVA value of 

<0.001 and a 50-50 MANOVA value of likewise <0.001 (Table 4.13), both statistically 

significant (Figure 4.28). Hence, as in white South Africans, allometry in black South 

Africans influenced shape for all landmarks as well as for the selected landmarks. 

 

 

Allometry*Sex*Whites 

 Allometry combined with sex in white South Africans (n=174) was not statistically 

significant (Figure 4.27); the MANCOVA p-value was 0.797, equal to the 50-50 MANOVA 

p-value of 0.797 (Table 4.13). 
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 The non-significant results obtained in the same subsample on the selected 

craniometric landmarks were a MANCOVA value of 0.142 and a 50-50 MANOVA value 

of, likewise, 0.142 (Table 4.13, Figure 4.28).  

 

 

Allometry*Sex*Blacks 

 The analysis of the allometry-sex combination in black South Africans (n=117) 

showed statistically non-significant results (Figure 4.27); the MANCOVA p-value was 

0.155; the 50-50 MANOVA p-value was 0.180 (Table 4.13). 

 The analysis of the selected craniometric landmarks resulted in a MANCOVA value 

of 0.133 and a 50-50 MANOVA of 0.859 (Table 4.13), thus allometry in combination with 

sex did not influence the shape of the chin (Figure 4.28).  
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Table 4.13 Compilation of results, chin shape variation in South Africans with the influencing factors ancestry, sex, age and allometry; MANOVA; 50-50 MANOVA; 

MANCOVA; permutation test and discriminant function analysis (DFA). 

 

Chin shape  

(all landmarks) 

MANOVA 50-50 

MANOVA 

PERMUT. 

TEST 

DFA Bony menton shape 

(selected landmarks) 

MANOVA 50-50 

MANOVA 

PERMUT. 

TEST 

DFA 

Ancestry 0.001 <0.001 0.001 86.9% Ancestry 0.001 <0.001 0.001 91.7% 

Ancestry*Males 0.001   0.001 0.001 87.2% Ancestry*Males 0.001   0.001 0.001 88.3% 

Ancestry*Females 0.001   0.001 0.001 86.4% Ancestry*Females 0.001   0.001 0.001 95.6% 

Sex 0.067   0.052 0.066 57.3% Sex  0.003   0.001 0.001 63.9% 

Sex*Whites 0.282   0.238 0.266 65.2% Sex*Whites  0.417   0.085 0.404 66.1% 

Sex*Blacks 0.638   0.745 0.800 59.8% Sex*Blacks  0.341   0.267 0.350 60.6% 

Chin shape  

(all landmarks) 

MANCOVA 50-50 

MANOVA 

  Bony menton shape 

(selected landmarks) 

MANCOVA 50-50 

MANOVA 

  

Age <0.001 <0.001   Age <0.001 <0.001   

Age*Whites   0.011   0.002   Age*Whites    0.069   0.055   

Age*Blacks   0.468   0.408   Age*Blacks    0.359   0.282   

Sex*Age*Whites   0.174   0.177   Sex*Age*Whites    0.176   0.061   

Sex*Age*Blacks   0.365   0.344   Sex*Age*Blacks    0.326   0.361   

Allometry <0.001 <0.001        

Allometry*Whites <0.001 <0.001   Allometry*Whites  <0.001 <0.001   

Allometry*Blacks   0.002   0.002   Allometry*Blacks  <0.001 <0.001   

Allometry*Sex*Whites   0.797   0.797   Allometry*Sex*Whites    0.142   0.142   

Allometry*Sex*Blacks   0.155   0.180   Allometry*Sex*Blacks    0.133   0.859   

Significant values in bold. 
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Figure 4.27 Summary of significant (yellow) and non-significant (white) results in the analysis of all eleven craniometric landmarks.  
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Figure 4.28 Summary of significant (yellow) and non-significant (white) results in the analysis of the selected seven craniometric landmarks. 
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4.2.4 Summary of results 

1. The manual landmarking process resulted in lower reproducibility than the automatic 

landmarking.  

 

2. Ancestry, age and allometry in the complete sample influenced the shape of the chin.  

 

3. Ancestry significantly influenced the chin shape within sex groups. 

 

4. Sex was statistically significant in the complete sample, but only on the seven 

selected landmarks (bony menton). Sex had no significant influence on chin shape 

within the ancestral groups. 

 

5. Age in black South Africans was not significant, while in the complete sample, as 

well as in white South Africans, it was significant. However, in white South Africans 

only when analysing all craniometric landmarks. Age did not influence the chin 

shape, when analysed in combination with ancestry and sex.  

 

6. Allometry influenced the shape of the chin in the complete sample, as well as in black 

and white South Africans. However, sex combined with allometry and ancestry did 

not influence the chin shape. 

 

7. No difference was observed in the analysed parameters between all eleven versus the 

seven selected craniometric landmarks, except for sexual dimorphism in the 

complete sample, and age in whites. 
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CHAPTER 5 DISCUSSION 

The human mandible is often preserved in skeletal remains (Oettlé et al. 2009a). It is 

a useful bone for the assessment of ancestry (L’Abbé et al. 2011; Stull et al. 2014) and sexual 

dimorphism (Garvin and Ruff 2012), the latter being detectable in early childhood 

(Hutchinson 2010), and in adult age (Franklin et al. 2007; Garvin and Ruff 2012). Hence, 

the mandible lends itself for research related to population- and sex-specific standards for 

biological profiling in South Africa. However, less is known regarding the role of the chin 

in forensic anthropological assessments; thus, the chin was the focus of this study. The 

expression of sexual dimorphism in the mental eminence as part of the morphoscopic 

assessment described by Walker (2008) was analysed, as well as the applicability of the 

method to three-dimensional scan surfaces (3D surfaces), especially as the trait is felt, rather 

than visually observed, in bone. Scores in bone and 3D surfaces per observer were compared.  

Furthermore, the study analysed the influence of the factors ancestry, sex, age and 

size (allometry) on the human chin shape, using craniometric landmarks and applying 

geometric morphometric (GMM) methods. A previous study found that the mandible 

undergoes non-significant morphological changes with increasing age (Windhager et al. 

2019). After the eruption of the third molar at approximately 18 years of age (İşcan and 

Steyn 2013), the mandible is no longer useful for the estimation of chronological age. 

Nonetheless, the present study included the analysis of ageing and any influence it may have 

on the hard-tissue chin shape.  
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5.1 WALKER METHOD 

Although the application of the method (Walker 2008) to 3D surfaces was feasible, 

an observer’s personal affinity for assessing bone or 3D and the level of experience should 

be considered. Some observers might simply be more affine for assessing a tactile sex 

estimation trait in a 3D modality than others. Possibly due to the lack of tactile sensation 

during scoring, not all four observers were consistent in their scoring when using the two 

modalities. In addition, the intricate anatomical structure of the mental eminence (Lewis and 

Garvin 2016) might have contributed to the difficulties among the observers in consistently 

scoring the trait. In the Walker (2008) method, although being referred to as ‘visual’, three 

of the five described traits on the human skull are scored tactilely, the mental eminence 

among them. The feasibility of the application of the method to 3D surfaces is justified by 

the similar outcomes of the scoring when compared to bones. Overall, the observers 

performed very similarly in both modalities.  

The relatively low agreement between observers and modalities was consistent with 

previous studies. For example, the glabella, mastoid process and nuchal crest were found to 

be more reliable traits (repeatability of scoring) than the mental eminence (Krüger et al. 

2015; Lewis and Garvin 2016; Dereli et al. 2018). Overall, the intra- and interobserver 

agreement in the study by Krüger and colleagues (2015), ranged between 0.60 and 0.90 

(moderate to excellent), except for the mental eminence, where agreement did not exceed 

0.40 (fair). Among the three observers in the study by Dereli and colleagues (2018), on 

average the mental eminence (0.64) ranged slightly higher than the supraorbital margin 

(0.63). This stood in contrast to the remaining three traits: nuchal crest (0.71), mastoid (0.72) 

and glabella (0.88). Similarly, an investigation into sexing skulls and pelves from a medieval 

skeletal sample from the Netherlands (Maat et al. 1997), showed that the results from sexing 

an individual from the mandible was not reliable. However, a different sex estimation 

technique of the mandibular aspects was employed: the robustness of the bone, the shape of 

the mentum, the prominence and shape of the gonial angle and the robustness of the inferior 
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margin were estimated (Maat et al. 1997). In consequence, more than half of the females 

were sexed as males. 

Overall, both modalities were scored similarly. The difference between the 

observation of the trait in bone versus 3D surfaces could be neglected. The better agreement 

in the intraobserver error (intraOE) as opposed to the interobserver error (interOE), however, 

suggested that the observation of the trait in bone or in 3D surfaces might be a matter of 

personal preference or of motivation, as the intraOE was carried out by the principal 

investigator who had done the biggest amount of reading into the subject prior to scoring. 

The observers’ level of experience might have slightly influenced the outcome. This 

corroborated the findings of the study of Byrnes et al. (2017), who found that the level of 

observers’ experience influenced the results both for the morphoscopic and the metric sex 

estimation on the mandible, if only to a negligible degree. However, the study by Byrnes 

and colleagues (2017) assessed the chin shape by looking at it from a cranial perspective and 

scoring the observed chin according to its shape (blunt, pointed, square or bilobate). Thus, 

different criteria from the Walker (2008) method were involved, rendering direct comparison 

of results difficult.  

Other challenges in scoring the sample included that the complete sample was 

analysed without any differentiation made between ancestries, the lack of tactile sensation 

when observing 3D surfaces, the low accuracy of the mental eminence and, potentially, the 

personal affinity for assessing 3D surfaces. These difficulties might also explain the low 

agreement among observers; they were reflected in the observers’ perception in the 

qualitative part. Moreover, the low comparability within observers might be explained by 

the above-mentioned challenges. However, the overall tendency in both modalities pointed 

to a feasibility to use 3D surfaces, taking into consideration that the mental eminence in 

isolation is not a reliable sex estimation trait.  

The overall average scores of all four observers for the two modalities suggested a 

tendency to score the expression of the mental eminence slightly lower (more feminine) in 

3D surfaces than in bone; this might be due to the lack of tactile sensation when scoring 3D 

surfaces. The lack of immediate tactile comparison with other mental eminences when 

scoring the bone, might have contributed to the slight underscoring of 3D surfaces. However, 
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as the interOE of bone versus 3D surfaces did not differ much, the slightly lower average 

scoring observed in 3D surfaces may not necessarily preclude the use of 3D surfaces in sex 

estimation for this method. The use of virtual 3D surfaces in a morphoscopic method has the 

advantage of eliminating the handling of bones, thus limiting any possible damage to the 

bone tissue. In addition, the ready availability of scans, as opposed to skeletal material, for 

verification of previously made estimations, is advantageous. A disadvantage of applying a 

morphoscopic method to 3D surfaces, however, is the lack of tactile sensation of the 

expression of the feature in question (Dereli et al. 2018), a fact which is also reflected in the 

qualitative section of this dissertation. 

Even though the interOE agreement on the complete sample was low, a tendency 

could be detected for obtaining the highest percentage in correctly sexing the specimens in 

bone, but less often in 3D surfaces. Only observer 4 achieved the highest percentage in 

correctly sexing the complete sample in both modalities. Three of the four observers 

concurred more often in correctly sexing white South Africans, compared to black South 

Africans. This could be indicative of a more prominent expression of sexual dimorphism in 

the mental eminence among South African whites when compared to blacks (L’Abbé et al. 

2013; Krüger et al. 2015).  

Females were more often correctly sexed than males. This was surprising as the 

results found by Krüger et al. (2015) suggested the opposite. This might be due to the 

consideration of all five traits on the skull in the previous study versus the mental eminence 

in isolation in the present research, a wider shape variation in the mental eminence among 

black and white females as opposed to males, or the use of (partially) edentulous mandibles. 

Furthermore, the sex bias in the sample of the present study (42 females, 63 males) could 

also account for the differences in results noted. 

The observers’ relative likelihood of sexing black females (BF) and white males 

(WM) correctly in both modalities could be due to the enhanced gracility of the former and 

robusticity of the latter (Krüger et al. 2015). Hence, the relative unlikelihood of sexing black 

males (BM) and white females (WF) correctly was not surprising, as the expression of their 

mental eminence lies between the two morphological extremes of BF and WM, representing 

the continuum of the trait expression which is harder to score.  
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Observers 1, 3 and 4 almost always concurred in the outcome that BF and WM were 

more often correctly scored, which in turn concurred with the application of the method to 

the same population groups in the previous study by Krüger and colleagues (2015). Observer 

2 performed more ambiguously in the process of scoring the ancestral-sex subsamples. 

Generally, score frequency in the ancestral-sex groups for BF and BM corroborated the 

findings of Krüger et al. (2015) that scores 2 and 3 were most often attributed to the two 

subsamples, respectively, in bone. For WF and WM, however, score frequencies differed 

between the two studies. While WF were most often scored a 3 in the present study in bone, 

Krüger and colleagues (2015) most often scored WF a 2. For WM, the score frequencies also 

differed by one score; the four observers in the present study scored WM most often a 5 in 

bone and Krüger et al. (2015) a 4. In 3D surfaces, the highest score frequency of the four 

observers in this study was a 2 for both BF and BM. For WF and WM, the highest score 

frequency was a 3 in the present study. The score frequency in 3D surfaces thus showed that 

males were scored too low (more feminine) while females had the same highest score 

frequency in bone and 3D surfaces.  

Although the subsample sizes in the age groups varied, implying a cautious 

interpretation of the findings, a tendency could be detected confirming the results of the 

ancestral-sex group analysis: BF and WM were the most likely to be correctly sexed, in 

contrast to BM and WF, irrespective of age.  

 

5.2 CHIN SHAPE VARIATION IN SOUTH AFRICANS 

The chin shape variation part of the present study analysed the possible influence of 

ancestry, sex, age as well as size (allometry) on the shape of the chin in black and white 

South Africans. The usability of cone-beam computed tomography (CBCT) scans for 3D as 

compared to dry bone measurements was established previously, with Pearson correlation 

coefficients ranging between 0.992 and 1 (Kamburoğlu et al. 2011). The same materials 

(CBCT scans) and methods, craniometric landmarks and geometric morphometrics (GMM), 

were applied to black and white South Africans to study the influence of the same parameters 
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(ancestry, sex, age and allometry) to the mid-facial region (Ridel 2019). The present study 

was complementary to other studies performed on facial features in the FARC group (Oettlé 

2014; Krüger et al. 2015; Dorfling et al. 2018; Ridel 2019), aiming at an incorporation of 

the findings on the hard-tissue so as to enable forensic anthropologists in South Africa to 

improve biological profiling and create better facial approximations from skeletal remains, 

by applying the methodology used by Ridel 2019.  

As the identification of landmarks for 3D shape analysis in this study was pivotal, 

reproducibility of the predefined landmarks was considered before detailing the effects of 

the demographic factors. While the landmarking placement process has pitfalls of its own 

(Bookstein 1991; Wärmländer et al. 2019), the automatic placement of the craniometric 

landmarks was favourable over the manual placement, due to the higher accuracy of the 

former (Ridel et al. 2018; Ridel 2019). As could be expected, some of the landmarks showed 

higher reproducibility (subspinale, prosthion, infradentale and gnathion) due to the relative 

precision of their definition, while other landmarks with less precise definitions resulted in 

a lower reproducibility (supramentale, pogonion, mental tubercle right and gonion left) 

(Caple and Stephan 2016). Apart from the imprecise definitions of these craniometric 

landmarks, the orientation of the 3D surfaces in the software during the manual landmarking 

process might have accounted for the lower reproducibility of the mentioned landmarks. The 

automatic landmarking process, in contrast, excluded a great degree of imprecision, as was 

also shown in previous studies (Ridel et al. 2018, Ridel 2019). 

The influence of ancestry on the chin shape corroborated the findings of previous 

research (L’Abbé et al. 2011; Garvin and Ruff 2012; Stull et al. 2014; Byrnes et al. 2017). 

In Figure 4.4, the broader gonial region in whites, as compared to blacks, as reported in 

previous studies (Parr 2005; Oettlé et al. 2009b), can be noted. Furthermore, the relative 

prognathism in blacks compared to whites is visible in Figure 4.4. According to previous 

studies, the enhanced prognathism in South African blacks could render the pronounced chin 

redundant, as the required space for the tongue was allotted by prognathism, thus not 

inhibiting swallowing and breathing in the posterior part of the oral cavity (Coquerelle et al. 

2013a; Coquerelle et al. 2013b). Hence, prognathism in South African blacks corroborated 

the finding of the chin shape in blacks as being less square, more rounded or even pointed, 
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in contrast to South African whites, whose chin is often perceived as ‘square’ (De Villiers 

1968; Parr 2005; Garvin and Ruff 2012; Oettlé 2014). In the hard-tissue shape of the mid-

face of black and white South Africans, ancestry was a shape-influencing factor when 

craniometric landmarks and GMM were employed (Ridel 2019).  

The influence of ancestry in the complete sample of the present study as well as 

within sex groups was detectable. Sexual dimorphism, on the other hand, was non-significant 

in the complete sample on the eleven craniometric landmarks, and non-significant also 

within ancestral groups (Figure 4.27). However, sexual dimorphism proved to be significant 

in the complete sample, when the seven selected landmarks were analysed (Figure 4.28). 

This indicated that the shape concerning the gonia and the maxillary landmarks did not 

significantly vary between the sexes, while the bony menton did. Significant results in the 

analysis of sexual dimorphism were obtained in the mid-facial region, although to a greater 

extent in black than in white South Africans (Ridel 2019). In white South Africans, sex did 

not significantly influence some of the analysed shapes on the mid-facial region (the nasal 

bones and the nasal aperture) (Ridel 2019).  

Furthermore, the influence of age on the chin shape in the complete sample was 

important. However, when ancestral groups were separated, age was no longer influential. 

In white South Africans, age was influential only on the shape of all eleven craniometric 

landmarks (Figure 4.27), but not on the seven selected craniometric landmarks (Figure 4.28). 

This discrepancy might be explained by a difference in tooth loss patterns in white as 

compared to black South Africans (Oettlé et al. 2009b).  

In addition, some other, unknown factor affecting the relative position of the chin in 

white South Africans might be responsible. Although individuals with severe tooth loss were 

excluded, those with partial tooth loss (up to Eichner Index B3) were included. The effects 

of tooth loss on chin shape were not the aim of this study. In an attempt to minimalise the 

effects of tooth loss, samples with a greater extent of tooth loss were not included. For this 

reason, samples with tooth loss exceeding dentition group B3 (Ikebe et al. 2010) were not 

used. Tooth loss beyond B3 is associated with significantly decreased masticatory 

performance (Ikebe et al. 2010). In addition, individuals up to group B3 have intact incisors 

and canines, which would render the effect of tooth loss in group B3 unlikely responsible 
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for differences noted between groups in the seven selected landmarks depicting the chin 

shape. However, a future study could incorporate the chin shape variation in conjunction 

with the dentition patterns according to the Eichner Index. Furthermore, it should be stressed 

that when interpreting the outcomes related to age groups in this study, the varying 

subsample sizes in the age groups need to be considered. When age was combined with 

ancestry and sex, again no influence on the chin shape was found, indicating that the 

influence of ancestry and sex was greater than that of ageing. Age was also found to 

significantly influence the mid-facial hard-tissue region, though to a greater extent in blacks 

than in whites (Ridel 2019).  

As in the present study, allometry was also found to be a significant shape-

influencing factor of the mid-facial region in black and white South Africans (Ridel 2019). 

Allometry resulted in significant outcomes across all parts of the mid-face; thus, allometry 

was as statistically significant as ancestry across the complete sample (Ridel 2019). The 

combination of ancestry and sex in the present study to assess allometry did not, however, 

influence the chin shape. This finding could indicate that sex influenced the allometry 

reported in the separate ancestral groups, and when sexes were evaluated separately, the 

effect of allometry was diminished. Another reason for the insignificance of allometry in the 

ancestral-sex groups could be attributed to the diminution of the subsample sizes.  

Previous studies had shown that the expression of sexual dimorphism in South 

African populations is lower than in their North American counterparts, relating to the 

cranium as opposed to postcranial traits (McDowell et al. 2012; L’Abbé et al. 2013; Krüger 

et al. 2015). More precisely, the extent of sexual dimorphism also varies between black and 

white South Africans, with blacks exhibiting a lower degree than whites (Tobias 1974; 

L’Abbé et al. 2013). The discrepancy in the extent of sexual dimorphism might be an 

explanation for the greater significance of the allometric effect in South African whites as 

opposed to blacks, as shape variation with size may be confounded by a more pronounced 

sexual variation in size and shape. This difference in sexual dimorphism may in part be due 

to the comparatively lower socio-economic situation of South African blacks than whites. It 

is postulated that during the critical pubertal growth period, limited food resources may 

hinder optimal growth (Tobias 1974), and therefore perhaps influence the allometric effect 
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noticed on the shape of the chin in the black South Africans. However, with the ongoing 

socio-political changes in South Africa, blacks might be expected to extend the degree of 

sexual dimorphism in the future (L’Abbé et al. 2013). 

Using the seven selected versus the eleven craniometric landmarks had no influence 

on the significance found between the covarying factors (ancestry, sex, age and allometry), 

except for the effects of sexual dimorphism in the complete sample, and ageing in white 

South Africans. The few differences between findings involving only the menton compared 

to all eleven landmarks could indicate that the bony menton shape is linked to the gonia and 

the maxillary landmarks. 

 

5.3 GENERAL DISCUSSION 

Both parts of this study concurred in their findings regarding the factors influencing 

the shape of the hard-tissue chin in black and white South Africans. The influence of sexual 

dimorphism in the selected landmarks on the menton explained why, in the Walker part of 

this study, estimating sex from the chin was feasible in the complete sample, although not 

consistently by all four observers. The influence of ancestry and sexual dimorphism 

explained why correctly scoring BF and WM was feasible in the Walker part of this study. 

The four ancestral-sex groups could be described as a continuum of the chin shape variation, 

with BF being the most gracile and smallest, and WM the most robust and largest (Krüger 

et al. 2015), representing scores 1 and 5, respectively, of the Walker (2008) method. The 

BM and WF groups were located between these two extreme chin shape expressions, 

representing scores 2, 3 and 4, which were harder to score. The overall relatively low 

expression of sexual dimorphism reported in the studied South African populations 

(McDowell et al. 2012; L’Abbé et al. 2013; Krüger et al. 2015) agreed with the outcomes of 

the present study, detecting sexual dimorphism in the complete sample, but only on the seven 

selected landmarks, and not in the ancestral groups.  

The fact that ancestry had a greater influence on the chin shape than sexual 

dimorphism corroborated the findings of a previous study (L’Abbé et al. 2013). The higher 
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likelihood of sexing the white as opposed to the black South Africans correctly, concurred 

with the finding of a slightly higher degree of sexual dimorphism in South African whites 

than in blacks. It also confirmed the result in the chin shape analysis part of this study, 

showing a wider shape variation in whites than in blacks, although non-significant. The 

question remains, however, why females were generally more often correctly sexed than 

males, as this outcome did not concur with the findings of a previous study (Krüger et al. 

2015); both sexes should have been equally well scored. As mentioned before, other studies 

have used all five traits of the Walker (2008) method, while the present study concentrated 

on the mental eminence. Another reason could be the sex bias; the females in the sample 

were fewer (n=42) than males (n=63), with the WF being the smallest (n=8). Also, personal 

affinity for assessing one of the modalities could be an explanation.  

Age-related shape variation was only partly influential. This was not surprising, as it 

concurred with previous studies. Even though post-menopausal women were found to 

present with slight morphological changes in the mandible due to bone resorption, shape 

changes were not statistically significant (Windhager et al. 2019). 

The importance of size (allometry) on the chin shape in the complete sample, and in 

the ancestral groups separately, was corroborated in the findings of the Walker (2008) 

method part, such that the distinction between BF and WM could otherwise hardly be 

obtained; BF representing the smallest and WM the largest expression of the mental 

eminence.  

 

The overall findings of both parts of this study are thus corroborative of each other, 

as well as of most related previous studies. The human chin could develop in order to allot 

enough space for the tongue in the oral cavity so as not to obstruct the posterior space for 

breathing and swallowing. Thus, enhanced prognathism might make a prominent chin 

superfluous by allotting the necessary space for the tongue. The generally greater gonial 

eversion in whites, compared to blacks, described in earlier studies (Oettlé et al. 2009a) was 

also detected in this study, represented in the minimum and maximum shapes in the analysis 

of all eleven craniometric landmarks. The importance of ancestry on the human chin shape 

corroborated previous studies (De Villiers 1968; Tobias 1974; Loth and Henneberg 2000; 
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Parr 2005; Oettlé et al. 2009a; Oettlé et al. 2009b; L’Abbé et al. 2011; Garvin and Ruff 2012; 

Hefner and Ousley 2014; Oettlé et al. 2017), while the detection and quantification of sexual 

dimorphism were previously found to be more challenging (Loth and Henneberg 1996; 

2000; Franklin et al. 2007; Oettlé et al. 2009b; Garvin and Ruff 2012; Byrnes et al. 2017).  

In this sense, the expression of sexual dimorphism on the bony menton of the 

complete sample pointed to a wide shape variation, which was largely due to having both 

ancestries in the sample. Within each ancestral group, sexual dimorphism was not detectable. 

Likewise, the importance of age in the complete sample was relativised by the influence of 

ancestry and sex, thus supporting the fact that mandibles beyond the eruption of the third 

molar are not usually indicative of age. 

 

The apparent advantage of including micro-XCT scans into the Walker study was to 

have high-resolution 3D images of bones from a skeletal collection. With the advancing 

availability of such scans through projects like Bakeng se Afrika 

(https://www.up.ac.za/bakeng-se-afrika), scans are being made accessible to researchers 

around the globe, and a sex estimation methods (Walker 2008) can be validated for a variety 

of population groups. The use of CBCT scans for the chin shape variation study was justified 

by the inclusion of partially dentate, living patients being scanned for medical reasons, with 

a low-radiation scanning device. The use of software in this study was made dependent on 

availability. Using a different software should not influence the outcome unless the high-

resolution depiction of the scans cannot be guaranteed. A comparison of software programs 

could, however, be interesting, depending on whether, for instance, the source of light is 

moveable. 
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CHAPTER 6 CONCLUSION 

In recent years, three-dimensional (3D) imaging techniques, originally used in 

medical diagnostics, have inspired researchers in forensic anthropology to test existing, and 

to develop new methods dedicated to biological profiling. The present research took these 

contexts into consideration, focussing on the analysis of chin shape variation in black and 

white South Africans, involving craniometric landmarks and geometric morphometrics 

(GMM). 

The four observers in the morphoscopic part of this study performed very similarly 

in bone and in micro-focus X-ray computed tomography (micro-XCT) scans. The slight 

difference in performance among the four observers could have been due to the observers’ 

level of experience and a possible personal affinity for assessing 3D surfaces. The 

application of the Walker method (2008) to the mental eminence implied that sexual 

dimorphism was detectable in the human chin. Indeed, sexual dimorphism was shown to 

influence the sample (on the selected landmarks) of 291 cone beam computed tomography 

(CBCT) scans, using craniometric landmarks and GMM. Ageing, like sexual dimorphism, 

proved to influence the chin shape in the complete sample, but not in the ancestral-sex 

groups. Moreover, ancestry and size (allometry) influenced the chin shape, not only in the 

complete sample but also in the analysed subsamples. Ancestry and size were thus more 

relevant than sexual dimorphism and ageing in the studied sample.  

The use of craniometric landmarks, the automatic landmarking process and GMM 

on the chin in black and white South Africans were reliable methods for this study.  
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6.1 FUTURE RESEARCH NEEDS 

Regarding the applicability of the morphometric sex estimation technique (Walker 

2008) to 3D surfaces, a study could be carried out in bones and the respective micro-XCT 

scans for all five traits. This would allow the comparison of the results to those obtained in 

this study as well as in previous studies (Krüger et al. 2015; Lewis and Garvin 2016; Dereli 

et al. 2018) and to test the applicability of 3D surfaces to the broader context of this method 

for South African populations. The analysis of all five traits would also allow testing for the 

possible personal affinity for assessing 3D surfaces. This would result in deeper knowledge 

on whether observers should evaluate their personal affinity before applying the method to 

scans of unknown parameters.  

As ancestry, sexual dimorphism, ageing and size were shape-influencing factors in 

the bony chin, the correlation between the hard- and soft-tissue shapes of the chin could be 

studied. If the soft-tissue chin shape was also influenced by ancestry, sex, age and size, an 

automated 3D approximation of the chin could be attempted, similar to that of the nasal 

shape (Ridel et al. 2018). This could enable forensic anthropologists in South Africa to 

reliably estimate the lower part of the face for the purpose of victim identification. In the 

wider sense, the shape of the lower part of the face (chin and mouth) could be analysed; this 

would also include the quantification of prognathism shown in Figure 4.4. Furthermore, 

other South African population groups could be investigated in connection with chin shape 

variation. 

As is true for any study, the validity of the results could possibly be limited by the 

sample composition. Only persons presenting for medical reasons at the Oral and Dental 

Hospital, University of Pretoria, were included, making this a random study sample of 

patients with a medical condition. However, patients with distorting conditions were 

excluded. The outcomes of this study might be applicable only in a local geographical 

context but are not inhibited by anatomically distorting features. In order to apply the 

findings to a broader population, further studies might be needed.  
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CHAPTER 8 APPENDIX 

 

 

Appendix A 
 

 

Table 1 List of 105 specimens of the Walker method study, from the Pretoria Bone Collection (PBC), 

University of Pretoria. 

Number Ancestry Sex Age 

4256 Black South African F 42 

4384 Black South African F 80 

4417 Black South African F 60 

4448 Black South African F 38 

4537 White South African M 59 

4540 Black South African F 49 

4565 Black South African F 47 

4578 Black South African F 40 

4636 Black South African F 53 

4956 Black South African F 40 

5056 White South African F 45 

5150 Black South African F 31 

5203 Black South African F 75 

5248 Black South African M 80 

5259 Black South African F 35 

5347 White South African M 64 

5407 White South African M 73 

5462 Black South African M 87 

5483 Black South African M 80 

5684 White South African M 80 

5688 White South African M 52 

5692 Black South African F 44 

5735 Black South African M 50 

5752 Black South African M 52 

5754 White South African M 74 

5760 Black South African M 66 

5785 Black South African F 56 
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5796 Black South African M 30 

5797 Black South African F 28 

5837 Black South African F 48 

5845 Black South African F 44 

5848 White South African M 61 

5865 White South African M 76 

5875 White South African M 64 

5886 Black South African M 71 

5892 Black South African F 26 

5895 White South African F 57 

5903 Black South African M 30 

5905 Black South African M 40 

5912 Black South African M 37 

5925 White South African M 68 

5942 Black South African M 41 

5951 Black South African M 60 

5953 Black South African M 27 

5954 Black South African M 36 

5957 Black South African F 29 

5958 Black South African M 34 

5966 Black South African M 77 

5981 Black South African M 45 

5991 Black South African M 71 

6002 Black South African M 36 

6010 Black South African F 70 

6011 Black South African M 60 

6023 Black South African M 50 

6024 Black South African F 65 

6028 Black South African F 45 

6030 Black South African M 26 

6031 White South African M 58 

6034 Black South African M 35 

6035 Black South African M 39 

6145 Black South African F 46 

6172 Black South African F 53 

6217 Black South African M 35 

6228 White South African M 55 

6231 Black South African M 32 

6234 Black South African F 25 

6237 Black South African F 56 

6242 Black South African M 65 

6247 Black South African M 54 

6248 White South African M 49 

6296 Black South African M 58 

6305 Black South African M 50 

6309 Black South African M 70 

6315 Black South African F 64 

6318 Black South African M 36 

6322 White South African F 81 

6334 Black South African M 35 

6335 Black South African M 54 

6338 White South African F 21 
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6339 White South African F 65 

6358 Black South African F 37 

6370 Black South African F 60 

6374 White South African M 51 

6388 Black South African F 47 

6390 Black South African F 24 

6407 White South African M 71 

6416 Black South African M 30 

6426 Black South African M 98 

6430 Black South African M 50 

6432 White South African F 48 

6437 White South African M 78 

6440 Black South African M 50 

6444 White South African M 68 

6449 White South African F 59 

6458 Black South African M 50 

6459 Black South African M 57 

6461 White South African F 55 

6463 Black South African F 35 

6470 Black South African F 60 

6482 Black South African F 53 

6504 White South African M 31 

6526 Black South African M 44 

7018 White South African M 80 

7019 Black South African M 86 

7053 White South African M 65 

 

 

 

 

Table 2 List of the 25 specimens of the Walker method study used for the intraOE, from the Pretoria Bone 

Collection (PBC), University of Pretoria. 

Number Ancestry Sex Age 

6339 White South African F 65 

6358 Black South African F 37 

6370 Black South African F 60 

6374 White South African M 51 

6388 Black South African F 47 

6390 Black South African F 24 

6407 White South African M 71 

6416 Black South African M 30 

6426 Black South African M 98 

6430 Black South African M 50 

6432 White South African F 48 

6437 White South African M 78 

6440 Black South African M 50 

6444 White South African M 68 

6449 White South African F 59 

6458 Black South African M 50 
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6459 Black South African M 57 

6461 White South African F 55 

6463 Black South African F 35 

6470 Black South African F 60 

6482 Black South African F 53 

6504 White South African M 31 

6526 Black South African M 44 

7018 White South African M 80 

7019 Black South African M 86 

 

 

 

 

 

Table 3 List of 291 specimens of the chin shape analysis study, scanned at the Oral and Dental Hospital, 

University of Pretoria. 

Number  Ancestry Sex Age 

1  Black South African F 38 

5  Black South African F 57 

7  Black South African F 72 

11  Black South African F 40 

13  Black South African F 33 

15  Black South African F 33 

20  Black South African F 28 

24  Black South African F 38 

28  Black South African F 27 

29  Black South African F 37 

30  Black South African F 67 

33  Black South African F 58 

38  Black South African F 53 

52  Black South African F 43 

53  Black South African F 46 

54  Black South African F 55 

69  Black South African F 32 

70  Black South African F 56 

74  Black South African F 54 

75  Black South African F 34 

78  Black South African F 27 

86  Black South African F 27 

88  Black South African F 49 

90  Black South African F 23 

91  Black South African F 50 

93  Black South African F 20 

99  Black South African F 34 

102  Black South African F 68 

111  Black South African F 35 

112  Black South African F 35 

114  Black South African F 25 

116  Black South African F 32 

134  Black South African F 37 

136  Black South African F 20 
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138  Black South African F 34 

156  Black South African F 30 

163  Black South African F 29 

175  Black South African F 30 

183  Black South African F 55 

184  Black South African F 43 

187  Black South African F 29 

206  Black South African F 53 

212  Black South African F 37 

216  Black South African F 40 

217  Black South African F 19 

235  Black South African F 31 

238  Black South African F 27 

4  Black South African M 23 

8  Black South African M 53 

12  Black South African M 28 

22  Black South African M 30 

25  Black South African M 19 

26  Black South African M 26 

31  Black South African M 33 

32  Black South African M 26 

37  Black South African M 29 

39  Black South African M 40 

41  Black South African M 27 

42  Black South African M 32 

43  Black South African M 39 

44  Black South African M 33 

46  Black South African M 31 

47  Black South African M 39 

49  Black South African M 43 

50  Black South African M 44 

59  Black South African M 39 

60  Black South African M 26 

62  Black South African M 30 

65  Black South African M 42 

68  Black South African M 33 

71  Black South African M 50 

79  Black South African M 20 

84  Black South African M 45 

85  Black South African M 21 

87  Black South African M 22 

92  Black South African M 57 

94  Black South African M 50 

98  Black South African M 41 

101  Black South African M 21 

104  Black South African M 33 

105  Black South African M 46 

106  Black South African M 21 

110  Black South African M 24 

113  Black South African M 28 

115  Black South African M 29 

117  Black South African M 43 
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118  Black South African M 21 

119  Black South African M 32 

120  Black South African M 32 

126  Black South African M 25 

130  Black South African M 51 

139  Black South African M 31 

171  Black South African M 20 

172  Black South African M 29 

173  Black South African M 65 

177  Black South African M 29 

179  Black South African M 27 

188  Black South African M 57 

192  Black South African M 31 

199  Black South African M 32 

211  Black South African M 26 

214  Black South African M 38 

222  Black South African M 37 

223  Black South African M 44 

224  Black South African M 33 

225  Black South African M 59 

226  Black South African M 31 

228  Black South African M 25 

229  Black South African M 57 

233  Black South African M 21 

236  Black South African M 48 

237  Black South African M 51 

239  Black South African M 41 

240  Black South African M 29 

241  Black South African M 23 

242  Black South African M 33 

243  Black South African M 32 

3  White South African F 31 

6  White South African F 21 

9   White South African F 67 

17  White South African F 24 

19  White South African F 54 

27  White South African F 48 

34  White South African F 27 

35  White South African F 34 

36  White South African F 54 

40  White South African F 33 

45  White South African F 46 

48  White South African F 56 

51  White South African F 62 

55  White South African F 22 

56  White South African F 54 

57  White South African F 33 

58  White South African F 30 

61  White South African F 67 

63  White South African F 20 

64  White South African F 54 

72  White South African F 41 
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80  White South African F 63 

81  White South African F 49 

83  White South African F 66 

103  White South African F 51 

107  White South African F 74 

108  White South African F 20 

109  White South African F 52 

123  White South African F 48 

127  White South African F 57 

128  White South African F 64 

129  White South African F 62 

132  White South African F 57 

133  White South African F 21 

135  White South African F 61 

137  White South African F 38 

140  White South African F 20 

141  White South African F 60 

142  White South African F 55 

143  White South African F 57 

144  White South African F 49 

145  White South African F 18 

147  White South African F 52 

148  White South African F 55 

149  White South African F 38 

150  White South African F 41 

151  White South African F 20 

152  White South African F 47 

153  White South African F 57 

154  White South African F 25 

157  White South African F 57 

158  White South African F 62 

159  White South African F 57 

160  White South African F 51 

161  White South African F 24 

164  White South African F 25 

165  White South African F 51 

167  White South African F 25 

168  White South African F 65 

169  White South African F 19 

170  White South African F 45 

174  White South African F 45 

176  White South African F 36 

178  White South African F 34 

181  White South African F 75 

185  White South African F 39 

186  White South African F 61 

190  White South African F 69 

191  White South African F 57 

193  White South African F 34 

195  White South African F 33 

196  White South African F 54 

197  White South African F 74 
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198  White South African F 21 

200  White South African F 59 

201  White South African F 35 

204  White South African F 75 

205  White South African F 27 

207  White South African F 63 

218  White South African F 26 

220  White South African F 72 

227  White South African F 49 

231  White South African F 57 

232  White South African F 55 

234  White South African F 22 

244  White South African F 23 

245  White South African F 24 

246  White South African F 29 

247  White South African F 19 

248  White South African F 23 

253  White South African F 37 

254  White South African F 38 

255  White South African F 32 

256  White South African F 37 

257  White South African F 34 

263  White South African F 56 

264  White South African F 56 

265  White South African F 47 

266  White South African F 57 

267  White South African F 47 

268  White South African F 55 

269  White South African F 58 

270  White South African F 50 

276  White South African F 76 

277  White South African F 68 

278  White South African F 62 

279  White South African F 66 

280  White South African F 65 

281  White South African F 66 

282  White South African F 54 

283  White South African F 61 

284  White South African F 77 

285  White South African F 69 

290  White South African F 43 

291  White South African F 44 

2  White South African M 21 

10  White South African M 43 

14  White South African M 54 

16  White South African M 25 

18  White South African M 46 

21  White South African M 20 

23  White South African M 53 

66  White South African M 24 

67  White South African M 23 

73  White South African M 65 
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76  White South African M 55 

77  White South African M 67 

82  White South African M 31 

89  White South African M 52 

95  White South African M 53 

96  White South African M 50 

97  White South African M 45 

100  White South African M 27 

121  White South African M 84 

122  White South African M 62 

124  White South African M 62 

125  White South African M 51 

131  White South African M 74 

146  White South African M 32 

155  White South African M 26 

162  White South African M 49 

166  White South African M 26 

180  White South African M 52 

182  White South African M 47 

189  White South African M 55 

194  White South African M 59 

202  White South African M 71 

203  White South African M 58 

208  White South African M 39 

209  White South African M 25 

210  White South African M 38 

213  White South African M 37 

215  White South African M 74 

219  White South African M 24 

221  White South African M 61 

230  White South African M 69 

249  White South African M 24 

250  White South African M 29 

251  White South African M 18 

252  White South African M 30 

258  White South African M 37 

259  White South African M 34 

260  White South African M 31 

261  White South African M 41 

262  White South African M 43 

271  White South African M 49 

272  White South African M 48 

273  White South African M 48 

274  White South African M 47 

275  White South African M 45 

286  White South African M 61 

287  White South African M 72 

288  White South African M 60 

289  White South African M 21 
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Table 4 List of 10 specimens used for the intra- and interOD, scanned at the Oral and Dental Hospital, 

University of Pretoria and at the Life Groenkloof Hospital (*), Pretoria. 

Number  Ancestry Sex Age 

1  Black South African F 29 

15  Black South African M 21 

21  Black South African F 41 

31  Black South African M 33 

38  Black South African M 32 

43  Black South African F 56 

47  Black South African M 52 

55  Black South African M 35 

63*  Black South African F 27 

91  Black South African M 23 
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Appendix B 
 

Qualitative analysis 

 

1 – Which modality took you longer to score, bone or 3D surfaces? 

Obs. 1:  Bone. 

Obs. 2:  3D surfaces. 

Obs. 3:  3D surfaces (due to loading time in software). 

Obs. 4:  3D surfaces (loading time in software and impossibility to compare 

mandibles with one another). 

 

 2 – Which modality did you find harder to score, bone or 3D surfaces? 

Obs. 1:  Bone. 

Obs. 2:  3D surfaces. 

Obs. 3:  No difference. 

Obs. 4:  3D surfaces (lack of immediate comparison with other mandibles and lack of 

tactile experience). 

 

3 – Which score(s) (1, 2, 3, 4 and/or 5) did you find the hardest to do, both, in bone 

and 3D surfaces? 

Obs. 1:  3 most difficult but also 2 and 4. 

Obs. 2:  I found scores 2 and 3 the hardest to do, both, in mandibles and 3D surfaces. 

Obs. 3:  1 and 5 were fairly distinct. The hardest was between 1 and 2, and 2 and 3. 

Obs. 4:  Mostly 2 and 3; 1 and 5 are rather clear; 4 is also not too difficult to discern. 

 

4 – How did you score the mandibles (comparing the mental eminence to other 

mandibles, etc.)? 

Obs. 1:  I evaluated each mandible whether it has no eminence (1) or very pronounced 

(5) and then if I could not decide whether it was very pronounced gave it a 
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score 4; score 3 was indecisive and 2 had the slightest eminence. When 

evaluating the 3D images, however, my impression was that it was almost 

always possible to discern some eminence, which might have been missed 

when evaluating the dried bone. 

Obs. 2:  On bone: first evaluation of all mandibles in order to have some template for 

each score, and then I compared all the mandibles to the templates chosen. 

On surface: one by one without comparing the mental eminence to other 

mandibles. 

Obs. 3:  I compared the shape of the mental eminence to the definitions and the line 

drawings on pp. 41 (Walker 2008). 

Obs. 4:  I touched and looked at a number of mandibles to discern the degree of 

variation in the mental eminence and comparing it to the figure in the Walker 

paper (Walker 2008, pp. 41) before scoring them. I had the figure next to me 

in order to compare. 

 

 5 – How did you score the 3D surfaces (zoom, rotation, etc.)? 

Obs. 1:  No zooming, only rotating. 

Obs. 2:  Zooming and rotating; changing the exposition to the light. 

Obs. 3:  I rotated the mandible around the screen and looked at it from all angles. I 

did not use the zoom. 

Obs. 4:  Rotation to see the light throw shadows of the mental eminence from different 

angles; I also zoomed in and out to try and discern the eminence better 
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