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Abstract 

The ability to estimate sex reliably and accurately is crucial in a forensic anthropological 

assessment. Predictive models aimed toward the estimation of sex, however, have been 

demonstrated to exhibit population bias that can negatively affect the accuracy of assessment 

(Franklin and Flavel 2019). The incompatibility of established sex estimation standards developed 

on populations that are geographically and/or temporally removed from that of a decedent is 

attributed to morphological variations between discrete populations that are the consequence of 

evolutionary environmental adaptations (Franklin 2005; Perez and Monteiro 2009; Williams 2005). 

This is the basis for the concept of population specificity, which states that the most accurate 

anthropological results are achieved through the application of predictive models created using the 

population specific to the decedent. Population specificity is the central tenant of the present thesis 

and is explored in relation to the contemporary Australian population. The present thesis is 

presented in six Parts each with a specific focus necessary toward the overall comprehension of the 

topic, with Parts Three, Four and Five focused on addressing the three primary aims of the study. 

The overall outcome of the present thesis is the development of the first morphometric cranial 

sexing standards formulated specifically for application in, and based on the statistical analysis of, 

a relatively broad representation of the contemporary Australian population.  

 

Parts One and Two of the thesis introduce the topic, provide necessary background information, 

outline the material being investigated, and present the analytical methods. The thesis is focused 

toward investigating and developing cranial sex estimation predictive models specific to the 

Australian population. Necessary background information specific to the development of forensic 

anthropology within Australia and the growth of the discipline within tertiary education institutions 

is presented first. This is accompanied by a review of literature relative to the manifestation of 

biological sexual dimorphism and its importance in a forensic context. Within Australia there is a 

scarcity of documented contemporary skeletal collections upon which anthropological research can 

be conducted, virtual anthropological methods are therefore increasingly utilised to ensure 

sufficiently large samples and the inclusion of temporally relevant individuals. The sample 

examined in the present thesis comprises cranial computerised tomography (CT) scans representing 

771 Australian individuals 17.8 to 97.5 years of age. To include a relatively broad representation 
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of the country, CT scans were collected from four states and one territory, including Western 

Australia, New South Wales, Tasmania, South Australia and the Northern Territory.  

 

Part Three investigates the first aim of the thesis; assessing the applicability and accuracy of 

existing sex estimation standards in the contemporary Australian population. A total of five 

established cranial sexing standards derived from four geographically distinct populations are 

explored including; the United States (Giles and Elliot 1963), Japan (Iscan et al. 1995; Ogawa et 

al. 2013), South Africa (Steyn and İşcan 1998) and Greece (Kranioti et al. 2008). Cross validated 

classification accuracies for each population were as follows; 70.4 to 83.8% (sex bias values                

-32.9 to 56.8%) for the United States; 50.1 to 70.7% (sex bias values -64.0 to 94.0%) for Japan; 

60.0 to 80.5% (sex bias values 16.7 to 70.1%) for South African; and 50.0 to 50.1% (sex bias values 

99.5 to 99.7%) for Greece. The findings of Part Three conclude that existing sex estimation 

standards cannot be accurately applied to the contemporary Australian population, emphasising the 

need for population specific standards.  

 

Part Four addresses the second aim of the thesis, assessing inter-state cranial morphological 

variation and the degree to which this influenced the expression of sexually dimorphic traits. The 

principal component analysis identified the Northern Territory as an outlier; those individuals 

exhibited broader facial and cranial width relative to the remaining sub-populations, regardless of 

sex. This finding is likely due to the higher proportion of First Nations people included within the 

Northern Territory population and the morphological tendency for individuals who identify as such 

to have broader craniofacial structure relative to ‘typical’ European morphology. The identification 

of sexually dimorphic cranial measurements was however consistent when considering the sub-

populations indicating the expression of common dimorphic features, albeit to varying magnitudes. 

Further to this it was also shown that differentiation of individuals into their respective sub-

populations using cranial measurements was not possible with an appropriate level of accuracy. 

Indicating a lack of diagnostic morphological distinctness within each discrete state/territory sub-

population and providing evidence for the requirement of pooled skeletal samples when developing 

anthropological standards specific to Australia. 
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Part Five explores the development of cranial sex estimation predictive models specific to the 

Australian population. Discriminant function analysis of the 771 individuals within the sample 

resulted in the identification of bizygomatic breadth as the most sexually dimorphic feature within 

Australia (79.4% accuracy with an associated sex bias of -4.4%). A total of 15 multivariate 

discriminant models were created for the estimation of sex, these ranged in accuracy from 75.6 to 

90.5%, with acceptable associated sex bias values. This investigation reinforces the need for 

populations specific anthropological standards to facilitate the most accurate estimations of sex.  
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Chapter One 

Introduction to the Present Thesis 

1.1. Introduction 

Forensic Anthropologists apply aspects of physical anthropological theory and method in a medico-

legal context (Franklin 2010). One of the main tasks required of a forensic anthropologist is to 

assist towards achieving the identification of unknown skeletal remains; this is provisioned through 

the development of a biological profile that describes the morphological and physical attributes of 

a set of remains, specifically providing estimations of age at death, biological sex, stature, ancestry 

and an assessment of any trauma or pathology (Cattaneo 2007). Each aspect of the biological 

profile is evaluated using a standard. A standard is a robust statistical model designed for 

comparative evaluation, providing both methodology as well as accuracy rates, which in turn allow 

for the production of accurate and reliable results.  

An accurate assessment requires the application of standards for each aspect of the biological 

profile which are population specific; that is, they were developed based on the analysis of a 

population that is temporally and geographically comparable (preferably the same) as the decedent. 

It has been demonstrated that the application of methods that are temporally and/or geographically 

removed results in misclassification and higher error rates (Franklin and Flavel 2019). The 

establishment of population-specific standards as part of best practice is recognised as a core 

requirement within the discipline (Cattaneo 2007; Hauser et al. 2005; Iscan and Shihai 1995). 

In Australia, there is a general paucity of population specific standards for the establishment of the 

skeletal attributes, used to devise a biological profile. Therefore, assessments of biological sex are 

based on the application of methods derived from temporally or geographically disparate 

populations. The present project aims to address this potential limitation in forensic practice 

through the investigation and quantification of cranial variation in the contemporary Australian 

population, thereby facilitating the development of cranial sex estimation standards specific to the 

Australian jurisdiction. This will be achieved through the exploration of an Australian sample 

comprising cranial CT scans obtained from four states and one territory. Cranial sexual dimorphism 

will be explored in the overall Australian sample and within each of the discrete state and territory 
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sub-populations; in doing so an evaluation of both intra- and inter-state cranial morphometric 

variation will be achieved. This will guide the development of the first set of Australian population 

specific anthropological standards for the estimation of sex using the skull.  

1.2. Virtual Anthropology  

Traditionally the standard anthropological methods used to estimate aspects of the biological 

profile were derived based on the analysis of documented skeletal collections; physical bone 

specimens of known age and sex (Giles and Elliot 1963; Phenice 1969; Trotter and Gleser 1952). 

There are, however, inherent limitations related to the use of documented skeletal collections in 

the development and/or validation of contemporary anthropological standards. For example, 

Komar and Grivas (2008) explored the demographic composition of the Maxwell Museum’s 

documented skeletal collection (Albuquerque, New Mexico) and compared it to the contemporary 

New Mexico population. It was demonstrated that males were disproportionately overrepresented, 

as were white (sic) individuals who constituted over 80% of the collection; furthermore, there was 

a disproportionate number of individuals over the age of 65, which was clearly not reflective of the 

contemporary population of New Mexico.  

Further potential limitations of documented skeletal collections were described by Hunt and 

Albanese (2005), who explored the demographic profile of the Terry collection curated in the 

Smithsonian. They reported that, in comparison to historic census data, the Terry skeletal collection 

did not provide a true representation of the population of St Louis, Missouri (where the collection 

was based until 1967). Males were over-represented relative to females, as were African American 

people compared to Caucasian Americans. It is also of interest to note that the mean year of birth 

for males and females within the Terry collection is 1880 and 1884 respectively, which is obviously 

temporally removed from the contemporary society. The latter examples provide some evidence 

that skeletal collections may not accurately reflect contemporary society and that sampling biases 

in their curation have led to the disproportionate representation of certain groups. All of this 

potentially influences the accuracy of any forensic standard produced using those collections.  

The availability of, and access to, skeletal collections should also be considered. Within Australia 

there is a lack of documented skeletal collections available for the development of anthropological 

standards, thus facilitating the need to explore alternative sources of contemporary biological data. 

Virtual anthropology has been employed within Australia in lieu of utilising physical specimens 

(Blythe et al. 2022; Franklin et al. 2014b; Karkhanis et al. 2014; Noble et al. 2016; Rowbotham et 
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al. 2019a; Winter et al. 2021). Virtual anthropology is a multidisciplinary approach to the study of 

the musculoskeletal system that utilises the visualisation of the body in 2D and/or 3D following 

the application of medical imaging modalities (Franklin 2020). Predominantly, computed 

tomography (CT), magnetic resonance imaging (MRI) and radiographic (x-ray) technologies are 

utilised to create permanent records of physical remains that can be manipulated and viewed in 

various planes for the purpose of comparative studies (Weber 2015). Utilising virtual repositories 

has numerous advantages including the ability to acquire large samples from a broad geographic 

region; storage requirements are minimal in comparison to physical skeletal collections; digital 

repositories are mobile; there is no risk of comingling; and there is no risk of physical specimen 

damage (digital files can however become corrupt). Furthermore, digital repositories, especially 

clinical, facilitate the continual curation of samples that most accurately reflect contemporary 

society (Franklin et al. 2016).  

The trend of utilising digital repositories in lieu of physical collections is apparent when 

considering the broader forensic anthropological community. The use of virtual anthropology as 

an alternate to physical specimens has become increasingly common in the United States (Decker 

et al. 2011; Tise 2014), across Europe (Schmeling et al. 2004; Schmidt et al. 2008) and Japan 

(Torimitsu et al. 2016). The legitimacy of utilising such collections has been validated by Franklin 

et al. (2013b), Verhoff et al. (2008), and Lorkiewicz-Muszyńska (2015), all of whom investigated 

the accuracy and reliability of ascertaining traditional metric measurements using 3D 

reconstructions of Computed Tomographic (CT) scans. Their findings collectively indicate that 

traditional measurement data can be confidently collected in 3D reconstructions, furthermore, the 

variation between measurements taken in physical bone and 3D reconstructions is negligible 

1.3. The present study 

The primary aim of the present study is the development of the first set of population specific 

cranial sex estimation standards for Australia. This will be achieved through the investigation of 

cranial CT scans. As outlined above, Australia has a relative paucity of documented skeletal 

collections. In lieu of this, a digital repository will be created that comprises cranial CT scans 

collected from four Australian states and one territory. The source of that data and the aims of the 

present project are outlined below. 
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i) To Assess the Applicability and Accuracy of Existing Sex Estimation Standards in 
the Contemporary Australian Population 

Accuracy is negatively impacted when geographically and/or temporally removed standards are 

used to assess each of the specific aspects of the biological profile (Franklin et al. 2012a). This is 

however common practice in Australia where broadly encompassing population specific standards 

are lacking. Therefore, the first aim of the present study is to statistically quantify the degree to 

which accuracy is affected when a ‘foreign’ standard is applied to an Australian sample. 

Established predictive models of geographically diverse origins including Japanese (Iscan et al. 

1995), South African (Steyn and İşcan 1998), American (Giles and Elliot 1963), and Greek 

(Cretan) (Kranioti et al. 2008) populations, are applied to the Australian sample. Thus, justifying 

the necessity of the present study and providing the foundational information, relative to 

quantifying cranial morphological variability.  

ii) To Assess Cranial Morphological Variation Between the Australian Sub-Populations 
and the Degree to which this Influences the Expression of Sexually Dimorphic traits. 

The second aim of the present study is to explore intra- and inter-country cranial morphological 

variation. The degree to which sexually dimorphic traits are expressed across the total Australian 

population influences the development and application of sex estimation standards. Therefore, an 

essential aspect in the creation of population specific standards for Australia is an assessment of 

cranial variation both within and between each of the available state and territory sub-populations. 

For this assessment each state and territory will be considered as discrete sub-population and the 

degree of cranial morphological variation between each will be statistically quantified. The 

outcome of these analyses will influence whether sex estimation standards are required for each 

discrete state/territory or if an overall pooled sub-population Australian sex estimation standard is 

appropriate.  

iii) Traditional Morphometric Assessment of Cranial Sexual Dimorphism in a 
Contemporary Australian Population.  

The final aim of the present study is the quantification of cranial sexual dimorphism in the 

Australian population based on the application of traditional morphometric methods. A series of 

traditional and non-traditional linear measurements will be acquired in each cranial CT scan in the 

sample. The measurements will be used to quantify sexual dimorphism across the population. 

Univariate and multivariate analyses will be used to analyse the data to assess the magnitude of 
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sexual dimorphism of each measurement, and thereafter use them to develop predictive models 

specific to the Australian population.   

1.4.  Potential limitations  

A few potential limitations have been identified prior to data collection that should be taken into 

consideration when assessing the findings of the present study. First, while the necessity to utilise 

CT scans has been outlined in detail previously, there are some limiting factors to consider. While 

biological sex and age information are disclosed on routine medical paperwork, ancestry is not 

documented. Therefore, there is no way to reconcile the specific ancestry of any individual within 

the sample. The expression of sexually dimorphic cranial features may fluctuate between ancestral 

groups and therefore this limitation should be considered. However, documentation of ancestry is 

difficult to achieve in contemporary society. Without genetic testing any description of ancestry is 

self-reported and often inaccurate, thus may not be indicative of the true ancestral background of 

the individual.  

Furthermore, access to medical imaging can be restricted for certain rural and/or remote 

communities (particularly Indigenous communities of the NT) resulting in the disproportionate 

representation of urban society. An attempt to negate this was made by collecting scans from public 

hospitals (except for NSW) within capital cities. The PACS databases within these public hospitals 

collect and store medical images from across the state and/or territory thereby encapsulating the 

broader contemporary population.   

Another limiting factor to consider is the varied sample size of each state and territory. This was 

the direct result of time, financial restrictions, and availability of appropriate scans. Variations in 

sample size can result in the over or under representation of that particular sub-population and can 

accentuate morphological differences that may not be representative of true variation. This should 

be taken into consideration when assessing, as the smallest sample, results specific to NSW.  

While efforts were made by the investigator to acquire samples from all eight Australian states and 

territories, time constraints, financial restrictions and the availability of participating hospitals 

meant that samples could not be collected from Victoria, the Australian Capital Territory or 

Queensland. It is therefore not explicitly known if the trends discovered throughout the course of 

the present study continue into these sub-populations. All subsequent predictive models developed 

using the pooled Australian sample can therefore only be confidently utilised on individuals from 

participating states and territories.     



33 
 

1.5.  Thesis format  

This thesis is presented in six Parts, concluding with the References and Appendices. The thesis is 

formatted as a series of individual, albeit related, studies, therefore certain aspects may be repeated 

briefly across different Parts. Each of the six Parts are briefly described below. 

i) Part One: Introduction, Background and Literature Review 

Part One comprises six chapters that introduce the present study, provide the necessary background 

to the relevance of the study, and review the relevant literature pertaining to the methodology 

applied. Chapter One: Introduction to the Present Thesis, begins by providing a basic overview of 

the concept of the study. The notion of digital anthropology in lieu of physical specimens is 

explored. The chapter concludes with an introduction to the source of the data and an outline of the 

thesis. Chapter Two: Population Specificity and the Contemporary Australian Population, 

introduces the concept of population specificity and explores its relevance to the discipline of 

Forensic Anthropology. The Australian population is then introduced through historic and 

contemporary census data. Particular attention is given to Australia’s varied multicultural history, 

and the contemporary age and biological sex demographics of each Australian state/territory sub-

population. Chapter Three: Development of Forensic Anthropology in Australia, investigates the 

history of forensic anthropology as a discrete discipline within Australia, with a specific focus on 

the development and the contemporary status of the discipline. Chapter Four: Cranial Development 

and Anatomy, provides the necessary background information relating to cranial ontogeny through 

conception to adulthood. Morphological variation is also briefly addressed in reference to cranial 

sexual dimorphism. Chapter Five: Sexual Dimorphism in the Human Skeleton: Perspectives 

Relative to Biology, is a literature review that explores the development and expression of sexually 

dimorphic skeletal elements. Chapter Six: Sexual Dimorphism in the Human Skeleton: 

Perspectives Relative to Forensic Practice, is a review of contemporary sex estimation standards 

utilising the pelvis and the skull. Special attention is paid to the cranial sex estimation standards 

later applied to the Australian sample in Part Four of the present thesis.    

ii) Part Two: Materials, Methods and Preliminary Analyses   

Part Two comprises four chapters that outline the materials, methods and preliminary analyses. 

The first chapter, Chapter Seven: Introduction to Part Two, provides the context to each of the 

chapters that follow in the Part relative to the overall aims of the thesis. In Chapter Eight: Materials, 

each of the participating hospitals and medical centres are described, along with a brief outline of 

the recruitment process. The sample and associated demographic data (age and sex information) of 
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each sub-population are also outlined. Furthermore, the specific inclusion/exclusion criteria for the 

scans utilised are discussed. Chapter Nine: Methods; Landmark Acquisition, Measurement 

Calculations and Statistical Analyses, provides written definitions and diagrams for the landmarks 

and measurements utilised. This chapter also introduces the visualisation software used to acquire 

the cranial landmarks, and defines the measurements used to explore size and shape variation. The 

final chapter of Part Two is Chapter Ten: Preliminary Analyses; Precision, Bilateral Asymmetry 

and Outliers. Prior to formal data collection several preliminary analyses were performed to assess 

the accuracy and appropriateness of the sample and methodology. This chapter explores the 

findings of those preliminary analyses, including: a precision study to explore intra-observer error 

and examine the appropriateness of the landmark schema prior to data collection; and an 

assessment of bilateral asymmetry to quantify bilateral cranial variation in the sample and thereby 

the requirement for bilateral measurements. 

iii) Part Three: Application and Optimisation of Established Cranial Sex Estimation 
Standards  

Part Three comprises three chapters that evaluate the application of foreign sex estimation 

standards in the Australian sample, thereby addressing the first aim of the project. Chapter Eleven: 

Introduction to Part Three, further explores the concept of population specificity introduced in 

previous chapters. This will include a brief introduction of the foreign sex estimation standards 

tested against the Australian sample in the present study. Chapter Twelve: Accuracy of Established 

Cranial Sex Estimation Standards to a Contemporary Australian Population, explores how the 

accuracy of sex estimation standards derived using American, South African, Japanese and 

European populations are affected when applied to the Australian sample. Chapter Thirteen: 

Discussion and Conclusions, explores the results of the abovementioned standards. This provides 

an assessment of the applicability and accuracy of existing sex estimation standards in the 

contemporary Australian population. Thus, establishing the necessity of the present research.  

iv) Part Four: Cranial Morphological Variability of the Australian Sub-Populations 

Part Four comprises three chapters dedicated to exploring cranial morphological variability across 

the five Australian sub-populations. Chapter Fourteen: Introduction to Part Four, outlines the 

structure and the subsequent statistical analyses performed in Part Four. Chapter Fifteen: Inter-

Population Variation in Australia, explores cranial morphological variability between the five 

Australian sub-populations, and comprises a consideration of sexual dimorphism across the 

Australian population. Chapter Sixteen: Discussion and Conclusions, completes Part Four by 
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discussing the results of this investigation, thus providing an assessment of cranial morphological 

variability within Australia. The outcome of which addresses the second aim of the present thesis 

and the subsequent development of either sub-population or country specific cranial sex estimation 

standards.   

v) Part Five: Development of Population Specific Cranial Sex Estimation Standards for 
Australia  

Part Five comprises three chapters that explore the development of novel population-specific 

cranial sex estimation standards for Australia. Chapter Seventeen: Introduction to Part Five, 

provides necessary introductory information specific to the composition and statistical analyses 

performed within Part Five. Chapter Eighteen: Sexual Dimorphism in the Contemporary Australian 

Population, introduces the statistical methods utilised for creating population specific sex 

estimation predictive models using the contemporary Australian sample. With cross-validated 

classification accuracies and associated sex bias values presented for each predictive model. 

Chapter Nineteen: Discussion and Conclusions, completes the chapter by discussing the results in 

relation to contemporary literature. Part Five addresses the final aim of the present thesis and 

represents the first time a collective sample of Australians have been used to create predictive 

models for forensic anthropological use.  

vi) Part Six: Integration and Conclusions  

The final Part of this thesis comprises two chapters: Chapter Twenty: Introduction; Chapter 

Twenty-One: Integration and Final Conclusions. The purpose of this Part is to reflect on the 

importance of the project, explore how the findings will be integrated into contemporary forensic 

practice, explore all limiting factors within the study, and to conclude the overall findings of the 

present PhD thesis.  

1.6.  Significance of the Present Study  

Providing an accurate biological profile is integral towards successfully identifying unknown 

skeletal remains. The accuracy of estimating biological sex is important, as that specific attribute 

is required for the estimation of age, stature and ancestry. In Australia there is a lack of population 

specific standards for the contemporary population. Through the investigation and quantification 

of cranial skeletal variation within and between contemporary Australian state and territory sub-

populations, the current project intends to provide the first set of Australian specific cranial sex 

estimation standards.  
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Chapter Two 

Population Specificity and the Contemporary Australian Population  

2.1. Introduction  

Population specificity is a key principle of forensic anthropology, as geographically divergent 

populations have been demonstrated to exhibit significant skeletal variation (Franklin et al. 2005). 

Therefore, an understanding of the population being studied is important. This chapter first 

introduces the concept of population specificity and explores its importance for the development 

of accurate anthropological standards. The contemporary Australian population is also considered, 

with an emphasis on age, biological sex, and ethnic diversity, both across the country and within 

each state and territory. Historic and contemporary census data, combined with immigration 

patterns and documented Indigenous migration, is used to establish patterns of sex, age, and ethnic 

diversity from the colonial through modern periods, thereby summarising the contemporary 

Australian population.  

2.2. Population Specificity 

A forensic anthropologist is ethically and professionally required to use the most accurate methods 

to establish a biological profile for a decedent. Any methods applied in a forensic context should 

be designed for application to a population contemporary (geographically and temporally) with the 

decedent; these are known as ‘population specific’ methods (Franklin and Flavel 2019). It has been 

previously demonstrated that applying standards derived from a temporally or geographically 

removed population results in a decrease in the overall accuracy of the biological profile (Cattaneo 

2007; Franklin et al. 2012a). These inaccuracies are the result of skeletal morphological variation 

between discrete populations that are the consequence of evolutionary adaptations to the 

environment. Such adaptations can relate to extrinsic factors, for example geographic and 

environmental variation resulting in the need for a specific skeletal morphology (Perez and 

Monteiro 2009; Williams 2005), or intrinsic factors, for example genetic variation between 

populations (Relethford and Harpending 1994).  
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Koterova et al. (2017) investigated the population specificity in sex estimation based on 

measurements of tibiae. A total of 56 (26 female and 30 male) CT scans of tibiae from a Czech 

population were visualised as 3D renderings. A total of nine discriminate functions (DF) were 

applied: DFs one to four were derived from Bruzek (1995) based on a Portuguese population; DFs 

five to eight were taken from Kranioti and Apostol (2015) based on a southern European (Greek, 

Italian and Spanish) population; and DF nine was derived from a North American population 

(Yaşar İşcan and Miller-Shaivitz (1984)).  

The results of this study vary according to the DF used. The highest classification accuracy, of 

87.5% with a sex bias of -5.4% (the sex bias is calculated by subtracting the male from the female 

classification accuracy; an acceptable value generally agreed to be within 5% ((Franklin et al. 

2013a)) was achieved using DF5 (European population). The lowest classification accuracy was 

between 53.6 to 69.7%, with sex bias values between 29.4 to 100% when using DF 9 (North 

American population). This investigation supports the concept of population specificity; the 

highest classification accuracy coincided with the DF derived from a population geographically 

similar to the Czech Republic, whereas the lowest accuracy was obtained using the model from a 

North American population. These results are, however, unsurprising given the innate 

morphological variability of the tibia between populations, the likely result of varied extrinsic and 

intrinsic growth factors (Foster and Sharp 2004; Weiss 1995).  

The influence of population on accuracy can be effectively demonstrated when considering more 

traditionally dimorphic regions of the skeleton, such as the pelvis. Conventionally, disparity in 

pelvic morphology between females and males is the result of varied biological function (i.e. 

childbirth in females). It therefore stands to reason that the variability between males and females, 

regardless of population, should be relatively universal. Franklin and Flavel (2019), however, 

present data contrary to that assumption. Their investigation involved the analysis of 400 (200 

female and 200 male) pelvic CT scans of Western Australian origin. A total of six pelvic 

measurements were taken and applied to discriminant functions established by Torimitsu et al. 

(2015) (Japanese population) and Djorojevic et al. (2014) (Spanish population). The application of 

two discriminant functions produced by Torimitsu et al. (2015) resulted in lower accuracy rates of 

73.3 to 86.5% compared to the original accuracy rates of 80.8 to 91.1%. Furthermore, the accuracy 

achieved was associated with exceptionally large sex bias values of -24.0 and 53.5% respectively, 

indicating that disproportionate numbers of males and females were incorrectly classified when 

both functions were applied. These findings are mirrored when considering the results following 

the application of Djorojevic et al. (2014). Again, the accuracy rates were considerably lower than 
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those of the original study, 66.0 to 84.8% compared to 90.0 to 94.0%. Furthermore, DF2 was 

associated with a sex bias value of 66.0% indicating that females were disproportionately 

incorrectly identified as males, rendering the function ineffective for this sample.  

Franklin and Flavel (2019), further emphasised the importance of population specificity by 

performing a Western Australian specific discriminant function analysis using the measurements 

of Torimitsu et al. (2015) and Djorojevic et al. (2014). This resulted in an increase in accuracy and 

acceptable sex bias values for all four discriminant functions. The application of the measurements 

used by Torimitsu et al. (2015) increased classification accuracy of the two DF to 92.5% and 96.5% 

with associated sex bias values of -3.0% and -2.0% respectively. While the application of the 

measurements used by Djorojevic et al. (2014) increased accuracy of both DF to 81.5% and 91.5% 

with associated sex bias values of 03.0% and -2.0% respectively. These results indicate that despite 

‘universal’ dimorphisms associated with the pelvis relative to morphological configurations for 

childbirth, there is still considerable morphological variability between populations, such that 

optimisation using population specific data is essential for the development of accurate and reliable 

standards. This concept of population specificity is central to the present study (and is accordingly 

revisited throughout) the outcome of which is the development of population specific cranial sex 

estimation standards for Australia.  

2.3. A History of Multiculturalism in Australia 

Australia has a complex history when considering the ethnic diversity of the contemporary 

population. Prior to European settlement the population comprised Indigenous communities spread 

across the country; this changed once European settlement occurred. The ancestral variation of 

Australia will be explored below with particular attention to contemporary society.   

2.3.1. Pre-Contact  

The arrival of humans to Australia is viciously debated amongst archaeologists. Recent findings 

by Clarkson et al. (2017) detail an excavation in Madjedbebe, Northern Territory, where over 

10,000 artefacts were recovered. A combination of aging techniques (e.g., radiocarbon dating; 

single-grain optically stimulated luminescence) indicate that human arrival in Australia occurred a 

minimum of 65,000 years BP. These findings differ slightly from earlier research on skeletal 

remains and associated artefacts from Lake Mungo, New South Wales, which provide a time period 

of early occupation from 45,000 – 60,000 years ago (Oyston 1996; Thorne 1999). Indigenous 



39 
 

occupation of Australia continued until the time of European colonisation in 1788, when thereafter 

the ethnic composition of the country began to change rapidly and dramatically.  

2.3.2. White Australia Policy 

Early colonial settlers were predominantly of British descent, arriving in Australia to establish a 

penal colony between 1788 and 1791 on the First and Third Fleets respectively (Day 2015). 

Following European colonisation, the number of Indigenous peoples dramatically fell due to 

conflict and disease (Bennett 2009; Warren 2013). This period of British occupation continued into 

the mid-19th Century when gold was discovered throughout New South Wales and areas of 

Victoria. The subsequent gold rushes brought the first group of Asian (predominately Chinese and 

Japanese) immigrants to Australia (Markus 1994). The population of Australia increased from 

approximately 440,000 people in 1851 to approximately 1.7 million by 1871, of which over 40,000 

came from China (Price 1987). Growing unrest amongst Caucasian Australian labourers led to 

rising tensions in the gold fields, which resulted in the Buckland Riot of 1857, and the Lambing 

Flat Riots of 1860 and 1861; this unrest continued to develop throughout the 1850’s and 1860’s 

and served to underpin many ‘race’ restriction acts that followed (Carrington 1969). The 

development of trade unions in the years succeeding the gold rush led to labour shortages, and as 

a means of undercutting trade unions, employers begin importing cheaper labourers from outside 

of the colonies. The result of importing foreign labour throughout the late 1870’s and early 1880’s 

led to the development of immigration restrictions in most colonies. These limited the number of 

Asian migrants, and by 1895 all colonies had agreed to restrict “non-white” immigrants from 

entering the country. The Natal Act of 1897 was enacted and restricted the immigration of 

“undesirable peoples” into Australia (Huttenback 2014; Martens 2006).  

Following the Federation of Australia in 1901, the newly formed Australian government led by the 

protectionist party, sought to restrict immigration further under the guise of protecting Australian 

jobs. The Pacific Island Labourers Bill and the Immigration Restriction Act (colloquially known 

as the White Australia Policy) of 1901 legislatively allowed the government to increase restrictions 

on non-European immigrants seeking to enter Australia (Yarwood 1962). The Immigration 

Restriction Act allowed the government, by means of a dictation test, to exclude any unwanted 

migrants from entering the country. Dictation tests could be given in any European language and 

were virtually impossible to pass.  

The White Australia policy continued to govern the entry of migrants into Australia throughout the 

early to mid-20th Century. The anti-Asian sentiment reflected in immigration legislation of the 
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early 20th Century continued and was exacerbated by Japanese occupancy in New Guinea and the 

subsequent bombing of Darwin in 1942 (Barkan and Brawley 1995). The large loss of life that 

resulted from participation in two World Wars so close to each other, however, meant that 

immigration restrictions had to be re-evaluated for the population to recover. In 1945, Arthur 

Calwell was appointed as the first Minister for Immigration, and enacted the Assisted Passage 

Migration Scheme to allow two million displaced peoples from Europe (Greece, Italy and the 

former Yugoslavia) permanent residency in Australia. This led to an unofficial immigration policy 

at the time colloquially referred to as “populate or perish” (Tao 2014). These actions were the first 

step towards dismantling the White Australia Policy that had governed immigration since 

Federation.    

2.3.3. Towards Multicultural Australia 

After the establishment of a Minister for Immigration in 1945, a slow move toward 

multiculturalism ensued. The Migration Act of 1958 ended the dictation test that had constricted 

immigration, and introduced a universal visa scheme that encouraged skilled labourers and 

educated people to immigrate to Australia (Jordens 1997). Under the Holt Government in 1966, 

the residency requirement for naturalisation was changed from 15 to 5 years for non-white 

immigrants. As a direct result, 3,000 Asian immigrants were granted citizenship in the following 

two years, compared to 4,000 in the decade prior (Richards et al. 1997). It was not until 1973, under 

the Whitlam Government, that the legal end of the White Australia Policy was achieved. 

Furthermore, the passing of the Racial Discrimination Act in 1975 made it illegal for race to be a 

criterion for exclusion of migration (Klapdor 2009). At this time, the cultural and ethnic diversity 

of Australia changed significantly, as the policy of multiculturalism become popular throughout 

the end of the 20th and into the 21st centuries; this is further explored below relative to considering 

the contemporary Australian society.  

2.3.4. Contemporary Australia  

The ethnic diversity of Australia vastly changed following the abolition of protectionist 

immigration policies. A shift toward multiculturalism from the mid-1970’s onwards led to an 

increase in the percentage of the population born overseas.  Data from the most recent census 

(2021) indicates that 27.6% of the total Australian population were born overseas. This is a 

fundamental shift relative to 1911, when the percentage of people born overseas accounted for only 

18.0% of the total population. The proportion of second and third generation immigrants is also 













46 
 

2.6. Conclusion  

Contemporary Australia can be described as a population that is slightly ageing and very 

multicultural. It is the multiculturalism, (especially when considering each state and territory as 

separate sub-populations) that makes Australia a relatively unique population. The need for 

developing population specific standards for forensic anthropological profiling is therefore evident. 

Practically and judicially whether such standards need to represent the entire population, or each 

state and territory individually, is a central tenant that is explored further in the present thesis.  
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Chapter Three 

Development of Forensic Anthropology in Australia  

3.1. Introduction 

The present Chapter explores forensic anthropology within the Australian context, initially by 

considering its foundations in anatomy and archaeology, and thereafter its evolution into a discrete 

discipline in its own right. A summary of research output, specific to discrete institutions grouped 

by state/territory, is included to elucidate the broad range of research that has been produced in 

Australia in the last 15 years. This is associated with a focused, albeit succinct, review of pertinent 

literature exploring the concept of morphological variation within the contemporary Australian 

population, while providing an understanding of the importance of population specificity relative 

to forensic practice. The latter contextualises the present study within contemporary Australian 

literature by highlighting the need for the evaluation of intra- and inter-state/territory 

morphological variation.  

3.2. The Development of Forensic Anthropology as a Discrete Discipline  

The establishment of forensic anthropology in Australia was necessitated by law enforcement, who 

sought the expertise of anatomists and archaeologists to assist in the recovery, analysis and/or 

identification of skeletal remains (Donlon 2008b; Mallett and Evison 2017b). The development of 

the discipline is outlined in two parts: first its foundations in traditional applications of physical 

anthropology throughout the late 19th and into the 20th centuries; and second the rapid 

development of the discipline through the late 20th and early 21st centuries. The section concludes 

with a brief summary of contemporary research grouped by state/territory, affording an appropriate 

context into which the present project is positioned.  

3.2.1. Late 19th Century Foundations in Physical Anthropology 

The analysis of skeletal remains in Australia in the late 19th century was focused on the 

investigation of Indigenous populations. Small private skeletal collections recovered 

‘archaeologically’ were utilised for analyses at this time. Indigenous individuals were of particular 
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interest as they exhibited skeletal morphologies very unique and divergent to their European 

counterparts (Donlon 1994; Turner 1884). The morphology of the indigenous skull was first 

officially noted in “Select committee of the legislative council on Aborigines” published in Victoria 

in 1858, including a collection of notes on cranial form, noting especially massive robusticity and 

a direct comparison of the latter to Caucasian individuals (Legislative Council 1859).  

Increased urban development in the early 20th century, both unintentionally and (at times) 

intentionally, resulted in the discovery of Indigenous skeletal remains. These were accumulated to 

form large skeletal collections, from which various skeletal analyses (depending on the research 

foci of the time) were conducted (Donlon 1994). Skeletal collections facilitated focused research, 

with craniometrical topics being extensively investigated during this time (Krogman 1932; Morant 

1927), and comparative morphological studies performed using skeletal samples from (amongst 

other global populations) Polynesia (Kellock and Parsons 1970). The post cranial skeleton was 

likewise investigated (Davivongs 1963a; Davivongs 1963b; Ray 1959; Wood 1920). Between 1950 

to 1970, research focused on ‘racial’ identification, stature, sex and age estimation techniques 

(Abbie 1950; Freedman 1964; Larnach and Freedman 1964; Macintosh 1952; Oettle 1974), which 

arguably at this point thus positioned (either knowingly or not) the discipline toward having greater 

legal utility. 

Throughout the 20th century the identification of unknown remains was undertaken by prominent 

anatomists and physical anthropologists across the country. Working relationships with law 

enforcement and academic institutions concurrently evolved as a consequence (Donlon 2008b; 

Mallett and Evison 2017a). The transfer of responsibility from one anatomist to the next often 

occurred between colleagues. Using Western Australia as an example, Professor Allbrook, of the 

University of Western Australia performed all skeletal analysis for the Western Australia police 

prior to the 1980’s, this responsibility was then undertaken by Dr Freedman until the early 2000’s, 

when he was replaced by, Dr Buck, who is presently the state forensic anthropologist for Western 

Australia (Donlon 2016). This transfer of responsibility also facilitated a growth of knowledge 

within the field as research interests between colleagues varied (Mallett and Evison 2017a).  

Despite extensive widespread research throughout the first half of the 20th century, the 

development of the discipline stagnated from the 1970’s to the 1990’s. In her review of the 

development of Forensic Anthropology in Australia, Donlon (2016) outlined possible reasons for 

this, including: limited war dead repatriation prior to the Vietnam war; the lack of documented 

skeletal collections encompassing European and Asian groups (the majority of skeletal collections 
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exclusively contained Indigenous peoples); and the low homicide rate across the country. 

Comparatively, the development of forensic anthropology in the United Kingdom and the United 

States occurred rapidly, as the aforementioned constraints were less applicable (Mallett and Evison 

2017a).  

3.2.2. Advancement Towards a Distinct Discipline in the 20th Century and Beyond 

Increase in the diversity of tertiary education courses in the 1980’s and 1990’s aided in the 

expansion of forensic science and in turn forensic anthropology. This coincided with the inclusion 

of forensic anthropology as a discrete discipline within a number of professional working groups 

and associations focused on forensic science in Australia (Donlon 2016). The Australian and New 

Zealand Forensic Science Society (ANZFSS), which was founded in 1971, included a forensic 

anthropology section in their 1996 symposium held in Sydney. Furthermore the National Institute 

for Forensic Science (NIFS) commenced funding professional development and training for 

forensic anthropologists in 1991 (Donlon 2008a). Expansion of the discipline in the 21st century 

was necessitated by the need to identify victims of disaster events. The 2002 Bali bombings, 2004 

Indian Ocean tsunami, and the 2009 Black Saturday Victorian bushfires lead to the development 

of formal disaster victim identification training and protocols specific to forensic anthropology and 

allied sciences within Australia (Blau 2011; Blau 2008; Briggs 2016b).  

The development of the discipline has continued in recent years with the establishment in 2016 of 

the Australian Facility for Taphonomy and Experimental Research (AFTER) in Sydney.  Under 

the direction of the University of Technology (UTS), this facility is the first of its kind in the 

southern hemisphere to provide an opportunity for multidisciplinary collaborative research 

investigating the effect that the Australian climate and ecological variation has on the 

decomposition of human remains. Research using AFTER has involved the analysis of post-

mortem interval within an Australian context (Wilson et al. 2019), investigation of the effectiveness 

of human analogues in decomposition studies (Knobel et al. 2018), variability of decomposition 

odour within an Australian environment (Deo et al. 2019) and the development of detection 

techniques for the recovery of clandestine burials (Blau et al. 2018), thereby furthering the 

development of knowledge within the discipline.  

Presently, forensic anthropological research within Australia is largely produced by several tertiary 

education institutions, across most states and territories. The focus of research varies according to 

perceived gaps in knowledge and the specific interests of the lead investigator. A summary of 

forensic anthropological research within Australia is shown in Table 3.1 and provides insight into 
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It was demonstrated that within Victoria, fusion of the spheno-occipital synchondrosis commences 

prior to 15 years of age in both sexes. Females within the 15-year age group consistently scored 

higher than their male counterparts, indicating they had attained a higher stage than males of the 

same age. Interestingly, by the age of 16 the variation of closure between females and males was 

not statistically significant. Furthermore, complete fusion (Stage 4 or above) was achieved at an 

equivalent age (17 years) for both sexes. It can therefore be inferred from the aforementioned 

results that spheno-occipital synchondrosis fusion in Victoria occurs by the age of 17, which is 

comparable to previous research indicating complete fusion between 11 to 18 years in females and 

13 to 18 years in males (Ingervall and Thilander 1972; Irwin 1960; Powell and Brodie 1963). 

Bassed suggested that CT scans facilitate observation of more relevant detail and therefore more 

accurate results. The use of CT scans facilitates analysis of three-dimensional reconstructions that 

can be viewed in multiple planes, resulting in a more thorough analysis of fusion status, both 

endocranially and ectocranially.  

The sample utilised in this investigation only includes individuals aged 15 to 25 years, therefore 

no conclusions could be made regarding the age at which fusion commences for either sex. The 

results imply that females commence fusion prior to males, this however, cannot be definitively 

stated without the analysis of younger individuals. Furthermore, the duration of closure is also 

unknown due to the omission of younger individuals from the sample. It should also be noted that 

there were considerable sample size discrepancies between females (208) and males (458), this 

should also be considered when assessing the results; females are significantly under represented, 

particularly in the 15 year age group, therefore the advanced fusion exhibited within this sub-

sample may be a sampling artefact and not indicative of typical fusion timings.  

ii) Franklin and Flavel (2014) 

Further analysis of spheno-occipital synchondrosis closure was undertaken by Franklin and Flavel 

(2014) in a sample of 312 (143 female and 169 male) cranial CT scans of Western Australian 

individuals, between 5 to 25 years of age. Fusion was assessed according to a modified four stage 

scoring system derived from Bassed et al. (2010) and Shirley and Jantz (2011) (Table 3.3). A 

combination of three-dimensional reconstructions and two-dimensional slices (viewed in the mid-

sagittal plane) were visualised using Osirix® (a visualisation tool specific to medical imaging 

modalities).  
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they suggest allows more detailed analysis, including early detection of lateral fusion not visible in 

the mid-sagittal plane. This could potentially explain the discrepancy between age of 

commencement for the Western Australian and Queensland sub-populations. Lottering et al. (2015) 

also suggest that the scoring systems outlined by Bassed et al. (2010) and Franklin and Flavel 

(2014) assume unidirectional fusion commencing endocranially and progressing ectocranially, 

which doesn’t reflect three-dimensional closure patterns of the bone, resulting in delayed detection 

of closure, particularly in younger individuals.  

Franklin and Flavel (2014) note that there is an inherent inaccuracy with the methodology, as it 

involves attempting to classify continuous growth according to a discrete static scoring system. An 

attempt to mitigate this is made by Franklin and Flavel (2014) and Lottering et al. (2015) by 

including transition analysis coupled with Bayesian statistics respectively, to try classifying 

individuals that fall between stages in the scoring system. Franklin and Flavel (2014) also caution 

against the inclusion of too many stages, however, as this has potential to result in increased 

subjectivity of interpretation and therefore inaccurate classification.   

Irrespective, it is evident that the varied results obtained within each study are reflective of some 

morphological variation that exists between the sub-populations. The degree of that variability is 

unknown without direct comparison through the application of uniform assessment across all 

populations. This is essential for the development of accurate population specific standards. 

3.3.2. Morphogenesis in the Pubic Symphysis 

Adult age estimation is typically reliant on the quantification of degeneration that manifests non-

uniformly throughout the skeletal system. With respect to the pelvis, one common age estimation 

standard is that devised by Brooks and Suchey (1990), who explored the degree of degeneration in 

the pubic symphysis. A six-phase scoring system was devised with accompanying illustrations and 

written descriptors, in addition to composite models, to facilitate comparison. The Suchey-Brooks 

standard has been validated in divergent global populations, including but not limited to: the 

Balkans (Djuric et al. 2007); Japan (Sakaue 2006) and Spain (San Millán et al. 2013).Within 

Australia, three sub-populations (Queensland, Western Australia and Victoria) have tested the 

accuracy and reliability of the Suchey-Brooks standard, with each achieving varied results. Those 

works are duly considered below.  
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Generally, the application of Suchey-Brooks to this Australian sub-population overestimated age 

in younger individuals (<55 years) and underestimated age for older individuals (age not stated). 

The appearance of specific morphological features outlined in the Suchey-Brooks phase 

descriptions occurred earlier in the male sample and were visible for longer, e.g., morphological 

features typical of Phases I-III persisted (on average) 28.02 years longer in the current sample 

compared to Suchey-Brooks. Furthermore, only 30% of the sample exhibited rim erosion typical 

of phase VI. This could be attributed to the limited age range of the sample (upper limit of 70 years) 

compared to Suchey-Brooks (90 years). Overall, the results of this analysis indicate that the 

Suchey-Brooks method does not accurately reflect true biological age when applied to a 

Queensland sub-population.  

ii) Johnstone-Belford (2016) 

Further investigation into the applicability of Suchey-Brooks was presented by Johnstone-Belford 

(2016) who applied the six phase scoring system (Table 3.5) to a sample of Western Australian 

individuals. The sample comprised 448 (222 female; 222 male) pelvic CT scans (slice thickness of 

0.625 to 1.5mm), aged between 18 to 64 years. Scans were viewed as three dimensional volumetric 

reconstructions using Osirix®; left and right sides were assessed separately to inform bilateral 

asymmetry. Corresponding with Lottering et al. (2013), transition analysis using Bayesian statistics 

was performed to determine the mean age at transition for the Western Australian sub-population. 

This was then used to develop population specific age estimation standards. Accuracy of the 

Suchey-Brooks method was also assessed using the coefficient of determination (R2), which is a 

goodness of fit statistical model specific for regression analysis. Goodness of fit statistical models 

describe the discrepancy between observed and expected values; actual known age and the assigned 

mean age for each phase, respectively. R2 measures the relationship between these values, with 

scores closer to 1 indicating almost perfect agreement between the two. Accuracy of age prediction 

was also further assessed using the standard error of the estimate (SEE).  

It was demonstrated that 96.43% of the individuals assessed exhibited no bilateral asymmetry, that 

is, the left and right sides were assigned to the same phase. Therefore, all subsequent analyses were 

performed in the left side only. The R2 and SEE values were 0.779 and ± 6.494 years, respectively. 

These results indicate relative inaccuracy of the method for the given population as the relationship 

between known age and predicated phase is only fairly associated.   

The purpose of this study was not only to assess the accuracy of Suchey-Brooks in a Western 

Australian population, but also the development of population specific scoring phases that more 
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accurately reflected the age transitions of Western Australian individuals. Overall, the mean age of 

attaining phases I, III, IV and V were all higher in the Western Australian sub-population compared 

to the original Suchey-Brooks sample. This was most evident when comparing phase IV, the mean 

age at which females attained this phase was 44.52 years in the Western Australian sub-population 

and only 38.2 years in the original population used to produce the Suchey-Brooks standard, while 

the mean age of attainment in Western Australian males for the same Phase was 42.22 years 

compared to 35.2 years in the original Suchey-Brooks sample.  

These results indicate that the typical bony morphology associated with Phases I, III, IV and V is 

evident in the Western Australian sub-population later in life compared to the original sample, 

which would designate a slower rate of pubic symphyseal degradation for Western Australian 

individuals. Interestingly, this trend was not observed for phases II and VI, the mean age of 

attaining these phases was younger in Western Australia by an average of 1.8 years for both females 

and males.   

iii) Hall et al. (2019) 

More recently the investigation into the applicability of Suchey-Brooks was presented by Hall et 

al. (2019) who applied the scoring system to a Victorian population. A total of 204 (102 female 

and 102 male) pelvic CT scans (slice thickness 2 mm) were analysed. The sample comprised scans 

of individuals aged between 15 and 100 years, taken from the Victorian Institute of Forensic 

Medicine (VIFM) post-mortem forensic database. The authors state that they attempted to acquire 

scans relatively evenly distributed according to age that reflected average age at death statistics. 

Pubic symphyses were visualised as 2D images of the medial surface taken from 3D volume 

rendered reconstructions. Inaccuracy was calculated as the absolute difference between the 

estimated age according to Suchey-Brooks and the known age of the individual divided by the 

sample size.  

The highest degree of inaccuracy was associated with phase VI in females (22.92) and phase III in 

males (31.84). Overall, the application of Suchey-Brooks to the Victorian population resulted in 

the correct phase allocation for 85% of females and 67% of males within the sample, indicating 

overall inaccuracy of the method. These results, however, may not be a true reflection of the 

applicability of Suchey-Brooks in the Victorian sub-population. As stated, the sample measured by 

Hall was comprised of pelvic CT scans taken at a slice thickness of 2mm. While the authors 

concede that 2mm is the standard slice thickness for post-mortem scans routinely conducted at 

VIFM, they further state that this is “too large to adequately represent the minute details and 
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features of the symphyseal face that would have allowed for greater precision” (2019:1175). This 

indicates that the results of this investigation have the potential to be inherently inaccurate. The 

authors, however, slightly contradict this statement by questioning the necessity to utilise CT scans 

below 2mm, stating that scans of 2mm provide the most realistic representation of bone.  

iv) Morphogenesis in the Pubic Symphysis – Summary  

The application of Suchey-Brooks to the aforementioned Australian sub-populations resulted in 

diverse outcomes. Overall, there was a trend toward method inaccuracy, specifically for individuals 

aged between 20 to 60 years. The findings of Lottering et al. (2013) indicated that the application 

of the Suchey-Brooks to a Queensland sub-population resulted in the accurate estimation of age 

(individuals within the correct age phase) for only 69.7% of the female sample and 63.9% of the 

male sample. Similarly, the results of Johnstone-Belford (2016) indicate that the application of 

Suchey-Brooks in Western Australia could not be used to accurately attain known age. This is 

further emphasised when considering Hall et al. (2019) who were able to show that applying 

Suchey-Brooks to the contemporary Victorian sub-population resulted in the overall correct age 

classification of 85% in the female sample and only 67% in the male sample.  

Despite slightly varied methodological approaches, further similarities were evident between each 

of the aforementioned studies. Overall, the highest inaccuracy was apparent for individuals 

between the ages of 20-70 years of age and this manifested as an underestimation of age for the 

contemporary populations. Within the Queensland sample age was underestimated by an average 

of 9.92 (± 4.31) years for the 15–54-year age bracket. Furthermore, the variation between known 

and estimated age for females between 45-54 years and males between 55-70 years was statistically 

significant. Within Western Australia the mean age of attaining phases I, III, IV and V was older 

in the contemporary sample compared to Suchey-Brooks, most notably within phase IV which was 

achieved within the Western Australian sub-population 6.32 (female) and 7.02 (male) years later 

than Suchey-Brooks. Inaccuracy within the middle age ranges was further exemplified in the 

Victorian sub-population for Phases III and higher, whether this has manifested as an over- or 

under-estimation of age is, however, not disclosed by the authors. The trend of underestimating 

age could be the result of slight temporal divergence between Suchey-Brooks and the contemporary 

sub-populations tested. It is evident that the morphological features of skeletal degradation 

common to each Phase manifest within the Queensland and Western Australian sub-populations 

much later in life, thus resulting in under-estimation of age. To improve accuracy, population 

specific modifications to the methodology are necessary.  
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Overall, the application of Suchey-Brooks provides inconsistent results when applied to different 

sub-sets of the contemporary Australian population. As outlined above, certain trends are common 

(to varied degrees) across each population. To adequately understand the true variability of each 

sample, consistent analysis needs to be applied, most importantly the visualisation of thin slice 

(>1mm) pelvic CT scans and the application of regular statistical analyses. It is apparent that 

despite varied origins, that population specificity is necessary to attain an accurate age estimation 

method for contemporary Australia.  

3.4. Conclusion 

As considered above, Australian forensic anthropological research is primarily produced by tertiary 

education institutions. Research topics vary according to the focus of the institution or the areas of 

interest of the primary investigators. In many instances a collaborative approach has been 

undertaken to explore human decomposition and skeletal morphology. These studies, however, 

have only examined discrete state/territory sub-populations in isolation, and have not investigated 

the degree of variation exhibited across multiple sub-populations. It is evident that the application 

of foreign standards to discrete sub-populations within Australia has resulted in unacceptably low 

accuracy rates, therefore it is clear that population specific methods are required to adequately 

represent the varied and specific morphology of the Australian population. The degree of 

morphological variation between state/territory sub-populations has not yet been quantified, 

therefore the present thesis aims to further knowledge in this area to inform the development of 

Australian population specific cranial sex estimation methods.  
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Chapter Four 

Cranial Development and Anatomy 

4.1. Introduction 

To facilitate a deeper understanding of the interpretations of morphological variances in the 

expression of cranial sexual dimorphism, it is imperative to have a robust understanding of the 

requisite anatomy of that structure. Similarly, ontogenetic development is equally important 

towards understanding the morphology of the structure once growth is complete – e.g., in the adult 

skeleton. The purpose of the present chapter, therefore, is to explore cranial development and 

anatomy as it pertains to the present study. The chapter commences with an overview of skeletal 

foetal development in utero, and thereafter development through childhood. A deep understanding 

of gross anatomy is equally important in method design, especially landmark selection and 

placement, which are considered in subsequent chapters. The chapter thus concludes with a brief 

investigation of adult cranial anatomy, including specific details on morphological variations 

relating to sex.  

4.2. Mechanisms of Bone Development  

Bone is a tough tensile composite of protein (collagen) and mineral (hydroxyapatite) (Kardong 

2006). Functionally bone acts as a biomechanical component of the musculoskeletal system, 

providing the framework and stability required for movement. Bone also provides structure and 

support for all of the soft and connective tissues of the body and is the site of tendon and ligament 

insertion that facilitates movement (Martini 1998). The development of bone occurs via two 

processes: intramembranous and/or endochondral ossification each of which is explored in detail 

below. 

4.2.1. Intramembranous Ossification  

Loosely organised embryotic connective tissue, known as mesenchyme, develops within the foetus 

in utero; this development leads to a concentration of mesenchymal stem cells known as a nidus 

(Brighton 1991). Following the development of a nidus the mesenchymal stem cells undergo 
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The development of a periosteal collar disrupts diffusion processes, causing hypertrophy of the 

chondrocytes. Hypertrophy is also associated with the production of calcified cartilage matrix, 

thereby increasing the mineralisation of the area and causing the ‘death’ of chondrocytes 

(Kronenberg 2007). This signals the invasion of blood vessels to the area, which bring stem cells 

that differentiate into osteoclasts and osteoblasts. The primary task of the osteoclasts is the removal 

of the cartilage matrix, and in doing so the osteoblasts utilise the remaining cartilage matrix as a 

framework for the deposition of bone matrix (Kronenberg 2007; Mackie et al. 2008).  

4.3. Cranial Development in Utero  

The cranium can be divided developmentally and morphologically into three regions; the 

viscerocranium (face), the neurocranium (braincase), and the chondrocranium (skull base) (Sadler 

2012). Cranial foetal development commences around the 23rd to the 26th (gestational) day, and 

the mechanisms of development for each region vary slightly. The viscerocranium and 

neurocranium develop primarily through intramembranous ossification, while the chondrocranium 

develops primarily via endochondral ossification.  (Som and Naidich 2013). During embryonic 

development ˃110 ossification centres appear within the foetal skull (Table 4.1). Those centres of 

ossification produce approximately 45 individual cranial bones in the neonatal skull throughout 

life the fusion of those bones results in the 'normal' adult comprising 22 bones, not including the 

hyoid or ossicles (Som and Naidich 2013). The development of the skull in utero is a complex 

process. To fully comprehend the mechanism of development, a basic understanding of 

embryology and organogenesis is necessary as described below.  
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through the primitive streak, thereby forming the embryonic germ layers; the ectoderm (outer layer) 

and mesoderm (middle layer). The endoderm (inner layer) forms from the remaining cells of the 

epiblast that do not move through the primitive streak (Carlson 2019). The development of germ 

layers during gastrulation is illustrated in Figure 4.2. 

 

Figure 4.2. (A) Gastrulation within a human embryo (dorsal view). Arrows indicate cellular 
movement through and away from the primitive streak; (B) Cross section of a human embryo 
during gastrulation, showing the development of the ectoderm, mesoderm and endoderm germ 
layers (Carlson 2019). 

Embryonic germ layers give rise to all of the tissues and organs of the body (see Figure 4.3). Cells 

of the endoderm, as the inner-most layer, eventually proliferate to become the epithelia of the 

gastrointestinal and respiratory tracts, the urinary bladder, auditory tube and endocrine organs 

(including the thyroid gland) (Webster 2016). The mesoderm forms the musculoskeletal system, 

connective tissue, circulatory and urinary systems, and the dermis, spleen, genital system and 

dentin of the teeth. The ectoderm as the outer most germ layer forms the body systems that interact, 

or are in contact, with the outside of the body. This includes the epidermis, hair, nails, eye lens, 

tooth enamel and the nervous system (Pansky 1982).  
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Figure 4.3. Systems of the body compartmentalised according to their embryonic germ layer. (A) 
Anatomical structures derived from ectoderm layer; (B) Anatomical structures derived from 
mesodermal layer; and (C) Anatomical structures derived from the endodermal layer (Webster 
2016). 

4.3.2. Embryonic Bone Development  

As embryonic development progresses, the ectoderm thickens, forming a neural plate and 

eventually a neural tube (Schoenwolf et al. 2015). At the margins of the tube bilateral cells 

condense to form the neural crest. During embryonic development bone arises from the mesoderm 

and neural crest cells of the ectoderm. The mesoderm comprises three components; the paraxial, 

intermediate and lateral plate (Scheuer 2004). Individually, or in combination, these components 

eventually differentiate to form the skeletal system (Figure 4.4). 
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Figure 4.4. Developing embryo showing the divisions of the mesoderm (Scheuer 2004). 

The paraxial mesoderm organises into paired segments known as somites, which organise 

bilaterally along the neural tube. Between 42 and 44 pairs of somites are present around the neural 

tube by the end of the fifth week of development. These eventually differentiate into mesenchyme, 

which give rise to the axial skeleton and posterior portion of the chondrocranium (Sadler 2012). 

The lateral plate mesoderm similarly bifurcates into two layers; visceral and parietal. The bones of 

the appendicular skeleton form from reorganised cells in the parietal layer, and the craniofacial 

bones largely originate from neural crest cells of the ectoderm (Scheuer 2004). The interaction of 

somites and mesoderm is shown in Figure 4.5. 

  

Figure 4.5. Cross section of the embryo showing the somites formed from the paraxial mesoderm 
organised around the neural tube. Intermediate and lateral plate mesoderm layers also present the 
later organised into parietal and visceral layers (Sadler 2012). 
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4.3.3. Skull Development  

Initial development of the skull commences in the fourth gestational week, where mesenchyme 

derived from the mesoderm and neural crest condenses around the developing brain, blood vessels, 

eyes and cranial nerves to form the ectomeningeal capsule (Som and Naidich 2013). The capsule 

continues to develop to protect the underlying structures until the seventh gestational week, at 

which point ossification commences. The embryonic precursors and mechanisms of development 

for the three regions of the skull (neurocranium, chondrocranium and viscerocranium) are varied 

as explained below and shown in Figure 4.6. 

 

Figure 4.6. Organisation of a human foetal skull. Neurocranial bones shown in brown, 
viscerocranial bones in orange, and the bones of the chondrocranium are represented in grey 
(Carlson 2019). 

i) Neurocranium  

The primary mechanism of bone development in the neurocranium is intramembranous ossification 

(see Table 4.1).  Multiple ossification centres, appearing as bone spicules, develop in the 

mesenchyme of the neurocranium (Som and Naidich 2013). Proliferation and expansion of these 

ossification centres occurs in an outward direction toward the periphery to accommodate the 

developing brain; see Figure 4.7 (Tubbs 2012). As bones continue to expand, sutures and 
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fontanelles develop in-between to facilitate movement and flexibility. The sutures occur at the 

junction of two bones and fontanelles form when three or four bones meet (Som and Naidich 2013). 

Bones of the neurocranium continue to develop in the postnatal skull, with osteoclast resorption 

occurring ectocranially and osteoblast deposition endocranially.   

 

Figure 4.7. Neurocranial development of a three month old foetus, showing primary ossification 
centres and bone spicules of the frontal, parietal and occipital bones (Sadler 2012). 

ii) Chondrocranium  

The chondrocranium develops primarily through endochondral ossification (see Table 4.1). During 

the seventh gestational week, the posterior and inferior section of the ectomeningeal capsule 

commence differentiation into chondroblasts (Dixon 2017). Embryonically the cartilaginous 

chondrocranium develops in two sections, cells derived from the neural crest form the prechordal 

chondrocranium; these lie anteriorly and develop into the sphenoid and ethmoid bones (Figure 4.8). 

Although the posterior aspect of the chondrocranium comprises cells from the paraxial mesoderm, 

these organise to form the chordal chondrocranium, and eventually give rise to the anterior portion 

of the occipital, petrous and the posterior aspect of the sphenoid (Figure 4.6) (Dixon 2017; Som 

and Naidich 2013).   
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Figure 4.8. Dorsal view of the chondrocranium. Bones developed from prechordal 
chondrocranium of the neural cranium (blue) and those that arise from the chordal chondrocranium 
of the paraxial mesoderm (red) (Sadler 2012). 

iii) Viscerocranium  

As for the neurocranium, intramembranous ossification is the primary mechanism of bone growth 

in the viscerocranium. Development of the viscerocranium through intramembranous ossification 

similarly commences between the seventh and eighth gestational weeks. The mandible is the first 

region to develop an ossification centre during the seventh week, which is followed in the eighth 

week by the maxilla. Ossification centres for the remaining facial bones also develop at this time 

(see Table 4.1) (Som and Naidich 2013). 

4.4. Development of the Juvenile Cranium 

The development of the juvenile skull occurs in a very predictable manner. The neurocranium, 

chondrocranium and viscerocranium grow as discrete entities, with specific trajectories relative to 

rate and manner of growth. Primarily the development of the juvenile cranium is marked by the 

closure of cranial fontanelles, and the development of the craniofacial bones, the timing and 

trajectories of these are outlined in detail below.  
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4.4.1. Fontanelle Closure  

At birth the cranial bones are separated by either sutures (between two bones) or fontanelles (three 

or more bones). Sutures and fontanelles primarily comprise cartilage. The primary function of both 

is to increase flexibility and movement between bones to facilitate deformation of the skull as it 

passes through the birth canal (D'Antoni et al. 2017). Furthermore, fontanelles also provide a 

framework for the expanding neurocranium around the rapidly growing brain (Noble et al. 2016).   

Perinates have six fontanelles as shown in Figure 4.9. The anterior and posterior fontanelles are 

located medially between the frontal and parietal, and occipital and parietal bones, respectively. 

The mastoid and sphenoid are paired fontanelles located postero-lateral and antero-lateral, 

respectively (D'Antoni et al. 2017). Closure of the posterior, sphenoid and mastoid fontanelles 

occurs within the first six months of life, following the outward growth and fusion of the parietal, 

occipital and temporal bones. While the timing of anterior fontanelle closure has been known to 

vary between and within populations, it is generally agreed that complete closure occurs before 2.5 

years of age (Duc and Largo 1986; Kirkpatrick et al. 2019; Noble et al. 2016).    

 

Figure 4.9. Right lateral view of a foetal skull at birth showing the anterior, posterior, mastoid and 
sphenoid fontanelles (Scheuer 2004). 

The closure of the fontanelles is facilitated by the growth and movement of the flat bones of the 

skull (D'Antoni et al. 2017). These flat bones are suspended within connective tissue that surround 

the brain. As the brain develops, the movement of the connective tissue results in subsequent 

movement of cranial bones (Scheuer 2004). Tensions placed on the connective tissue results in the 
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deposition of new bone at the edges of the older bone. The expansion of these bones occurs in an 

ectocranial direction to widen the skull. Growth of the chondrocranium results in the lengthening 

of the skull overall, while growth of the temporal, occipital and sphenoid bones, and the parietal 

suture, results in an increase of cranial height following ossification. (Jin et al. 2016).  

4.4.2. Craniofacial Growth  

Numerous studies have indicated that the growth of the neurocranium is accelerated compared to 

that of the viscerocranium, with the former achieving adult size during late infancy (Baer and Harris 

1969; Bastir and Rosas 2006; Bastir et al. 2006). Bastir et al. (2006) demonstrated the latter by 

exploring the morphological maturation of the skull through the analysis of growth trajectories of 

the craniofacial bones. This longitudinal growth study investigated 28 individuals aged between 

two and 19 years. Biannual cranial radiographs were taken of each participant, in which a total of 

66 cranial landmarks and semi-landmarks were placed. Geometric morphometric analyses were 

then performed to assess shape variation over time. Their results indicated that adult size was 

reached in the neurocranium and viscerocranium by 11.4 and 15.7 years respectively, thus 

supporting the notion of accelerated neurocranial maturation and a prolonged viscerocranial growth 

trajectory. The size of the aforementioned cranial regions also varies over time. At birth the 

neurocranium is proportionally larger than the viscerocranium, while the opposite is true when 

considering the adult skull. This is attributed to the prolonged growth of the viscerocranium to 

accommodate the growth of the nasal region, deciduous and permanent dentition, and sinuses (Baer 

and Harris 1969; Baughan et al. 1979).  

4.4.3. Chondrocranial Growth  

Postnatal enlargement of the chondrocranium occurs via endochondral ossification as areas of 

cartilage are replaced by bone (Som and Naidich 2013). This is most evident where sutures and 

synchondrosis occur (e.g. spheno-occipital synchondrosis). Growth of the chondrocranium is 

complete with fusion of the spheno-occipital synchondrosis, the cartilaginous craniofacial growth 

centre at the junction of the occipital and sphenoid bones (O'Higgins 1999). Fusion of the spheno-

occipital synchondrosis begins in the ectocranial surface and progresses endocranially, with fusion 

complete when the scar between the two bones is no longer visible (Franklin and Flavel 2014). The 

timing of fusion in the spheno-occipital synchondrosis is known to be both sex and population 

specific. In general fusion is complete between the ages of 11 to 18 years, with females on average 

showing signs of complete fusion approximately two years earlier than their male counterparts, 
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irrespective of population (Franklin and Flavel 2014; Ingervall and Thilander 1972; Shirley and 

Jantz 2011). Further growth of the chondrocranium occurs through resorption and apposition, 

particularly within the occipital (Som and Naidich 2013).  

4.5. Adult Cranial Anatomy  

As outlined above, the three developmental parts of the skull reach maturity at varied times, with 

the closure of fontanelles and fusion of synchondroses marking the completion of growth. At 

maturation the normal adult skull comprises 22 bones, excluding the ear ossicles, (Figure 4.10). 

The skull can be described according to eight neurocranial and 14 viscerocranial bones. Unlike the 

juvenile, sex-related morphological variation is evident in the adult skull.  
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Figure 4.10: Anatomy of the adult skull (A) Anterior and (B) Lateral views. The 22 bones of the 
skull are shown in maroon while major anatomical structures and sutures are displayed in black 
(Hansen 2017). 
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4.5.1. Sex related Morphological Variation  

As outlined above, ontogenetic growth of cranial bones is relatively predictable, controlled by the 

strict interaction and release of various growth hormones. Changes in cranial morphology post-

adolescence are, however, less predictable and less uniform, due to the interactions of intrinsic 

(hormones) and extrinsic factors (musculoskeletal development). Post-puberty the skull is the 

second most sexually dimorphic region of the body, Chapter Six provides an extensive review of 

methodologies that explore morphoscopic and morphometric cranial sexual dimorphism, thereby 

contextualising the present study (Schaefer 2009). In brief and prior to that chapter, it is worth 

noting here that morphological variation exists between females and males as a result of tension 

from muscle attachment points and the influence of androgen hormones (Briggs 2016a). Overall, 

males tend towards more robust, larger skulls that express features of muscle attachment more 

prominently compared to females, which are generally more gracile. This generalisation is, 

however, ancestry dependant, as the morphology of the skull varies significantly between ancestral 

groups.  

4.6. Conclusion 

The exploration and understanding of the embryological development of the human skeleton and 

its ontogenetic growth thereafter is imperative to facilitate a deeper understanding of the 

morphological variances associated with cranial sexual dimorphism. The present chapter, 

therefore, has provided necessary background information in the comprehension of cranial 

development and form. The information presented relative to cranial development in utero and 

growth through adulthood, influences the methodology of the present study, in particular the 

development and selection of appropriate cranial landmarks that represent variances reflecting 

cranial sexual dimorphism. These are accordingly considered in further detail in Part Two of the 

present thesis.  
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Chapter Five 

Sexual Dimorphism in the Human Skeleton: Perspectives Relative to Biology 

5.1. Introduction  

Sexual dimorphism is the variation of physical characteristics between females and males of the 

same species. In the skeletal system, numerous bones exhibit morphological sex-specific variation, 

usually a consequence of evolutionary function and long-term adaptations. For example, the most 

sexually dimorphic region in the body is the pelvis, due primarily to the ability and necessity of 

childbirth in females. Morphological skeletal differences between females and males generally 

manifest post-puberty, thereby making it possible to estimate skeletal sex based on both 

morphoscopic and morphometric features thereafter. The present chapter briefly considers the 

biological mechanisms underlying the expression of skeletal sexual dimorphism in humans, thus 

providing the necessary foundation for the exploration of anthropological standards based on such 

morphological variances. The latter forms the foundation of the estimation of skeletal sex in a 

forensic context that are considered in the next chapter of this thesis.  

5.2. What is Sexual Dimorphism?  

In basic terms sexual dimorphism is the physiological and morphological variations that exist 

between females and males of the same species (excluding secondary sexual characteristics) 

(Trevathan 2018). Generally, sexual differences relate to overall body size discrepancies and 

variations within specific biological systems, e.g., the skeletal system whereby males are generally 

larger and more robust relative to females (Wells 2007). Sex-specific morphological variations are 

attributed primarily to differences in the onset and duration of puberty, with females commencing 

on average two years earlier than males, albeit males experience a comparatively prolonged 

pubertal growth spurt (Callewaert 2010; Wells 2007). Sexual dimorphism in the human skeleton 

is, therefore, generally appreciably quantifiable in post-pubertal individuals (Schutkowski 1993; 

Ubelaker and DeGaglia 2017).  

It is important to note, however, that Homo sapiens are not as sexually dimorphic relative to other 

members of the hominid family. Australopithecus afarensis and africanus are known to be 2-3x 
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more sexually dimorphic than contemporary humans, usually as a result of sexual selection (Ruff 

2002). Furthermore, extant primate species, including gorillas, orangutans, baboons and mandrills, 

are likewise considerably more sexually dimorphic than Homo sapiens (Plavcan 2001). Variations 

in the level of sexual dimorphism across species are primarily attributed to discrepancies between 

body-mass that manifest as a result of different patterns of locomotion, diet and environment. Early 

hominid, and many extant primate, species, retained a number of morphological features attributed 

to arboreal living, including proportionally larger/longer upper limbs compared to lower limbs, and 

increased body breadth relative to height (Larsen 2003). Adaptations to terrestrial living in more 

contemporary hominid species, manifested over time, such that body-mass decreased, while lower 

limb size increased to account for upright bipedal locomotion (Ruff 2002). Furthermore, 

contemporary hominid species experienced increased social organisation, therefore effectively 

eliminating the physical competition for a mate, resulting in less physical variation between sexes 

over time (Morris et al. 2019).  

An appreciation of the evolutionary history of morphological sexual dimorphism within hominid 

species aids in contextualising the present study, concurrent to establishing a baseline to examine 

the aetiology of sexual dimorphism in humans. The magnitude of expression of dimorphism within 

humans is varied according to the influence of a number of extrinsic and intrinsic factors (Krogman 

1978) that are briefly explored below.  

5.2.1. Hormones  

The endocrine system comprises a series of glands responsible for the synthesis of hormones that 

regulate growth and development. During puberty, increases in the production of certain hormones 

result in a period of accelerated growth that differs between females and males. The amount of 

hormones produced, and the specific effects they have on the body, is associated with how sexual 

dimorphism develops (Rogol 2010). The following briefly considers the primary hormones that 

contribute to the expression of sexual dimorphism in the human body.  

i) Oestrogen and Testosterone  

As outlined above, sexual dimorphism is associated with the onset of puberty. At this time 

gonadotropin-releasing hormones signal the pituitary gland to release luteinizing and follicle-

stimulating hormones, which in-turn stimulate the production of sex-specific hormones in the 

ovaries (oestrogen), testes (testosterone), and to a lesser extent the adrenal glands (Clarke and 

Khosla 2009; Riggs et al. 2002). Sex hormones facilitate the maturation of the reproductive system 
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and contribute to the maintenance and development of skeletal muscle mass and bone deposition 

and resorption (Wells 2007). From the onset of puberty, females and males produce both sex 

hormones, albeit at varied levels; the hormonal disparity contributes to divergent growth 

trajectories and an overall body size that is specific to sex (Peper and Dahl 2013).  

It is generally accepted that the commencement of puberty occurs at a younger age in females 

(approximately two years before males), but it is prolonged in males (usually by at least a year or 

two) (Rogers 2005). The effect of the latter is that males on average experience prolonged 

musculoskeletal growth relative to females, resulting in increased muscle mass, body size and bone 

length, particularly in the appendicular skeleton (Wells 2007). Sex hormones also specifically 

influence the growth of long bones. For example, testosterone stimulates the apposition of bone at 

the periosteum, while simultaneously signalling endocortical bone resorption, resulting in increases 

to the size of the medullary cavity, overall bone diameter, and cortical thickness (Callewaert 2010; 

Liu et al. 2016). The result of the latter are longer bones that exhibit increased flexibility and 

strength in males. Conversely, oestrogen inhibits the apposition of bone at the periosteum, thus 

preferentially facilitating the development of endocortical bone; this results in an increase in 

cortical thickness, but a decrease of the diameter of the medullary cavity, which reduces strength 

and flexibility of the bone (Callewaert 2010)and see Figure 5.1). 

 

Figure 5.1. Schematic cross-section of a long bone demonstrating the influence of hormones post-
puberty. The diameter of the bone, size of the medullary cavity and cortical thickness are all 
influenced by oestrogen and testosterone, leading to sex-specific morphological variation (adapted 
from Callewaert (2010). 
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ii) Growth Factor and Insulin-Like Growth Factor 1 

Additional to the influence of oestrogen and testosterone, other hormones, including growth factor 

(GF), and insulin-like growth factor 1 (IGF-1), are produced at higher levels during puberty; GF 

increases by a factor of 1.5x, whereas IGF-1 increases 3x compared to adult levels (Clarke and 

Khosla 2009). Variations in both the level of growth hormones and differences in the timing of 

their release significantly impact growth during puberty. Females experience a relatively early peak 

in GH, approximately around the age of 12 years; this is a developmental stage associated with 

breast development, the onset of menarche, and peak skeletal growth. Conversely, increased GH 

is associated with the later stages of male pubertal development, around 14 years of age, and 

coinciding with increased skeletal development (Cole et al. 2015; Soliman et al. 2014).  

Sheng et al. (2013) quantified the effect that disrupting IGF-1 had on bone development in mouse 

models. It was demonstrated that disruption of IGF-1 resulted in a 4 to 7% decrease in bone length, 

and a 14% decrease in bone thickness relative to the control mice. This implies that IGF-1 has a 

proportionally larger role in the development of bone thickness relative to length. These findings 

were further emphasised by Liu et al. (2016) in their review of the effects of IGF-1 and GH on 

skeletal sexual dimorphism. They similarly concluded that GH and IGF-1 influenced the width and 

length of bone, with the former shown to be more significantly influenced by both hormones. 

Therefore, the interaction of GH and IGF-1 with sex hormones has a vital role in bone development, 

especially cortical thickness.  

iii) Thyroid Hormones  

The thyroid gland is responsible for the production of two hormones (tri-iodothyronine- T3 and 

thyroxine- T4) that regulate body metabolic functions. Protein, lipid, carbohydrate metabolism, 

protein synthesis, thermogenesis and basal metabolic rate are all regulated by the thyroid hormones 

(Chen et al. 2009). Further, thyroid hormones regulate chondrocyte differentiation and proliferation 

by enhancing the action of IGF-1, which combined with GH, control long bone development 

(Soliman et al. 2014). The latter two functions are of importance during pubertal growth, when 

bone development via endochondral ossification accelerates, resulting in the elongation of long 

bones and subsequent epiphyseal fusion. During puberty, the level of thyroid hormones within 

females and males varies, resulting in the development of proportionally longer bones in males 

(Marwaha et al. 2012).  
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5.2.2. Mechanical Loading 

Further to the influence of hormones during puberty, muscle growth and associated mechanical 

loading of the skeletal system, is also associated with the development of sexually divergent 

skeletal structures. In a review of factors associated with the development of sexual dimorphism, 

Callewaert (2010) suggested that mechanical loading of the musculoskeletal system stimulates the 

development of periosteal bone, whilst concurrently decreasing bone resorption, thereby causing 

hypertrophy of the bone at the point of muscle attachment. This indicates that individuals who have 

increased muscle mass will inadvertently exert greater loading to the bone, and by association 

develop larger muscle attachment sites; this is often disproportionately reflected between the sexes 

(Zymbal et al. 2017). Generally, males have larger muscle mass relative to females; they, therefore, 

are subject to greater biomechanical stress, which places an increased strain on the bone at the point 

of muscle attachment. This is associated with proportionally larger and stronger bones (Seeman 

2001). The latter is further increased when multiple muscles share a common insertion; for 

example, the insertion of sternocleidomastoid, splenius capitis, posterior belly of the digastric and 

longissimus capitis muscles occurs in the mastoid process of the temporal bone (Figure 5.2) (Drake 

2020; Tubbs et al. 2016). Attachment of multiple muscles has the effect of elongating the mastoid 

process.  

 

Figure 5.2. Muscle attachment to the mastoid process adapted from Drake (2020). 

5.2.3. Genetics  

The majority of the human genome is common (with the exception of certain genes located in the 

male-specific Y chromosome) between the sexes (Ellegren and Parsch 2007). Therefore, variations 

in physiology that exist between females and males arise as a result of differential expression of 
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common genes. Differential expression can refer to genes that are only expressed by a single sex 

or expressed in higher numbers within a specific sex. Genes associated with any type of differential 

expression specific to sex are known as sex-biased genes (Rigby and Kulathinal 2015). The most 

obvious variations in gene expression occur in sex-specific regions of the body (e.g., reproductive 

systems), however numerous sex-biased genes have been identified in somatic cells associated with 

physiological sexual dimorphism (Connallon and Knowles 2005).  

Zhang et al. (2011) investigated the expression of sex-biased genes in 224 human liver samples 

using microarray analysis. They identified 1,249 sex-biased genes, a high portion (62 female and 

19 male) that were responsible for the metabolism of lipids such as cholesterol, triglycerides and 

fatty acid. Furthermore, 185 sex-biased genes linked with cardiovascular disease were also 

identified. These findings indicate that the physiology of the liver is influenced by the expression 

of specific sex-biased genes, particularly when considering the metabolism of lipids and the 

development of cardiovascular disease. The livers of females express a higher number of genes 

targeted toward lipid metabolism, indicating that the metabolic rate in the liver of females is higher 

compared to males. More efficient metabolism of lipids decreases the potential for females to 

develop secondary cardiovascular disorders, which appears to explain a low prevalence of 

cardiovascular disease in females (Delitala et al. 2017). Furthermore, efficient metabolism of lipids 

aids in the maintenance of low body-mass, therefore the expression of sex-biased genes within the 

liver may account to some degree for body size discrepancies between females and males (Després 

1991).  

Brain tissue has also been shown to present sex-specific variances in the differential expression of 

specific genes. On average, overall brain size is 8 to 10% larger in males relative to females 

(Lenroot et al. 2007), however, the corpus callosum (white matter that connects the left and right 

cerebral hemispheres) has been shown to be significantly larger in females relative to males (Shiino 

et al. 2017). Furthermore, the brain also contains high numbers of sex-biased genes. Xu et al. (2014) 

demonstrated that the largest number of sex-biased genes were expressed in the prefrontal cortex, 

a region responsible for cognitive behaviour, decision making and social/personality behaviours. 

These findings support the notion that differential expression of sex-biased genes may be 

responsible for variations in brain development between the sexes, but also the differential 

prevalence of certain neurological diseases, such as Alzheimer’s and dementia.  
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5.3. Skeletal Sexual Dimorphism   

Homo sapiens express minimal sexual dimorphism relative to other higher order Apes, however, 

there are subtle morphological variations within the skeleton that can be adequately quantified to 

facilitate sex estimation (Krogman 1978). The manifestation of skeletal sexual dimorphism occurs 

in the cranial and post-cranial skeleton. Relative to the present thesis, the expression of sexual 

dimorphism in the post-cranial skeleton is only briefly explored (to provide a broader overall 

context for the topic), with the focus being how dimorphism manifests in the skull, and to thereafter 

place that into a practical context for the forensic practitioner.    

5.3.1. Pelvic Morphology 

The pelvis is the most sexually dimorphic region of the human body (Franklin et al. 2014b; Gomez-

Valdes et al. 2011). Divergent morphologies between the sexes evolved as a consequence of the 

sex-specific functional roles of the pelvis. In women the morphology of the flared iliac crest, sub-

pubic concavity, broader pubic inlet and more obtuse sub-pubic angle, facilitate not only bipedal 

locomotion, but also childbirth (Buikstra and Ubelaker 1994; Mallard et al. 2017; Phenice 1969) 

(Figure 5.2). The differential development of these features is primarily driven by sex-specific 

variations in growth trajectories and the attachment of certain pelvic muscles.  

 

Figure 5.3. Three-dimensional volumetric reconstructed female and male pelvis, showing broader 
pubic inlet and obtuse sub-pubic angle in the (A) female (PEL000092); with comparatively 
narrower pelvis inlet and acute pub-pubic angle in the (B) male (PEL000093).  
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Anderson (1990) explored the developmental factors responsible for pelvic sexual dimorphism. A 

total of 130 pubic bones from the Human Identification Laboratory of the Arizona State Museum, 

and 31 adult cadavers (source not stated), were dissected to delineate ligament and muscle 

attachment sites in the pubic bone. The attachment of the pelvic adductor muscles were shown to 

differ between females and males, specifically that in the former sex the attachment of the gracilis, 

adductor brevis, and to a lesser extent the adductor magnus muscles overlaying the ventral arc, 

were positioned more laterally relative to the pubic symphysis. The attachment of the same muscles 

in males were more medial, paralleling the contour of the pubic symphysis. Variations in the 

attachments of these muscles is due to the extended growth of the pubic bone in females that occurs 

during puberty. Anderson notes that this elongation occurs to the medial aspect of the bone, inferior 

to the pubic symphysis, thus resulting in varied muscle attachment sites between females and 

males. The author also identified that females exhibited extended growth of the pubic symphysis 

in an inferior-medial direction, forcing muscle attachment to occur in a more lateral portion of the 

bone. It is inferred that these variations in symphysis growth and muscle attachment are associated 

with the development of a ventral arc in females (Figure 5.4).  

 

Figure 5.4. Development of a ventral arc: (1) female expression [present]; and (2) male expression 
[absent] (Phenice 1969). 

The subpubic concavity, typically considered indicative of female morphology, also develops as a 

result of elongation of the pubic bone. Growth in the pubic bone alters the shape of the pelvic outlet 

and causes the subpubic angle to become more obtuse in females; this is also associated with 

increased concavity of the pubic bone in females (Drake 2020; Stewart 1956).  
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5.3.2. Appendicular Morphology 

A number of other post-cranial bones are known to be highly sexually dimorphic, including but not 

limited to: the femur (Albanese et al. 2008; İşcan and Shihai 1995); tibia (Kranioti et al. 2017); 

humerus (Albanese et al. 2005; Kranioti et al. 2008); sternum (Franklin et al. 2012b; Garcia-Parra 

et al. 2014; Zhang et al. 2015) and scapula (El Morsi et al. 2017; Paulis and Abu Samra 2015; 

Torimitsu et al. 2016). Often sexual dimorphism is expressed in the post-cranial skeleton where 

weight bearing (e.g., joints of long bones) and large muscle development (e.g., femur, humerus and 

scapula) occurs. Research investigating sexual dimorphism of higher order primates have 

concluded that the deviation of skeletal size between females and males is likely the result of sexual 

selection, wherein females are more likely to select a male mate that possesses desirable physical 

attributes (i.e., physical strength, agility) (Morris et al. 2019). In humans the variation in skeletal 

size could therefore be a by-product of this evolutionary selection process. Over time, post-cranial 

sexual dimorphism, specifically weight bearing lower limbs, has changed according to variations 

in labour divisions, physical activity and lifestyle differences (Ruff 1987).  

Brzobohata et al. (2016)  investigated variation in the size and shape of the tibia over three time 

periods (medieval 9th to 10th centuries; 20th and 21st centuries) relative to the effect of such 

differences on the assessment of sex estimation. A total of 183 adult (aged 20 – 91 years) tibiae 

from the Czech Republic were examined, subdivided into three groups corresponding to the 

aforementioned time periods. The medieval sample contained 65, the 20th century group consisted 

of 61, and the 21st century subgroup comprised 57, individuals. Geometric morphometric analyses 

were utilised to assess size and shape variation across the surface of the bone, with consideration 

of traditionally sexually dimorphic regions. Temporal sex-specific variations in the size and shape 

of the tibia were elucidated. For example, the sub-sample expressing the least dimorphism was the 

21st century group (76.79%), while the medieval (84.9%) and the 20th century (85.2%) groups 

were considerably more sexually dimorphic.  

Three sexually dimorphic features (tibial tuberosity and the distal and proximal articular areas) 

were common (to varying extents) to all three groups. The most sexually dimorphic features of the 

tibia, however, varied according to the time period. In the most temporally distant group, the most 

sexually dimorphic region of the bone was localised to the anterior and proximal end, 

corresponding with the tibial tuberosity (attachment of the patella tendon). Over time the most 

dimorphic region shifted in a distal direction, encompassing half of the shaft; this was most evident 

in the 20th century sample. Within the 21st century group, the most sexually dimorphic region was 



87 
 

concentrated to the area just inferior to the tibial tuberosity, and the lower third of the shaft just 

superior to the articular surface. Brzobohata et al. (2016) thus appears to indicate that sexual 

dimorphism in the lower limb is influenced by loading to the tibia from the patella tendon, 

associated with increased activity/locomotion. Further, the study indicates that decreased sexual 

dimorphism over time is a result of more sedentary lifestyles, less obvious division of sex-specific 

labour, and improved living conditions (e.g., access to healthcare).  

5.3.3. Skull Morphology 

As outlined previously, males commence puberty later than females, but experience a period of 

prolonged growth (Rogers 2005). The development of the skull during this period is therefore 

subject to growth trajectories that are divergent according to sex. This has a profound influence on 

the morphology of the skull and the development of sexually dimorphic regions. Prolonged growth 

in males results in the development of larger more laterally protruding zygomatic bones, larger 

nasal bones and nasal aperture, more rugged occipital condyles and mastoid processes, and larger 

nasomaxillary and palate regions. Furthermore, this protracted growth period is also responsible 

for the development of a comparatively larger, more angular mandible, with a flared gonial angle 

as compared to females (Baughan and Demirjian 1978; Enlow and Moyers 1982). The  

development of the frontal bone varies slightly, while ectocranial growth ceases around the 

fifth/sixth year of life in both females and males; endocranially growth is extended longer in males 

relative to females (Enlow and Moyers 1982). This shifts the brow ridge anterior and inferior, thus 

affecting the protuberance of the glabella and supraorbital ridge (Rogers 2005). The latter size and 

shape differences combined are the foundation of the morphological features assessed to facilitate 

an estimation of skeletal sex; the former morphological features and their sex-specific expressions 

are shown in Figure 5.5. It also important to note that the above morphological observations relative 

to the sexes are not an absolute, and there will always be outliers and intra- and inter-specific 

variation; e.g., hyper-feminised males and hyper-masculinised females.  

The attachment of muscle and ligament in the skull has also been shown to influence the 

morphology of the underlying bone; this is particularly evident when considering the occipital. 

Attachment of splenius capitis, trapezius, occipitalis, obliquus capitis superior, rectus capitis 

major and minor muscles, in addition to the nuchal ligament and epicranial aponeurosis to the 

occipital bone, is associated with the development of four nuchal lines (Figure 5.6; and see  (Schoor 

et al. 2018; Tubbs et al. 2016). Increased development of those muscles, particularly larger muscles 

such as the trapezius in males, places additional mechanical loading in the occipital bone, which is 
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associated with the development of rugged protuberances, the largest of which is known as the 

nuchal crest. 

 

Figure 5.5. Morphological variation of the supra-orbital margin and glabella according to a scale 
from the most feminine expression (1) to the most masculine (5) (Walker 2008). 

 

 

Figure 5.6: Occipital bone showing muscle attachment and superior and inferior nuchal lines 
(Germann 2019). 

Additional muscle attachment in the skull is also associated with sexual dimorphism. Larger 

frontalis musculature results in a more anteriorly projected (protruded) glabella in males (Drake 

2020). Increased development of the masseter, and the zygomaticus major and minor, muscles 

results in larger and broader zygomatic bones (Martini 1998). As previously stated, development 

of the sternocleidomastoid, the splenius capitis, and the longissimus capitis, muscles results in 
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elongated and a more developed (e.g., robust and with a larger surface area) mastoid processes in 

males (Tubbs et al. 2016), while the development of a square-shaped mandible typical of males, 

occurs as a result of the development of the masseter, mentalis, temporalis and mylohyoid, muscles 

(Drake 2020).  It is therefore evident that cranial sexual dimorphism manifests because of the 

prolonged growth experienced by males during puberty, increased muscle mass, and by extension 

larger muscle attachment sites in the skull.  

5.4. Conclusion  

There are numerous morphological discrepancies between the skeletal structure of females and 

males that manifest primarily as a result of variations in both intrinsic and extrinsic post-pubertal 

factors. In considering the skeletal system, it is generally accepted that females on average express 

smaller and more gracile bones relative to males (Albanese et al. 2005). A certain amount of 

overlap between sexes is to be expected as a consequence of natural variation, however 

dissimilarity is often sufficient to facilitate accurate estimation of skeletal sex (Ubelaker and 

DeGaglia 2017). Qualification and quantification of skeletal sexual dimorphism can be achieved 

through the application of morphoscopic and morphometric analyses, whereby specific physical 

features can be visually assessed and/or measured, respectively. 

Due to the functional ability of females to birth children, the pelvis expresses the greatest sexual 

variation in the skeletal system, however other elements in the post-cranial skeleton also exhibit 

significant morphological variation relative to sex. Variations in the size and shape of the skull 

between females and males is the result of variable muscle attachment and pubertal growth 

trajectories. Understanding how the morphology of the skeleton varies according to sex, and the 

underlying aetiology of this dimorphism, forms the necessary biological foundation from which 

the present thesis is designed. The aforementioned morphological skeletal variations can therefore 

be utilised in the estimation of sex during routine anthropological analysis; the practical 

considerations of this in a forensic context are the specific focus of the next chapter.  
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Chapter Six 

Sexual Dimorphism in the Human Skeleton: Perspectives Relative to Forensic 

Practice 

6.1. Introduction  

Routine forensic anthropological assessment involves the estimation of fundamental biological 

characteristics that facilitate the identification of unknown human skeletal remains. Primarily this 

requires skeletal morphoscopic or morphometric analyses that aid estimations (at the most 

rudimentary level) of age at death, biological sex, stature and ancestry. Further analysis of skeletal 

trauma and pathology is also utilised to inform manner of death and ante-mortem injury towards 

establishing identity. Of the requisite characteristics mentioned above, the estimation of sex is often 

of primary importance. Not only due to the fact that elements of the biological profile are often 

derived from the application of sex specific standards, but also because the correct estimation of 

sex significantly reduces the pool of potentially matching identities by eliminating individuals of 

one sex from further investigation. Therefore, the estimation of sex, and by extension which 

method is applied, is of fundamental importance. Considerations of accuracy and reliability are 

imperative, however, a thorough understanding of how population variation, specifically the 

magnitude of morphological expression of sexually dimorphic features, influences the applicability 

of forensic standards, is also paramount.  

Considering the above, the present chapter explores cranial sexual dimorphism specific to the 

factors that influence forensic practice relative to population variation. This is achieved through 

the examination of factors that influence the applicability and accuracy of sex estimation methods. 

A thorough review of literature relevant to cranial sex estimation, and the ‘universality’ of certain 

cranial features, follows. The overall purpose of this chapter is to establish the importance of 

understanding the underlying principle of population variation and how it influences forensic 

practice. This will specifically involve exploring variations in the magnitude of expression of 

cranial features believed to be ‘universally’ dimorphic between geographically disparate groups. 

This is a core concept of the present thesis, thus underlying the analysis of subsequent cranial 

sexual morphological variation within Australia, and therefore influencing the development of 
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accurate population specific cranial sex estimation standards that most accurately reflect the trends 

within.  

6.2. Factors Influencing Method Accuracy   

The formulation of reliable and accurate anthropological standards are influenced by numerous 

factors, an awareness of which ensures such data most appropriately reflect the morphological 

variances specific to a population. The development of morphometric anthropological standards is 

based on measurement data and statistical analyses that are subsequently performed to develop 

predictive models. It is, therefore, imperative that the sample selected is a true reflection of the 

contemporary population being investigated. Furthermore, the sample must comprise individuals 

of known age, sex and stature to ensure that additional error is not be unwillingly introduced. 

Below, the importance of using contemporary documented skeletal samples (physical and virtual) 

for the development of accurate anthropological standards is briefly reviewed.  

6.2.1. Importance of Contemporary Skeletal Samples  

As previously outlined in Chapter One, there are inherent limitations associated with relying on 

established skeletal collections to inform contemporary anthropological investigations. This is of 

particular importance when these collections are used to develop modern anthropological 

standards, as many of the samples include individuals that are temporally removed from the 

contemporary population. Furthermore, there are often inherent biases with regard to the 

demographic composition of such collections, which do not necessarily reflect those of 

contemporary society. Hunt and Albanese (2005) explored the demographic composition of the 

Terry collection housed in the Smithsonian. Curation of the skeletal collection commenced in St 

Louis, Missouri in 1898 and was overseen by Robert J. Terry until 1941; from that time the 

collection was curated by Professor Mildred Trotter until 1967. The collection contains 1,728 

individuals ranging in age from 14 to 102 years. All individuals within the collection were born 

between 1828 and 1943; the mean year of birth for females and males is 1884 and 1880 

respectively, with the vast majority of individuals in the collection born between 1860 and 1910. 

Therefore, the collection primarily contains individuals that are significantly temporally removed 

from contemporary society. Standards created from these collections are therefore likely to 

inaccurately model the contemporary population, thus resulting in prediction or other errors and a 

loss of accuracy overall. 
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An effort to more evenly distribute the sample between sexes was undertaken by Trotter. This 

resulted in a documented collection comprising 658 females and 944 males. The authors found that 

in comparison to historic census data, the Terry skeletal collection did not provide a true 

representation of the population of St Louis, Missouri at the time. Despite the efforts of Trotter, 

males are over-represented relative to females, as are African American people compared to 

Caucasian Americans. The latter likely relates to sampling biases in early collections (prior to 

World War II) that focused on individuals of low socio-economic status.  

6.2.2. Documented Versus Undocumented Skeletal Collections  

Another potential source of error is the use of undocumented skeletal collections. As the name 

would suggest, a documented skeletal collection is as assemblage of remains for which specific 

biological data, such as date of birth, biological sex, living height, and date of death is (generally) 

absolutely known, rather than estimated. For such data to be considered accurate, it must be 

obtained from official records, such as birth and death certificates of the decedent. Prominent 

skeletal collections, including the Hamman-Todd, Terry, and Raymond A. Dart, are such examples 

of documented assemblages (Dayal et al. 2009). Hunt and Albanese (2005) provided a thorough 

analysis of the demographic composition of the Terry collection, including an in-depth analysis of 

the documentation process. This involved the notation of age, sex, “race”, cause of death, and date 

of death, predominantly acquired from death certificates, catalogue cards and other identifying 

records. Furthermore, to ensure accurate documentation, the authors indicate that Terry directly 

corresponded with numerous hospitals to obtain birth certificates and other official documents that 

were catalogued with individuals. This effort ensured that aspects of the biological profile (age, 

sex, stature, and ancestry) for each individual were known and could therefore be used with 

confidence in any subsequent analyses based on those attributes and/or the development of 

anthropological standards.  

Undocumented skeletal collections include any assemblage of remains where aspects of the 

biological profile are not explicitly known but are rather estimated using established 

anthropological methods. Undocumented skeletal collections are often archaeological, and while 

they cannot provide insight into the specific demographic of the population, they do provide a 

unique opportunity to understand aspects of temporally removed populations (Carrara et al. 2018). 

Undocumented skeletal collections are often used as a means of validating established 

anthropological methods. For example, Giles and Elliot (1963) applied their then newly developed 

cranial sex estimation discriminant functions to an undocumented archaeological skeletal 



 
 93 

collection. The sample comprised of 50, 6th and 16th century, Irish individuals excavated from 

Gallen priory in Country Offaly. As no biological information was available, the sex of the 

individuals within the sample (8 female and 42 male) was only estimated by Professor W.W. 

Howells. Discriminant function #17 of Giles and Elliot (1963) was applied to the sample as a means 

of validating its effectiveness in estimating sex; this achieved an overall classification accuracy of 

66.4%, with an associated 57.7% sex bias. The results obtained however may not be reflective of 

the effectiveness (or lack thereof) of the discriminant function, as sex is not documented in this 

collection. Instead, the results are really a measure of the agreement between Howells’s sex 

estimation and the estimation provided by the function. The findings of this investigation provide 

evidence that the use of undocumented skeletal collections should be undertaken with caution.   

6.3. Sex estimation in the Juvenile Skeleton 

There is considerable debate in the anthropological community relative to whether skeletal sex can 

be reliably and/or accurately estimated in immature individuals (Scheuer 2004). It is generally 

accepted that the most reliable and accurate estimations are made in the adult skeleton, specifically 

post-pubertal, because this is the period at which the secondary sexual characteristics start to 

develop and thereafter skeletal dimorphism begins to manifest at a quantifiable level (Callewaert 

2010). Irrespective, there is an obvious requirement for skeletal sex assessment in non-mature 

individuals, and accordingly there is a large body of research that has explored (with differing 

results) whether this is in fact achievable using morphometric (Veroni et al. 2010; Wilson et al. 

2008) and morphoscopic approaches. Whilst not the central tenant of the present thesis, the 

following considers a small selection of the relevant literature (grouped according to bone) relating 

to sexual dimorphism in the juvenile skeleton, to provide a broader context on skeletal sexual 

dimorphism.  

6.3.1. Mandible  

The mandible has been utilised, to varying degrees of success, for the estimation of sex in pre-

pubescent individuals. Initial morphoscopic investigations by Loth and Henneberg (2001) aimed 

to develop a methodology for the estimation of sex based on the morphology of the anterior body 

and symphyseal region in the mandible. The sample comprised 19 (12 female and 7 male) white 

and black (sic) South African juveniles aged between seven months and 3.5 years of age, derived 

from the Raymond A. Dart skeletal collection. Their method involved the morphoscopic 

assessment of three regions in the mandible: 1) lateral body; 2) anterior region; and 3) symphyseal 



 
 94 

base. To evaluate each region, the mandibles are orientated initially in an anterior position and then 

rotated inferiorly to visualise the morphology according to the superior aspect. Sex was correctly 

classified at an overall accuracy rate of 81%, however sex-specific accuracy demonstrated an 

unacceptably large sex bias value of 22.3% (male 95.0%; female 72.7%). Schematics of the typical 

morphology of the female and male mandible were provided to allow application in different 

populations; generally, females exhibited a rounded more gradual curve at the symphyseal region, 

while male morphology was angular with relatively straight lateral bodies. A blind test of the 

method was performed by Scheuer (2002) using the documented Spitalfields skeletal collection. 

The accuracy of the method declined to 64.0%, with males (81.4%) again disproportionately 

correctly assigned relative to females (55.5%); sex bias 17.4%.  

A further exploration of the sub-adult mandible was undertaken by Franklin et al. (2007), who 

applied geometric morphometric techniques to quantify sexual dimorphism in three separate 

populations: South African; American; and English. The sample comprised 96 (43 female and 53 

male) sub-adults, aged between one and 17 years, acquired from the Hamann-Todd, Raymond A. 

Dart, and Spitalfields skeletal collections. A total of 38 bilateral landmarks were acquired using a 

Microscribe G2X portable digitizer that were analysed using morphologika. Classification 

accuracy was assessed using cross-validated discriminant function analysis of shape variables. The 

sex classification accuracy achieved for the overall sample was 59%, which was derived from sex-

specific accuracies of 65% for females and 55% for males. Isolated analysis of the South African 

Bantu speaking population failed to identify the dimorphic morphological features identified by 

Loth and Henneberg (2001), with sexual dimorphism evident from 15 years (at the youngest). 

Furthermore, multivariate shape analysis indicated that the morphology of the mandible was most 

strongly correlated with age, rather than sex, and that population differences were more pronounced 

relative to sex. It is therefore evident from these findings that sex estimation using the mandible is 

likely ineffective pre-puberty, the high accuracy achieved by Loth and Henneberg (2001) could not 

be repeated, even in the same population sample when more sophisticated and sensitive methods 

were used.    

6.3.2. Pelvis  

To explore whether the sub-adult pelvis is sexually dimorphic, and by association holds forensic 

utility for the accurate estimation of that attribute, Wilson et al. (2008) devised geometric 

morphometric shape analysis method for the estimation of sex. The sample comprised 25 

individuals (eight females and 17 males) from birth to 7.88 years of age, derived from the 
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Spitalfields collection. The ventral and superior aspects of each pelvis were photographed and 

utilising measurement tools in Image ProPlus©, two-dimensional data was acquired. Six pelvic 

features were investigated using Eigen shape analysis: auricular surface morphology; greater 

sciatic notch angle; greater sciatic notch shape; curvature of the iliac crest (closed curve); curvature 

of the upper plane (iliac crest); and the curvature of the lower plane (iliac crest). Following this, 

discriminant function analysis was performed to assess how accurately each feature could be used 

to estimate sex. The results of this investigation indicate that sex was most accurately (96%) 

classified using shape analysis of the greater sciatic notch, however males were disproportionately 

correctly classified (87.5% female; 100% male accuracy). Discriminant functions derived from 

auricular surface morphology were associated with an accuracy rate of 84%, again with a sex bias 

skewed toward correct assignation of males (62.5% female and 94.1% male). Considering the 

curvature of the iliac crest (closed curve, upper and lower planes) accuracy rates were considerably 

variable relative to sex; males were between 82.4% and 88.2%, while female classification 

accuracy was between 25.0% and 37.5%. These results indicate that sexual dimorphism is not 

pronounced enough in pre-pubescent individuals to facilitate the accurate estimation of sex based 

on pelvic morphology.   

6.4. Sex Estimation in the Post-Cranial Adult Skeleton 

The estimation of sex is an essential aspect of the biological profile, largely because other 

parameters, such as age, ancestry and stature are often more accurate when applying sex-specific 

models (Bridge et al. 2020). Furthermore, correct classification of sex often eliminates a substantial 

number of potential matches during an identification investigation. As outlined above, the most 

accurate standards for sex estimation are derived from and applied to adult individuals, due in large 

to the manifestation of sexual dimorphism post-puberty (Scheuer 2002). Methods for the estimation 

of sex can be morphoscopic or morphometric and utilise the skull and/or numerous post-cranial 

bones. Considering the present thesis is focused on the development of population specific cranial 

sex estimation standards for contemporary Australia, cranial sex estimation is therefore explored 

in detail. However, post-cranial bones, including the pelvis and elements of the appendicular 

skeleton, are also briefly considered to provide context for the scope of sex estimation standards 

available and their relative accuracy.  



 
 96 

6.4.1. Pelvis 

The pelvis expresses the largest degree of sexual dimorphism in the skeletal system (Franklin et al. 

2014b; Gomez-Valdes et al. 2011), due to the morphological differences necessary to facilitate the 

birth of children in females. As outlined in the previous chapter, these differences primarily 

manifest during puberty, associated with differential female and male growth trajectories and 

varied muscle development (Anderson 1990). Research investigating the utility of the pelvis 

relative to the estimation of sex commenced largely in the first half of the 20th century. During that 

period, primates were often the subject of initial investigation due to the ready availability of 

comparative skeletal collections (Schultz 1930; Washburn 1942). Those studies, however, 

identified trends (e.g., the ischio-pubic index and subpubic angle for sex estimation) that then 

formed the basis of inquiry for subsequent human research.  

Washburn (1948) aimed to verify a sex estimation method using two simple measurements of the 

pelvis previously identified within primate species; ischial and pubic length (Schultz 1930; 

Washburn 1942).The purpose of this study was the development of a simple metric method of 

pelvic sexing for anatomists and anthropologists. The sample comprised 300 pelves of individuals 

of stated African and Caucasian American ancestry from the documented skeletal collection at the 

Hamann Museum of Anatomy and Comparative Anthropology, within Western Reserve 

University, Cleveland Ohio. An index/ratio of the measurements, wherein the numerator is 

represented by the ischial measurement and the denominator by the pubic measurement, was 

calculated to facilitate scale invariant comparison of bones. This ratio was then used to infer sex, 

with females resulting in lower fractions; this was attributed to the fact that females tend toward 

longer pubic relative to ischial bones. Washburn showed that the ischium-pubic index correctly 

classified sex at 90% accuracy. Those results were, however, slightly misleading, as it was also 

revealed that 14% of the African American female sample were misclassified as male, indicating 

a method bias relative to ancestry. It can thus be inferred that those results indicated the need for 

optimisation prior to use on disparate populations, an issue that was not necessarily considered 

relative to professional practice at that time.  

A seminal investigation of pelvic sexual dimorphism based on morphoscopic assessment was 

published by Phenice (1969). The aim of that study was to develop a simple visual sex estimation 

method for the pelvis that could be applied to unknown skeletal remains. The sample comprised 

275 (95 female and 180 male) documented adult individuals of African and Caucasian American 

ancestry from the Terry skeletal collection. The method involved the visual assessment of physical 
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specimens for the presence/absence of three morphological features: (i) ventral arc; (ii) sub-pubic 

concavity; and (iii) medial aspect of the ischio-pubic ramus (Figure 6.1) with the presence of these 

each indicative of female sex. Phenice achieved a sex classification accuracy of 96%, thus 

establishing a visual method of assessment that was both accurate and relatively simple to apply. 

Empirical testing of the subjective nature of the method is however lacking, which is essential for 

a true evaluation of accuracy. 

 

Figure 6.1. Morphology of female and male pelvis specific to: (A) ventral arc; (B) subpubic 
concavity; and (C) medial aspect of the ischopubic ramus (adapted from Phenice (1969)). 

The universality of the pelvic features identified by Phenice (1969) was investigated by Johnstone-

Belford et al. (2018), who initially aimed to see if the method transposed reliably to a virtual 

platform, and thereafter tested the accuracy in a geographically and temporally removed population 

in Western Australia. A total of 448 (222 female and 226 male) pelvic CT scans of individuals aged 

between 18-64 years were assessed. Scans were viewed as three-dimensional reconstructions using 

OsiriX®, and the three traits (ventral arc, subpubic concavity and medial aspect of the ischio-pubis 

ramus) assessed as being either absent or present. The accuracy of each feature was evaluated 

relative to the known sex of each individual in the sample. Considering the results of each feature 
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separately, for the ventral arc a total of 92.9% of the male sample were correctly classified, while 

only 79.6% of the females were correctly assigned (combined accuracy 86.4%; sex bias 13.3%). 

The authors suggest the reason for the lower classification accuracy of females can be attributed to 

skewing of the data, relative to females aged 18-24 years. Within this age bracket, only 25% of 

females were correctly classified. The omission of this subset (n=24) increased classification 

accuracy of females to 85.9%. The accuracy rate for the sub-pubic concavity was 99.1% in the 

female sample, but only 73.7% in the males (combined accuracy 86.2%; sex bias -25.4%), again 

indicating an unacceptably large sex bias when considering this feature in isolation. Assessment of 

the medial aspect of the ischio-pubic ramus resulted in the correct classification of 88.2% of 

females and 79.0% of males (combined accuracy 83.5%; sex bias -9.3%) when considered in 

isolation.  

These results of this study indicate that the use of any single feature of Phenice within the Western 

Australian population has the potential to result in the disproportionate misclassification of sex. 

When two of the three features were used to estimate sex, the overall accuracy was 92.4%, however 

an unacceptably large sex bias was again present (-9.7%), therefore, further emphasising the 

inaccuracy of the Phenice method within the Western Australian population.  

6.4.2. Appendicular Skeleton  

The expression of sexual dimorphism in the appendicular skeleton was explored by Spradley and 

Jantz (2011) who aimed to compare the efficacy of the latter relative to the skull to provide a 

hierarchy of useful bones for the estimation of sex. The sample comprised 689 (286 female and 

403 male) African and Caucasian Americans taken from the United States Forensic Anthropology 

Data Bank (FDB). A total of 44 measurements were acquired in the clavicle, scapula, humerus, 

radius, ulna, femur, tibia, fibula and calcaneus. Following this, single variable and multivariate 

discriminant function analyses were performed separately on the two ancestry groups investigated 

to quantify the accuracy of each bone in the estimation of sex.  

Results indicate that for the Caucasian American individuals, multivariate analysis of the radius 

was associated with the highest classification accuracy at 94.3%, while measurements of the 

clavicle, femur, humerus, scapula, ulna and tibia were all associated with over 90% accuracy. The 

highest performing univariate measurements were proximal epiphyseal breadth of the tibia (90%), 

scapula height (89.0%) and femur head diameter (88.0%). Considering the African American 

sample, multivariate analysis of the humerus was associated with the highest accuracy at 93.8 %, 

while multivariate analysis of the clavicle, scapula, femur and ulna were all over 90%. The highest 
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performing univariate analyses of this sub-population were the epicondylar breadth of the femur 

(89.0%), proximal epiphyseal breadth of the tibia (88.0%) and scapula height (87.0%). 

These above results indicate that numerous bones in the post-cranial skeleton can be used to 

accurately estimate the sex of an unknown individual. In many cases, the accuracy achieved from 

analyses including post-cranial elements outperformed cranial measurements, indicating that for 

this population the post-cranial skeleton was more sexually dimorphic. The authors also indicate 

that the most sexually dimorphic region of the femur, tibia and humerus were measurements that 

involved the joint. This could be attributed to increased development from prolonged weight 

bearing and/or muscle attachment. The radius and scapula express the most dimorphism when 

considering maximum length, which is a direct result of size variation between females and males. 

This study emphasises the potential for post-cranial elements of the skeleton to be utilised in the 

estimation of sex, while simultaneously highlighting the need for population specific standards.  

6.5. Sex Estimation in the Adult Skull  

The skull is considered the second most sexually dimorphic region of the skeleton (Schaefer 2009). 

This is attributed to sex specific variations in the morphology of the skull that arise as a result of 

prolonged growth in males and disproportionate loading of musculoskeletal stressors (Callewaert 

2010). Further to this, the skull is often preferentially preserved in archaeological cases, therefore 

it is imperative that sex estimation standards exist that utilise the skull (Franklin et al. 2012a; Green 

2009; Stojanowski et al. 2002). These are generally focussed on morphoscopic assessment of what 

are considered ‘universally’ dimorphic features (e.g., glabella and mastoid process) or 

morphometric methods that statistically quantify size and shape in cranial measurements. A brief 

exploration of morphoscopic sex estimation using the skull will is considered below, thereafter a 

review of morphometric cranial sex estimation methods, later applied to the Australian sample is 

presented.  

6.5.1. Morphoscopic Approaches 

As morphoscopic sex estimation of the skull is not the focus of the present thesis, the information 

presented below is by no means an exhaustive review, but rather represents a brief overview of the 

topic. It is, however, important to understand the basic principles behind visual sex estimation of 

the skull as the features identified as being sexually dimorphic are often quantified in morphometric 

analyses through cranial measurements. Illustrations produced by Broca (1875), later adapted by 

Acsádi and Nemeskéri (1970), identified five key sexually dimorphic features in the skull; the 
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mastoid process, supra-orbital margin, glabella, nuchal crest and mental eminence. To facilitate an 

estimation of sex, each feature is visually assessed according to a scale ranging from -2 (feminine) 

to +2 (masculine), with the average of the accumulated score indicating sex. This methodology, 

however, did not account for individuals who were sexually ambiguous (in relation to the 

expression of each feature) favouring clear delineations between the sexes which in reality often 

do not exist. It was therefore only useful for estimating the sex of individuals who morphologically 

were considered obviously feminine or conversely masculine.  

In an attempt to more systematically record standards for visual assessments of sexually dimorphic 

skeletal features, Buikstra and Ubelaker (1994) developed the Standards for Data Collection From 

Human Skeletal Remains. This included a broader scoring system for the estimation of sex using 

the skull, adapted from Acsádi and Nemeskéri (1970). The five cranial traits identified by Acsádi 

and Nemeskéri (1970) were assessed on a scale from one to five, with one representing females 

while five was indicative of males (Figure 6.2). 

 

Figure 6.2. Cranial traits and scoring system for the assessment of sex based on Buikstra and 
Ubelaker (1994). A score of 1-2 indicate female; 3 ambiguous; and 4-5 male sex. 
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Walker (2008) later, statistically modified the methodology outlined by Buikstra and Ubelaker 

(1994). The aim was to develop a simple visual sexing standard that incorporated a measure of 

statistical accuracy. The sample comprised 304 skulls from three skeletal collections: the Hamann-

Todd and the Terry collections in the United States, and the Saint Bride’s Church in London, 

England. Each feature was visually assessed following the one to five scale, with lower numbers 

indicative of female sex. Following this, logistic, quadratic and linear (univariate and multivariate) 

discriminant function analyses were performed to assess which statistical approach was associated 

with the highest sex classification accuracy. Logistic discriminant function analysis was associated 

with the highest accuracy rates (between 84 and 88%) and the lowest associated sex bias (average 

1 to 2%). Further to this, the use of a scale from one to five eliminated the clear delineation between 

sexes, facilitating intermediate assessment of each feature and more overlap of expression to be 

taken into consideration. Overall, these results indicate that sex can be accurately assessed 

morphoscopically. 

Walker (2008) also included an assessment of population variability in their analysis. The sample 

outlined above included individuals of English, European American, Native American, Caucasian 

American and African American ancestry. Therefore, the magnitude of expression of each feature 

within those sub-populations could be investigated. This was achieved through the application of 

the aforementioned statistical analyses to each discrete ancestral group. It was shown that African 

American and European American skulls exhibit more robust mastoid processes and mental 

eminences compared to the English sub-population, while European Americans were associated 

with a more pronounced glabella relative to African American individuals. Furthermore, the Native 

American sub-population expressed the least amount of sexual dimorphism. This indicates that the 

magnitude of expression of the dimorphic features assessed by Walker (2008) is not universal, as 

the expression of each feature was to some degree influenced by the population of origin. 

Therefore, the latter implies that population specific discriminant functions are required to achieve 

the highest degree of accuracy. 

6.5.2. Morphometric Approaches  

Morphometric investigations focused on cranial sexual dimorphism often utilise similar 

measurements to quantify variation between the sexes. Many of the common cranial measurements 

were established by Hooton (1946) and Keen (1950), later adapted by Martin and Saller (1957) and 

then utilised in the production of discriminant functions by Giles and Elliot (1963). Therefore, an 

in-depth review of the latter study will precede all subsequent analyses. It is imperative to ascertain 
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representation of people of lower socio-economic status, and an over representation older males. 

The latter is of particular concern when considering the hold-out sample, as females account for 

less than half (37 of 108) of the sample. Furthermore, no raw data is provided to indicate the 

percentage of people misclassified based on sex, therefore the sex bias is not reported and nor can 

it be calculated by the reader. Without explicit knowledge of the sex bias, it is not possible to 

comment on the true accuracy of each function, as there could be preference toward the correct 

classification of one sex over the other, particularly when there is a disproportionate number of 

males included in the sample.  

Second, accuracy was considered as it relates to the applicability of the method to foreign 

populations, therein assessing the ‘universality’ of the measurements and functions. A 

geographically and temporally removed Irish archaeological sample of 50 individuals (42 male; 8 

female) were used to validate the findings. The overall classification accuracy achieved when 

applying function 17 to the Irish population was 86.0%; this is however misleading. Classification 

rates of the individual sexes were reported at 37.5% and 92.5% for females and males respectively, 

thus showing a very large and unacceptable sex bias of 57.7%, indicating a total failure of the 

function. Further, as outlined in Section 6.2.2, the sample used for validation was undocumented 

calling into question the validity of the findings. It is therefore evident that in this instance the 

function tested by Giles and Elliot could not accurately be applied to foreign populations.  

Standardised coefficients indicate the relative importance of each measurement in the discriminant 

function; it is therefore possible to discern which contribute more strongly to sex discrimination in 

this population. Considering the 21 functions produced, bizygomatic breadth had the highest 

loading in 15 of the 21 functions, making it the most dimorphic measurement in the sample; 

mastoid length was the next most dimorphic measurement. The identification of bizygomatic 

breadth as the most sexually dimorphic measurement would indicate that width of the cranium at 

the midface should be assessed as a means of estimating sex.  It is not unexpected that mastoid 

length was shown to be highly sexually dimorphic in this population, as it is one of the five 

dimorphic features first identified by Broca (1875) and later adapted by Acsádi and Nemeskéri 

(1970). Further, as the primary attachment point for sternocleidomastoid, the posterior belly of the 

digastric muscle, splenius capitis, and longissimus capitis muscles, it stands to reason that 

dimorphism would manifest as a direct result of disproportionate muscle loading, relative to sex.  

Overall Giles and Elliot (1963) is a pioneering study resulting in the development of cranial sex 

estimation standards that have been widely and continuously used and adapted for the classification 
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of sex within varied populations. The outcome of this work demonstrated that a morphometric 

statistical approach could be applied to develop functions that facilitate the assessment of sex, thus 

to some degree removing some of the inherent subjectivity associated with morphoscopic 

assessment. Furthermore, numerous measurements were identified as tools for estimating sex, the 

degree to which each is genuinely dimorphic within unique populations is outlined in subsequent 

studies below.   

ii) Iscan et al. (1995) 

The aim of this study was to explore cranial morphology in a Japanese population specific to 

skeletal sexual variation. Established cranial measurements were applied, the majority of which 

were equivalent or similar to those used by Giles and Elliot (1963). The sample examined 

comprised 82 (35 female and 47 male) skulls from Jikei Medical University, Tokyo, collected 

between 1960 and 1970. The mean age of individuals was 54 years for females and 56 years for 

males. The relative number of female and male skulls used differed according to the measurement 

required, as some were unable to be taken reliably due to trauma or cranial abnormalities. A total 

of 12 cranial and four mandibular measurements were taken, mandibular measurements are not 

considered further, as they are not relevant to the present thesis. Univariate f-ratios of the 

differences between sexes were used to determine which measurements expressed statistically 

significant sexual dimorphism. F-ratios closer to zero indicate a lack of sexual dimorphism and 

vice versa for larger numbers. The results of the f-ratio analysis are shown in Table 6.3 and indicate 

that all but five measurements present statistically significant sexual dimorphism. Mastoid height 

was identified as the most sexually dimorphic measurement, while nasal breadth was the least.  
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measurements of width; this would indicate that for this population measurements of cranial and 

facial width are more sexually dimorphic relative to length and/or height. Furthermore, through 

closer analysis of the f-ratio results, it is evident that despite being statistically significantly 

sexually dimorphic, some measurements, (e.g., cranial length f-ratio 4.29 and nasal height f-ratio 

4.15), show only slight variability between measurements taken in females and males. It is 

therefore evident that the cranial sexual dimorphism of this population is varied according to 

different cranial measurements.  

iii) Steyn and İşcan (1998) 

The authors identified a paucity of metric cranial sexing methods specific to the Caucasian South 

African population. Extensive research had previously been conducted focusing on the Indigenous 

peoples of South Africa (Keen 1951; Meyer 1939; Stern 1967). The most notable of the latter was 

de Villiers (1968), who explored morphological variability of the skull between various Indigenous 

groups within South Africa to assess homogeneity specific to the expression of sexually dimorphic 

features. The results of this investigation identified a number of sexually dimorphic 

features/measurements of the skull, however in the absence of discriminant function analysis, 

predictive models were not produced. More sophisticated statistical analyses have been performed 

to explore sexual dimorphism within the country however, these have at times neglected to focus 

on the Caucasian South African population. The aim of Steyn and İşcan (1998) was thus to produce 

population specific cranial sex estimation standards for the Caucasian South African population 

using established cranial measurements.   

The study sample comprised 91 Caucasian South African skulls (47 females mean age 67 years; 

44 males mean age 66 years) from the University of Pretoria (25 individuals) and the Dart skeletal 

collection (66 individuals). A total of 12 cranial and five mandibular measurements following 

Brauer (1988); Krogman (1986) and de Villiers (1968) were taken (Table 6.4). Mandibular 

measurements are not considered further as they are not directly relevant to the present research 

thesis. Univariate f-ratio statistics were used to assess the differences between measurement values 

obtained from female and male individuals. Stepwise and discriminant function analyses were 

performed in SPSS to develop predictive models for the estimation of sex specific to the Caucasian 

South African population. All the 12 cranial measurements were shown to have statistically 

significant differences when comparing female and male groups. Considering the f-ratio results 

(Table 6.4), the two most sexually dimorphic measurements were bizygomatic breadth (f-ratio 
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v) Franklin et al. (2013a) 

The exploration of cranial sexual dimorphism in an Australian sub-population was investigated by 

Franklin et al. (2013); the purpose of this study was the formation of population specific cranial 

sex estimation standards for a contemporary Western Australian population. Excluding the work 

of Larnach and Freedman (1964) in traditional Indigenous Aboriginal remains, cranial sex 

estimation within an Australian context was lacking. Due to the lack of documented skeletal 

collections within Australia (outlined in Chapter One) this study utilised 400 (200 male and 200 

female) anonymised cranial CT scans collected from Royal Perth Hospital, Western Australia. The 

latter holds a repository of CT scans collected from major hospitals within the Greater Perth region. 

To ensure the exploration of the contemporary population, only scans collected between 2010 and 

2011 were included in the study. All scans were of individuals between the ages of 18 and 93 years, 

with mean female and male ages of 48.0 and 42.3 years respectively. Scans were visualised as 

three-dimensional volume rendered reconstructions using OsiriX®. Following this, a total of 31 

cranial landmarks were acquired in the scans; the coordinate data of each landmark was then used 

to calculate 18 inter-landmark distances (Table 6.8) using the in-house software MorphDB.  

A combination of boxplots (univariate analysis) and scatterplots (principal component analysis) 

were used to identify extreme outliers in the sample; this resulted in the reduction of the sample to 

190 males and 190 females. Several statistical analyses were performed to assess each 

measurement and produce discriminant functions. Initial analyses included basic descriptive 

statistics and ANOVA to compare the mean male and female measurements, to highlight 

statistically significant measurement differences, relative to sex. Based on the analysis of the 

descriptive statistics, 16 measurements were associated with statistically significant sexual 

dimorphism (frontal breadth and orbit height did not exhibit statistically significant sexual 

dimorphism – Table 6.8). The five most sexually dimorphic measurements were: 1) bizygomatic 

breadth; 2) basion-nasion height; 3) glabella-occipital length; 4) mastoid height; and 5) bifrontal 

breadth.  
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2) basion-nasion height (f-ratio 246.72); 3) glabella-occipital length (f-ratio 206.35); 4) mastoid 

height (f-ratio 164.71); and 5) bifrontal breadth (f-ratio 123.41). As expected, bizygomatic breadth 

and mastoid height were again identified as two of the most dimorphic measurements, indicating 

that like many of the previous studies, these measurements are dimorphic within the Western 

Australian population. Further to this, measurements involving the maximum cranial length and 

facial width were also strongly dimorphic in this population. The results of Franklin et al. (2013a) 

further emphasise population variation relative to sexual dimorphism, with clear differences 

between the magnitude of expression of dimorphic features in the cranium, as compared to the 

other population investigated. Interestingly, considering all of the variables assessed, the single 

variable measurement of bizygomatic breadth was associated with the highest overall classification 

accuracy (85.0%), followed by multivariate discriminant function four (82.6%), which included 

measurements of nasal height, orbit breadth, bimaxillary breadth, and basion-nasion length.  

6.6. Morphometric Approaches – Discussion  

The investigations of morphometric cranial sex estimation outlined above identified several 

common cranial measurements in varied geographic populations that were utilised in the 

development of sex estimation standards. Variation in the results obtained within these 

investigations provides evidence that the magnitude of expression of dimorphic features varied 

according to population. It is this variability that forms the basis of the concept of population 

specificity, the central theme of the present thesis. Comparison of the most sexually dimorphic 

measurements, and the functions that are derived from such, is therefore critical to understanding 

this concept, as is an appreciation of the sex bias values associated with any predictive models. 

These are accordingly considered in further detail below.    

6.6.1. Common Sexually Dimorphic Measurements 

The discriminant functions first established by Giles and Elliot (1963) indicated that a number of 

cranial measurements presented statistically significant differences in their expression in females 

and males, and thus can be used to estimate sex. The coefficients of each measurement within the 

functions provide insight into the relative classificatory contribution each make. It can, therefore, 

be ascertained which measurements are more sexually dimorphic in the population investigated. 

Iscan et al. (1995), Steyn and İşcan (1998), Kranioti et al. (2008) and Franklin et al. (2013a) have 

provided a similar quantification of significance using univariate ANOVA, thus facilitating some 

degree of comparison of results (Table 6.11).  
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highly sexually dimorphic, relative to the other cranial measurements obtained. This is interesting 

as the mastoid process is a feature included in both morphoscopic and morphometric cranial sex 

estimation standards and is therefore considered to be ‘universally dimorphic’.  

Cranial length between the glabella and occipital bone was also found to be one of the most 

dimorphic measurements for Giles and Elliot (1963), Kranioti et al. (2008) and Franklin et al. 

(2013a), as was nasion-prosthion height when considering the findings of Giles and Elliot (1963), 

Steyn and İşcan (1998) and Kranioti et al. (2008). Those results would indicate that certain 

similarities exist in cranial morphology between each population investigated, relative to sex and 

are likely the result of a scaling effect, wherein males of all the populations exhibit generally larger 

skulls. The proportional contribution of each of the aforementioned measurements to the predictive 

models produced, is however, highly variable according to the population investigated. This further 

emphasises the need for population specific standards. Additionally, when considering the 

remaining values that constitute the five most dimorphic measurements, there are obvious 

inconsistencies across the studies.  

For example, Iscan et al. (1995) included minimum frontal breadth (measurement between right 

and left frontotemporale) as the fifth most dimorphic measurement, further emphasising that 

cranial width measurements contributed the most to estimations of sex within their Japanese 

population. While Steyn and İşcan (1998) identified nasal height as the third most dimorphic 

measurement, Kranioti et al. (2008) instead found that nasal breadth was more indicative of sex, 

with width and length measurements equally contributing to the correct classification of sex. The 

same was also found when considering Franklin et al. (2013a), who identified bifrontal breadth as 

the fifth most dimorphic feature according to the f-statistic results. The variation in these 

measurements indicates that there are subtle differences between the morphology of each 

population investigated; analysis of these differences results in the development of discriminant 

functions that are uniquely optimised for the population investigated and thereby highlighting the 

need for population specificity.  

6.6.2. Discriminant Function Analyses  

Univariate and multivariate discriminant function analyses were applied to all of the 

aforementioned studies, as a means of producing predictive models for the estimation of sex. As 

previously stated, the measurements used to develop these models varied according to the 

population investigated. However, further variation was evident when comparing the overall 

accuracies achieved within each population. In general, the accuracy of the discriminant functions 
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produced were >70%, with the highest accuracy associated with discriminant function #8 (90.0%) 

of Franklin et al. (2013a).  

In general accuracy rates ranged depending on the population investigated and the degree of 

variability between female and male skulls within. In many instances multivariate discriminant 

functions were associated with higher accuracy rates than those produced using single 

measurements. This is perhaps best exemplified when considering the results of Kranioti et al. 

(2008), who reported accuracy rates as low as 70.2% when a single cranial measurement was used, 

compared to 83.1% and 88.2% accuracy for the two multivariate discriminant functions. 

Interestingly, this trend is not exemplified by Franklin et al. (2013a), who demonstrated that sex 

estimation using bizygomatic breadth alone resulted in an associated accuracy of 85%. This was 

higher than all of the other multivariate functions, with the exception of function #15 (produced 

through stepwise analysis). Understanding that the investigation of cranial sexual dimorphism 

using the same or similar measurements will produce predictive models that are unique for that 

population forms essential information relative to the development of data that hold direct 

evidentiary value in forensic practice.  

6.6.3. Sex Bias Values 

To confidently ascertain the applicability of predictive models, accurate reporting of sex bias values 

is essential. The sex bias provides a measure of the relative accuracy of the method as applied to 

the individual sexes (male classification accuracy minus female accuracy). Therefore, the sex bias 

provides insight into the skewness of a function relative to sex. The sex bias was reported, or was 

able to be inferred, for all of the studies reviewed above, with the exception of Giles and Elliot 

(1963), who focused more on the variations in cranial morphology exhibited between Caucasian 

and African American individuals, rather than between sexes. Inappropriately large sex bias values 

(exceeding 5%) were reported by Iscan et al. (1995), Steyn and İşcan (1998) and Kranioti et al. 

(2008); whereas all of the functions of Franklin et al. (2013a) did not present significant sex bias 

values. Interestingly, discriminant functions investigating single variables were more often 

associated with high sex bias values across all studies. With the single variable function using 

bizygomatic breadth, Steyn and İşcan (1998) had a sex bias value of -5.2%. Similarly, Kranioti et 

al. (2008) also reported a sex bias of -6.2% for a function investigating the same measurement. 

While Iscan et al. (1995) identified a -9.8% sex bias when a single variable function involving 

mastoid length was utilised. These results would indicate that within the above populations females 

are more accurately classified based on measurements of bizygomatic breadth and mastoid length. 
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It is thus essential that an assessment of any apparent sex bias is provided to adequately assess the 

true accuracy of a method and to ensure that a disproportionate number of individuals are not being 

incorrectly classified based on sex.  

The review undertaken in this thesis has identified a number of common sexually dimorphic cranial 

measurements. Application of those measurements to geographically divergent populations has 

shown that they can be used to estimate sex, albeit with varied accuracy. The magnitude of 

expression of each measurement differs according to the population investigated, therefore 

reflecting the morphological variability that naturally exists between contemporary female and 

male skulls of geographically disparate populations. These findings indicate that population 

specific methods should (where possible) be produced to most accurately reflect the true 

morphology of a given population, and more importantly achieve the highest possible predictive 

accuracy.   

6.7. Conclusions  

Morphological variances between the female and male skeletal system forms the foundation for 

the assessment of sex in unknown remains. As outlined in Chapter Five, skeletal sexual dimorphism 

is most evident in the pelvis, long bones and cranium, with variations in the size and shape of each 

associated with high predictive accuracy relative to sex. It is evident that the most accurate 

estimations of sex are achieved when assessing adult individuals, as post-pubertal growth has 

ceased. Cranial sex estimation can be based on morphoscopic or morphometric analyses, with the 

latter involving the application of several cranial measurements for the purposes of developing 

predictive models. Following the above review of contemporary cranial sex estimation methods, it 

is evident that the expression of sexually dimorphic features of the skull vary according to the 

population investigated, thereby emphasising the importance of population specificity in the 

development of accurate sex estimation methods.  
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Chapter Seven 

Introduction to Part Two 

7.1. Introduction  

Interpreting the results of any scientific investigation is underpinned by a thorough comprehension 

of the materials investigated and methods applied. In the present study the examination of sexual 

dimorphism of the skull within living Australian individuals informs a deeper understanding of the 

overall morphological variation that exists between contemporary populations across Australia. 

Understanding the methodology applied is necessary for the complete comprehension of the results 

achieved and for comparisons among contemporary studies. Therefore, Part Two of the present 

thesis, describes the materials examined and methods applied in the present study, and outlines 

some of the preliminary analyses performed to evaluate data quality and sample variances to ensure 

robust results in the main analyses performed to explore the study aims. Part Two comprises four 

chapters that introduce the materials, methods, and preliminary analyses pertinent to the accurate 

representation of the data collected thereafter.  

The source and demographics of the material explored throughout the present thesis is introduced 

in Chapter Eight. The cranial CT scans obtained from five state/territory hospitals and medical 

centres across Australia is described and thoroughly explored. These CT scans represent living 

individuals within each discrete state/territory sub-population of Australia. It is essential to 

understand the similarities and variations among the states/territory, not only in relation to the 

number of individuals examined, but also the demographic information represented within each 

discrete sub-population; this facilitates future evaluation of any morphological variations within 

and between said sub-populations. This chapter also considers the criteria applied to the cranial CT 

scans received prior to their inclusion in the study sample and subsequent data collection.  

Chapter Nine presents the cranial landmarks used to define the inter-landmark measurements 

acquired. The latter constitutes the bulk of the data for the present study that are quantitatively 

analysed towards achieving the aims defined in Chapter One. Landmark Types are also considered 

to facilitate a deeper understanding of the data obtained. Furthermore, the software and techniques 
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used to obtain the landmark data are also introduced, thus providing an outline of the primary 

methods used to measure and thereafter quantify cranial morphological variation.   

The final chapter of Part Two, Chapter Ten, outlines the preliminary analyses undertaken. First, a 

precision study is performed to quantify intra-observer error relative to the accurate and reliable 

acquisition of the cranial landmarks in the three-dimensional cranial CT reconstructions. This is 

followed by an assessment of bilateral asymmetry necessary to justify the inclusion/exclusion of 

specific cranial measurements prior to formal data analyses. Chapter Ten concludes with an 

assessment of individual outliers in the sample, which have the potential to significantly skew the 

acquired data, and therefore the outcomes of all subsequent analyses. Preliminary analyses were 

essential to not only ensure the accurate collection of data, but also the true representation of the 

cranial morphology of the individuals investigated.   

Understanding the materials and methods applied in the present study facilitates a more 

comprehensive interpretation of the results obtained, and also assists in contextualising the findings 

of this study in the related contemporary literature. Part Two therefore provides the necessary 

background information needed to thoroughly comprehend the importance of the present study, 

both in the Australian context, in addition to positioning it globally, thus demonstrating its 

relevance to the broader forensic anthropological community.  
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Chapter Eight 

Materials  

8.1. Introduction  

Traditionally the analysis of skeletal material and the development of subsequent anthropological 

standards has involved the examination of physical remains (Giles and Elliot 1963; Phenice 1969; 

Trotter and Gleser 1952). In instances where the acquisition, or access, to large physical skeletal 

collections is not possible, or to ensure the most contemporary representation of the population of 

interest, alternate sources of biological data are utilised (Franklin et al. 2013b). Virtual 

anthropological assessment using CT scans provides an alternate means for analysing skeletal 

material that does not rely on access to large physical collections. The accuracy of utilising virtual 

repositories in lieu of physical specimens was outlined in Chapter One. To briefly summarise here, 

validation studies by Lorkiewicz-Muszynska et al. (2015); Verhoff et al. (2008) and Franklin et al. 

(2013b) have quantitatively demonstrated no statistically significant difference between 

measurements taken in physical specimens as compared to three dimensional volume rendered CT 

scans of the same. Further to this, the shift toward utilising virtual skeletal repositories in lieu of 

physical collections facilitates acquisition of skeletal samples that are representative of 

contemporary populations, are easily accessible, and continuously updateable (Franklin and Flavel 

2019).  

The overall purpose of the present chapter is to introduce the samples investigated in the present 

study to provide insight into the diversity of each. The samples measured and analysed in the 

present project comprise 771 three-dimensional volume rendered cranial CT scans which represent 

living individuals from five discrete Australian state/territory sub-populations obtained from 

hospitals and medical centres. An appreciation of the variation of each discrete sub-population 

provides the necessary background information to explain any subsequent morphological 

variations that may exist between them. This will in turn aid in the creation of cranial sex estimation 

standards specific for the Australian population. The present chapter will first outline each 

Australian sub-population, including exploring the origin and demographics of the individuals 

within, and the specific inclusion criteria applied.  
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8.2. Ethics Approvals 

Prior to data collection, human ethics approval for the use of cranial CT scans was obtained from 

the University of Western Australia (UWA) Human Research Office; reference number 

RA/4/1/8926 on March 9th, 2017 (see Appendix One). Collection parameters were established by 

the investigator to ensure total anonymity of the patients comprising the study sample. This 

included the omission of individuals under the age of 15 years of age, the removal of identifying 

personal information including name, address and all medical notes, and the exclusion of any 

identifying notes relative to ancestry, self-reported or otherwise. Scans collected for analysis were 

sourced from pre-existing PACS (Picture Archiving and Communication Systems) repositories 

within the participating hospitals and medical centres, with date of birth, date of scan, and 

biological sex the only identifying parameters known to the investigators.  

The UWA ethics approval for the collection and analysis of cranial CT scans was accepted by 

participating institutions in Western Australia, New South Wales, South Australia and Tasmania.  

Additional institutional ethics approval was required for the collection of scans from the Northern 

Territory through the Menzies School of Health research; project approval was granted by the 

Human Research Ethics Committee of the Northern Territory Department of Health on June 7th, 

2017 (HREC reference number 2017-2879 – see Appendix Two). The latter approval including 

additional parameters to ensure First Nations peoples could not be identified based on the material 

provided. 

8.3. Defining the Population   

The concept of population specificity is central to the present thesis and underpins the development 

of accurate anthropological standards for estimating skeletal sex based on cranial measurements 

within the Australian context. Understanding the importance of morphological variation across 

populations, and the impact this has on the creation of predictive models, forms the basis of the 

subsequent analyses performed within the present study. Before morphological cranial variation 

can be assessed, however, an appreciation of what constitutes a population in the context of the 

present study is necessary, as this informs subsequent interpretations.  

Traditionally the definition of a population was restricted to a collection of individuals grouped 

according to a common factor; e.g., geographic region or linguistics (Harrison et al. 1977). More 

recently within the context of forensic anthropological practice, a population has been defined 

according to the country of origin, or ancestry group, of individuals within. The latter, however is 
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All scans provided were anonymised prior to receipt by the primary investigator as per the ethics 

approvals outlined above, ensuring patient confidentiality. Date of birth, date of scan and biological 

sex were the only parameters known by the investigator.  

8.4. Inclusion Criteria  

Prior to formal data collection the cranial CT scans collected were subjected to a multifaceted 

selection criterion to evaluate the appropriateness of each. This selection criteria were as follows: 

i) scans displaying trauma and pathology that affect normal morphology (including any facial 

reconstruction) are excluded; ii) scans that did not encompass the entire cranium, including the 

maxilla, are excluded as this precludes collection of all necessary measurements; iii) scans taken 

at a slice thickness of ≥1mm are excluded as they do not contain sufficient morphological detail 

when viewed as three dimensional reconstructions. Examples of individual scans that were 

excluded for one of the above factor(s) are illustrated in Figure 8.1.  
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Figure 8.1. Frontal and left lateral views of CT scans excluded from further consideration: (A) 
osteosarcoma causing deformation; (B) gantry tilt removed part of the maxilla; (C) complete facial 
reconstruction following trauma; and (D) slice thickness >1.5 mm. 
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Chapter Nine 

Methods: Cranial Landmark Acquisition, Measurement Calculation, and Statistical 

Analyses 

9.1. Introduction  

A thorough comprehension of the methods applied in any type of research is essential for accurate 

understanding of results; it also facilitates comparison between studies utilising a similar 

methodology. The main objective of the present thesis is quantification of sex-specific cranial 

morphological variation in an Australian population. As outlined in the previous chapter, this is 

achieved through the investigation of a sample of 771 cranial CT scans assembled from five 

Australian state/territory hospitals and/or medical centres. The primary purpose of the present 

chapter is to introduce and define the cranial landmarks and measurements acquired, and the 

statistical analyses performed, to analyse and develop population specific cranial sex estimation 

standards for Australia.  

The chapter commences with an explanation of landmark data as it pertains to the study, including 

specific descriptions of the modifications required to traditional landmark acquisition due to the 

virtual modalities employed. To adequately understand the process of data collection, a brief 

outline of the software used to reconstruct and visualise the cranial CT scans is explored prior to 

explaining the process of landmark acquisition. After this, the inter-landmarks measurements 

calculated from the 3D landmarks are defined. The chapter concludes with an overview of all the 

future statistical analyses performed during subsequent analyses.  

9.2. Traditional Landmarks – Introduction and Definition 

Landmarks are geometric points that are biologically homologous (O'Higgins 2000). Homology is 

important as it ensures standardisation in landmark identification within and between studies, thus 

facilitating accurate comparison. Obviously the identification of any landmark, therefore, must be 

both precise (dispersion of landmark placement in individuals) and accurate (how close landmarks 

are to true placement)  in order to acquire  the appropriate cranial measurements (Beavis 1998). 

The present study utilised cranial landmarks that define a series of measurements that are used to 
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quantify cranial morphological variation relative to sex.  Landmarks can be classified into one of 

three types according to their inherent level of homology; these are accordingly defined below.  

9.2.1. Landmark Types Defined 

The accurate and precise acquisition of landmarks varies according to the how they are represented 

in the specific biological object of interest (Bookstein 1991).  

Type I 

Type I landmarks demonstrate the highest level of homology. They can, therefore, be identified 

with the highest level of precision within and between specimens, because their location is based 

on ontogenetic development and evolutionary relationships (Bookstein 1991). In the cranium, Type 

I landmarks are usually associated with the intersection of sutures or features that are clearly 

identifiable. For example, asterion is located at the intersection of the lambdoidal, parietomastoid 

and occipitomastoid sutures (Howells 1973).  

Type II 

The homology of Type II  landmarks is not determined by a developmental relationship, but rather 

a geometric one, therefore their identification varies more within and between specimens compared 

to Type I landmarks (Bookstein 1991). An example of a Type II landmark is prosthion, defined as 

the point in the maxillary alveolar process that projects the most anteriorly in the midline (Howells 

1973).  

Type III 

Landmarks with the least homology are Type III and are identified with the lowest reliability 

relative to both inter- and intra-observer error (Franklin et al. 2013b). Type III landmarks are not 

identified at the intersection of clearly defined features, and frequently are associated with curved 

structures, thus making precise identification difficult. Type III landmarks are often determined 

instrumentally in physical specimens; however, this is achieved visually when assessing three-

dimensional volumetric reconstructed crania in CT scans. For example, euryon is the most laterally 

positioned point in either side of the cranium. In a physical specimen, it is identified using 

spreading callipers to measure the point of maximum breadth across the parietal bones (Howells, 

1973). Virtually it is identified using a superior view of the skull in which the widest points on the 

parietal bones can be visually assessed (Bookstein 1991).  
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Figure 9.1. 3D volume rendered cranial CT scan (CRA400002, Female 18 years) showing the location of the 76 landmarks as defined in Table 
9.1. (A) Anterior view; (B) right lateral view; and (C) inferior view. 
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9.3. Visualisation 

The cranial CT scans are visualised using Osirix, an image processing application specific to the 

MacOS X operating system. Osirix is compatible with a variety of file types, e.g., TIFF, JPEG, 

PDF, however the preferred file type is DICOM (Digital Imaging and Communication in 

Medicine). DICOM is the standard file type for storing and managing medical images captured 

during CT, MRI, PET and other medical scans within PACS databases.  

Osirix facilitates the visualisation of multidimensional images, allowing CT scans to be 

represented simultaneously as 3D volume rendered reconstructions and as a stack of two-

dimensional radiographic images. Furthermore, Osirix offers a multiplane reconstruction (MPR) 

view that allows a scan to be imaged in multiple planes simultaneously (Figure 9.2) (Rosset et al. 

2004). In an MPR view, the transverse, coronal and sagittal planes of a skull are shown 

simultaneously, with the manipulation of one plane resulting in corresponding movement of the 

remaining two views.   

 

Figure 9.2. Multiplanar reconstruction (MPR) of a skull in Osirix ® viewed in: (A) transverse; (B) 
sagittal; and (C) coronal planes (CRA000101, Male 27 years). 

9.3.1. Acquisition of Traditional Landmarks  

Landmarks are acquired in the 3D volumetric reconstructions using the region of interest (ROI) 

tool in Osirix. This is performed systematically with midline points acquired first, followed by 

the right lateral, left lateral, and then the inferior landmarks (as defined in Table 9.1). Landmark 

identification is achieved by viewing the scans simultaneously as 3D volume rendered 

reconstructions and 2D radiographic slices. General landmark location is first established in the 3D 

reconstruction and thereafter refined by scrolling through slices on the two-dimensional images to 
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ensure that the landmark is placed exactly in the outer surface of the bone. The final determination 

of landmark position occurs in the two-dimensional image, where it is labelled according to the 

abbreviation and numbers shown in Table 9.1.  

As the CT scans are three-dimensional representations of the physical structure, each landmark has 

a corresponding X, Y and Z coordinate relative to each plane; that data are used to calculate the 

required inter-landmark measurements (see below for specific approach). The Osirix data are 

then exported as a *.csv file, which is used to undertake further analyses (e.g., calculation of 

measurement values).  

9.3.2. Acquisition of Subtense Landmarks  

Most landmarks in the present study are acquired using the method outlined above. The acquisition 

of subtense landmarks were, however, necessary to aid in visualizing skull curvature. The subtense 

landmark is so named because it requires a subtending line or chord of an arc to achieve accurate 

placement in the three-dimensional reconstruction. Each subtense landmark is, therefore, 

geometrically calculated in the three-dimensional reconstruction using already acquired midline 

landmarks (Table 9.1).  

In the present study, the calculation of subtense landmarks is achieved by first placing the three-

dimensional reconstructed skull into the Frankfort horizontal plane using the MPR view in 

Osirix. The Frankfort horizontal plane is determined by identifying porion in the sagittal plane 

and aligning it with orbitale in the inferior border of the orbit. Once in this position, all the midline 

points already placed in the skull should be visible. Midline landmarks are then used to determine 

the position of the frontal, parietal and occipital subtenses. This is performed by drawing a chord 

between the desired landmarks (Table 9.1). The chord drawn between the corresponding landmarks 

is then positioned in the ectocranial surface in the two-dimensional scan, at which point the 

subtense landmark is acquired (Figure 9.3)  
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Figure 9.3. Steps involved in the acquisition of the frontal subtense. (A) Visualisation of all midline 
points (blue) in a sagittal plane; (B) chord is drawn between bregma and nasion; (C) chord is 
moved to the most anterior point on the frontal bone; and (D) frontal subtense landmark replaces 
the chord line. 

9.4.  Cranial Measurements 

Following the acquisition of the 76 landmarks defined in Table 9.1, a total of 36 cranial 

measurements (42 bilateral) are calculated. The cranial measurements are defined in Table 9.2 and 

visually represented by Figure 9.4; a measurement is demarcated as the distance between any two 

of the cranial landmarks outlined in Table 9.1.    

The calculation of measurements is performed using MorphDB, a software package designed by 

the Centre of Forensic Anthropology for specific application in the storage, manipulation and 

analysis of 3D coordinate data from Osirix. Using MorphDB individuals and their associated co-

ordinate data are known as ‘morphs’. Morphs are imported into MorphDB individually or as part 

of a set for comparison (e.g., sub-population). During import, morphs are linked to a specific 

landmark and measurement schema (Tables 9.1 and 9.2). A landmark schema is integral to the 

capabilities and functions of MorphDB, as they outline the landmarks and corresponding inter-

landmark measurements applied to a set of morphs within a data series. Further to this, each morph 

also has associated metadata relative to necessary demographic information, such as the age and 

sex of the individual and any additional information that is of use to the investigator (in the present 

study state/territory sub-population was included). As the acquisition of landmarks is performed 

blind (no information about sex or age of the individual scans is known at the time of measurement) 

the reconciliation of this information in MorphDB is essential for all subsequent analyses. 
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Figure 9.4. Cranial measurements in; (A-C) inferior; (D and E) lateral; (F) superior; and (G-I) 
anterior views. 
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i) Measurement Calculation in MorphDB 

Each cranial landmark is acquired in three dimensions using Osirix® and is therefore represented 

by an x, y and z coordinate. To calculate distances between landmarks as defined in Table 9.2, all 

the coordinate data for each landmark must be considered. Using MorphDB, this is achieved 

through the application of a simple Pythagorean formula: 

√ (X1–X2)2 + (Y1-Y2)2 + (Z1-Z2)2 

Where X, Y, Z = the three-dimensional landmark co-ordinates 

X1 –X2 = X coordinate difference between any two landmarks  

The application of the above formula in MorphDB allows the distance between any of the cranial 

landmarks to be calculated.  

9.5. Statistical Analyses  

Interpretation of measurement data obtained from the Australian sample provides insight into the 

expression and magnitude of cranial morphological variation necessary for the development of 

population specific sex estimation standards. The specific statistical methods applied are described 

below.  

9.5.1. Descriptive Statistics  

Prior to more detailed statistical analysis, measurement descriptive statistics including mean, range, 

standard deviation and variance, were calculated for the entire Australian and its sub-populations, 

relative to sex.  

Mean is the average value of a given dataset calculated by summing all the values within a set of 

data then dividing this by the number of values within the set of data. Since the calculation of mean 

considers all of the measurements within a specific set of data is it a good way to summarise the 

most common value within and provides insight toward the relative size for individuals within the 

assessed group, relative to specific measurements (Kaur et al. 2018). 

Standard deviation provides a measurement of the distribution of the data about the mean. 

Therefore, low standard deviations indicate minimal data spread while high standard deviations are 

indicative of larger spread, relative to the mean. Standard deviation is calculated by using the 

following equation (Fisher and Marshall 2009).  
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Where S= standard deviation; χi= one observation value; �̅�𝑥 = the mean of all observations; n = 

number of observations. 

Sample variance is a statistic used to assess the distribution or spread of a group of numbers in a 

sample, it is calculated by using the following equation (Zhang 2007).  

 

Where S2= sample variance; χi= one observation value; �̅�𝑥 = the mean of all observations; n = 

number of observations. 

9.5.2. One-Way ANOVA  

A one-way ANOVA compares the mean values of two or more groups to identify statistically 

significant differences (Kim 2017). Statistical significance is assessed according to the p-value, as 

a measure of the probability that the recorded variation could be attributed to random chance 

(Ioannidis 2018). Low p-values (p<0.00) are indicative of statistical significance. Furthermore, the 

f-statistic is also calculated and quantifies the magnitude of difference between group means, by 

dividing the ‘between group’(e.g. comparing females and males) variation by the ‘within group’ 

(e.g. variation within each specific sex group) variation for each cranial measurement (Kim 2017). 

Resulting f-values that are high indicate more variation between than within the groups. It is 

important to note, however, that statistical significance does not always equate to biologically 

meaningful differences, especially when measurements or sample sizes are small. To verify true 

statistical significance when three or more groups of variables are considered, a Tukey Honest 

Significant Difference (HSD) test is applied. A Tukey HSD test is a post hoc statistical analysis 

assessment used to identify which pairs of data exhibit statistically significant differences when 

three or more groups are included (Nanda et al. 2021). In the present thesis this analysis is used 

when assessing cranial morphological variation between the sub-populations, as five different 

groups are being compared simultaneously, thus facilitating the identification of pairs where 

statistically significant differences occur. 



 
 152 

In the present thesis one-way ANOVA analysis was used to determine statistically significant 

differences between specific samples including, females and males within the total Australian and 

between Australian sub-populations, relative to sex. One-way ANOVA analysis was therefore used 

to identify cranial measurements that exhibit sexual dimorphism and to highlight morphological 

variations between sub-populations.   

9.5.3. Principal Component Analysis (PCA) 

A PCA is used to identify patterns and highlight variation within a dataset. It is a multivariate 

investigation technique that is primarily used to reduce dimensionality while simultaneously 

preserving variability across large datasets, this is achieved by investigating new variables/linear 

functions known as principal components (PC), that maximise variability but are uncorrelated to 

each other (Jolliffe and Cadima 2016). This kind of analysis aligns the original measurements into 

sets of principal components that explain a certain percentage of overall difference, variables are 

loaded according to coefficients which serve to rank the measurements according to importance 

within each of the principal components (Bro and Smilde 2014). It is therefore possible to interpret 

which measurements account for the most variation within each principal component, leading to a 

more in-depth interpretation of variance across the sample.  

 

In the present thesis PCA was used to assess variation within individual sexes, between and within 

the sub-populations.  

9.5.4. Discriminant Function Analysis  

Discriminant function analysis (DFA) is a statistical text used primarily to classify individuals into 

groups (e.g., sex, population) based on specific dependant variables (i.e. cranial measurements) 

(Buyukozturk and Cokluk-Bokeoglu 2008). In the present study, DFA is used to provide insight 

into the discriminatory power of each variable (36 measurements total), in isolation or in 

combination, relative to the correct allocation of sex, i.e. cranial measurements that contributed 

more to the correct estimation of sex have higher unstandardised coefficient values and are 

therefore weighted more heavily in the predictive equation (Slaus and Tomicic 2005). DFA is also 

used to investigate the discriminatory power of cranial measurements, relative to the correct 

classification of sub-population. Accuracy of the DFA is assessed according to a number of criteria 

which are considered below.  
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a) Leave-one-out cross validation: a form of validation that tests the predictive models 

ability to accurately place individuals into the correct group (in this instance sex or sub-

population) using a dataset that is ‘left out’ of the statistical model building process 

(Wong 2015). In the present study the sample comprises 771 individuals; leave-one-out 

cross validation would involve the removal of a single individual prior to the 

development of the predicative model, this individual would then be used as the “test 

subject” to assess the accuracy of the model produced. This process is repeated such 

that each of 771 individuals is at some point the “test subject” (e.g., 771 repeats) and 

the overall result is calculated. 

b) Sex bias: an evaluation of classification accuracy of the individual’s groups (e.g., 

female and male). It therefore provides a numerical evaluation of any differential 

classification bias relative to sex. It is calculated by subtracting the classification 

accuracy of males from females.  

c) Posterior probability of correct classification: is a statistical assessment of the 

probability of correct classification relative to sex given the variable(s) used. It is 

assessed between zero and one with scores closer to one indicating the variables are 

further away from the sectioning point and therefore more effective at differentiating 

between the two groups (Bruzek et al. 2017).  

d) Receiver operating characteristic (ROC) curve and area under the curve (AUC): are 

used to visually evaluate model performance (e.g., distinguishes between groups). The 

AUC provides a measure of how effective the predictive function has performed, with 

0.9 and 1 indicative of excellent results, 0.8 to 0.9 good, 0.7 to 0.8 fair and anything 

below 0.7 indicative of poor separation based on sex (Elgazzar et al. 2016).  

i) Stepwise Discriminant Function Analysis  

A stepwise discriminant function (sDF) analysis is a statistical model that assesses a set of 

independent variables to identify the most accurate combination of predictors for the dependant 

variable (Gomez-Valdes et al. 2011). This is done in a systematic way either through forward or 

backward incorporation. In forward analysis all of the independent variables are assessed and those 

that contribute most to the discrimination between groups are incorporated into the statistical model 

(Costanza 1979). This process is repeated with more measurements added to the predictive model 

to ensure efficacy is maximised. Backward stepwise analysis occurs in reverse, all of the 

independent variables are assessed and the variable that contributes least to discrimination between 

groups is removed one at a time until maximum efficacy is achieved (Gonzalez 2012). In the 
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present study forward stepwise discriminant function analysis was used to develop population 

specific cranial sex estimation standards. These are discussed in detail in Part Five.  

ii) Direct Discriminant Function Analysis  

A direct discriminant function (dDF) analysis is a statistical test that aims to utilise a specific 

combination of predetermined independent variables to classify data according to the dependant 

variable (Moore 2013). Unlike stepwise analysis, measurements are directly added to the analysis 

without an assessment of efficacy. Direct discriminant function analysis is used when a specific 

combination of measurements is required for the predictive model. In the present study dDF 

analysis is used to create predictive models focused on specific cranial regions and also when 

optimising already established predictive models for the Australian population. Further detailed 

discussion on the development of population specific cranial sex estimation standards for the 

Australian population, using direct discriminant function analysis, is presented in Part Five.  

9.5.5. Conclusions  

Analysis of morphological variation relative to sex forms the basis of the present thesis. In order 

to adequately achieve this, accurate application of the chosen landmarks and reliable measurement 

calculation is essential. The latter facilitates the accurate and reliable comparison of individuals 

within each Australian sub-population and ultimately provides the foundation for the development 

of population specific cranial sex estimation standards. The accuracy and reliability of landmark 

placement and measurement calculation is explored in Chapter Ten.   
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Chapter Ten 

Preliminary Data Analyses: Precision, Bilateral Asymmetry, and Outliers   

10.1.  Introduction  

Statistical quantification of error and uncertainty is an essential aspect of any scientific 

investigation. This is especially true in a forensic examination where the accuracy of findings 

influences the admissibility of evidence in a court of law. It is, therefore, important to thoroughly 

assess the robustness of all forensic standards used in the assessment of evidence. Specific to 

forensic anthropology, this involves the quantification of error specific to the acquisition of 

landmarks and the evaluation of measurement precision. Both of the latter inform the 

appropriateness of the standards used to arrive at an evidentiary conclusion. The purpose of the 

present chapter is, therefore, to present the results of the preliminary analyses performed on the 

data acquired in the Australian sample. These include: i) quantification of measurement precision 

based on the repeat assessment of six individuals; ii) exploration of the significance of bilateral 

asymmetry to inform the inclusion or exclusion of certain measurements; and iii) evaluation of data 

outliers that have the potential to skew the results of subsequent analyses. These preliminary 

analyses combined are necessary to ensure the accurate representation of sex-specific cranial 

morphological variation in the contemporary Australian population.  

10.2.  Quantification of Intra-Observer Error   

Prior to the commencement of formal data collection, the precision of raw landmark data 

acquisition (and therefore the associated measurements they define) was assessed. An intra-

observer precision assessment was performed to quantify the level of variation in repeat 

measurement values of the same specimen (Franklin et al. 2013b). Quantifying intra-observer error 

is necessary to identify problematic landmarks and to ensure the integrity and accuracy of 

subsequent analyses performed using the measurements they define (Goto 2007; Mueller 1988). 

All statistical analyses are performed using IBM Statistical Package for the Social Sciences (SPSS) 

v.25 and Microsoft Excel.   
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10.2.1. Data Acquisition 

A 6x6 precision study was performed to assess the accuracy and reliability of measurement 

acquisition. Six individuals, equally divided by sex and aged between 27 and 59 years, were 

selected from the Western Australian sub-population (Figure 10.1). All 76 landmarks were 

acquired in the 3D volume rendered reconstructions for each of the six crania using Osirix®. From 

this, a total of 30 midline and 12 bilateral cranial measurements were calculated using MorphDB 

(as outlined in Chapter Nine). Landmarks were acquired in each of the scans six times over a period 

of two weeks, with a minimum of 24 hours between repeat placements. The level of precision was 

then statistically assessed according to the variation exhibited between repeated measurements in 

the same individual as described below. 
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Figure 10.1. Six Western Australian individuals utilised for the precision study; (A) CRA000002- 
Female; 34 years; 0.90 mm resolution; (B) CRA000012- Female; 45 years; 0.90 mm resolution; 
(C) CRA000038- Female; 58 years; 0.90 mm resolution; (D) CRA000107- Male; 27 years; 0.90 
mm resolution; (E) CRA000124- Male; 33 years; 0.625 mm resolution and (F) CRA000170- Male; 
39 years; 0.90 mm resolution. 
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10.2.2. Data Analysis 

Three statistical tests were used to assess intra-observer error in the cranial measurements: the 

technical error of measurement, relative technical error of measurement and the coefficient of 

reliability. These are accordingly defined below. 

i) Technical Error of Measurement (TEM) 

The TEM represents the standard deviation (SD) between repeat measurements taken of the same 

specimen, either by the same, or different, individual(s) (Perini et al. 2005). As such, the TEM has 

a unit of measurement that corresponds to that of the original measurement acquired, e.g., mm. As 

such, higher TEM values are often associated with larger measurement values (e.g., maximum 

cranial length) and vice versa (e.g., odontometric measurements). However, high TEM values can 

also be attributed to recording and measurement errors (Lyman and VanPool 2017). Ideally, TEM 

is low for precise measurements, which is reflected in a low standard deviation between repeat 

measurements in the same individual. The TEM is calculated using the following equation:  

 𝑇𝑇𝑇𝑇𝑇𝑇 =  �(∑𝐷𝐷)2

𝑥𝑥𝑥𝑥
, 

where D = difference between measurements; N = number of repeats and x = number of 

individuals.  

ii) Relative Technical Error of Measurement (rTEM) 

The rTEM is used to facilitate comparison between disparate measurement values. This is achieved 

by standardising each measurement and expressing it as a percentage (Lyman and VanPool 2017); 

rTEM values lower than 5% are considered precise (Goto 2007; Ulijaszek and Kerr 1999). The 

rTEM is calculated according to the following equation:   

rTEM = (TEM /VAV) × 100, 

where TEM 0 technical error of measurement, and VAV = variable average value. 

 

iii) Coefficient of Reliability (R)  

The coefficient of reliability (R) is an expression of the level of variation that can either be 

attributed to measurement error or natural morphological variation (Reynolds 2008; Weinberg et 

al. 2005). The R values range between 0 and 1, with an R value of 1 indicating complete reliability, 
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whereas an R value of 0.90 indicates that 0.10 or 10% of the variation between subjects is attributed 

to measurement or observer error. Acceptable R values vary depending on the purpose of the 

investigation. Weinberg et al. (2005) suggests that an R value of 0.75 is sufficient, whereas 

Ulijaszek and Kerr (1999) propose that only R values greater than 0.90 should be considered 

precise. For the present study, an R value greater than 0.80 was considered sufficiently precise, in 

accordance with Franklin et al. (2013b). The coefficient of reliability is calculated using the 

following equation:  

𝑅𝑅 = 1 − �𝑇𝑇𝑇𝑇𝑇𝑇
2

𝑆𝑆2
�, 

Where TEM = technical error of measurement, S = population variance of a character  

10.2.3. Results- Observer Error 

The TEM values for the 42 measurements acquired were all ≤1.5 mm. The measurements with the 

highest TEM values were frontal breadth (FRB – 1.42mm) and bimaxillary breadth (MXB – 

1.26mm). The measurements with the lowest TEM values were nasal breadth (NLB – 0.36mm) 

with 0.36 mm and canine width (CAW – 0.40mm (see Table 10.2).  

All rTEM values are <5%. The measurement with the highest rTEM value was interorbital 

eminence (IOH – 4.02%) and the lowest value was for glabella- occipital length (GOL – 0.23%) 

(see Table 10.2). All measurements had an R value ≥ 0.80, with the majority (excluding left and 

right zygomatic height) producing an R value > 0.85. The measurements with the highest R values 

were glabella-occipital length (GOL), basion-bregma height (BAB) and nasio-occipital length 

(NOL); all with R values of 0.99 (see Table 10.1).   
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imprecise measurements. Universally there is no consensus about acceptable values of TEM, since 

these are usually judged individually by investigators and are specific for the types of 

measurements used (Lyman and VanPool 2017). In the present study, all TEM values fell below 

1.5mm and were therefore considered to be acceptable for further analyses. Comparison to 

contemporary literature also indicates that the TEM values obtained in the present study are 

consistent (if not slightly lower) than those achieved on similar samples. Most notably is the 

findings of Franklin et al. (2013b) who utilised the same visualisation techniques and measurement 

schema as the present study. The range of TEM values achieved by Franklin et al. (2013b) ranged 

between 0.41 and 2.5 compared to 0 and 1.5 mm in the present study, furthermore the measurement 

with the largest TEM value was FRB for both studies, with the variation in repeated measurements 

being higher for Franklin et al. (2013b) (2.5mm) than the present study (1.4mm).  

Relative technical error of measurement provides a more comparable assessment of true variation 

between measurements compared to TEM. Weinberg et al. (2005) concluded that rTEM values 

>5% were considered imprecise in a study of hand measurements. In the present study all rTEM 

values were below 5%. Interorbital breadth (IOH) and nasal length left (LNL) produced the highest 

rTEM values. The reason for this is most likely attributed to the fact that both measurements are 

relatively small (<35mm), therefore even minor variations in repeat measurements (the result of 

placement between slices on CT the scan) result in proportionally larger rTEM values. 

Furthermore, LNL requires the acquisition of a type III landmark, (alare) which is defined as the 

most lateral point on the nasal aperture (Franklin et al. 2006), as detailed in Chapter Nine, type III 

landmarks are the least homogeneous landmarks, identified with the lowest reliability (Franklin et 

al. 2013b). Measurements utilising type III landmarks are often achieved instrumentally on 

physical specimens therefore correct placement on virtual specimens can only be achieved visually, 

resulting in slight variations in the placement of landmarks and therefore higher rTEM values. The 

same can be said for the acquisition of IOH, is the distance between left and right dacryon. Dacryon 

is a landmark defined as the junction of sutures on the frontal, maxillary and lachrymal bones (de 

Villiers 1968). On CT scans dacryon can be difficult to identify due to poor visibility of minute 

sutures, as a result of resolution and image quality, this could explain the higher rTEM values 

associated with IOH.  

Considering the coefficient of reliability all measurements achieved an R value ≥ 0.80 with 40 of 

the 42 measurements achieving an R value of ≥ 0.85. This indicates that 85% of the variation 

between repeat measurements is true variation and only 15% is attributed to measurement error. 

Acceptable levels of reliability vary within published literature, Nagaoka et al. (2012) indicated 
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that only R values ≥0.95 were acceptable, while Weinberg et al. (2005) accepted R values as low 

as 0.75 as sufficient. Ulijaszek et al. (1994) proposed that acceptable R values vary according to 

the purpose of the investigation and should therefore be defined by the investigators. As previously 

stated, for the present study an R value of 0.80 was deemed sufficient. Canine width (CAW), palate 

width (PAW), minimum frontal breadth (MFB), nasio-occipital length (NOL), basion-bregma 

height (BAB) and maximum cranial length (GOL) all achieved R values of 0.99 indicating almost 

perfect agreement. The lowest R values (0.80) were produced for left and right zygomatic height 

(LZW, RZW). This measurement is between the landmarks superior zygotemporale and posterior 

zygotemporale, both of which are type II landmarks, making accurate placement difficult, 

especially virtually. Zygomatic height is also a relatively small measurement, therefore minor 

variations in the placement of either landmark would account for the low R values.  

The quantification of measurement error resulted in all inter-landmark distances falling within 

acceptable ranges for each test statistic, indicating that the landmark data in the present study were 

acquired reliably by the investigator.  

10.3. Bilateral Asymmetry  

Prior to the commencement of data analysis, an assessment of bilateral asymmetry was performed 

using the complete Australian sample (n=771). Quantifying the variation between bilateral 

measurements was essential for determining their inclusion in the present study. This was 

performed by evaluating the significance of variation in left and right values for the six bilateral 

measurements (mastoid height, orbit height, orbit breadth, nasal length, zygomatic height, and 

cheek height). If the variation between bilateral measurements was found to be statistically 

significant, then both bilateral measurements would be included in all subsequent analyses. 

However, if there was no statistically significant asymmetry, then the average of the bilateral 

measurements would be used in all subsequent analyses. Utilising an average on the two bilateral 

measurements was chosen to negate any underlying potential side dominance exhibited in the face 

and skull. Farkas and Cheung (1981) found that in general measurements of the right side of the 

face tended to be larger, while Ercan et al. (2008) found the opposite to be true. It was therefore 

deemed that an average would more accurately represent the entirety of the skull and negate 

reliance on any one side which could be problematic in casework involving highly fragmented or 

damaged remains.  
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10.3.1. Data Analysis 

Two statistical tests were used to assess bilateral symmetry in the Australian sample: One-sample 

t-test and Bland-Altman analysis. These are accordingly defined below. 

i) One-Sample T-Test 

A one-sample t-test is used to determine if there is a significant difference between bilateral 

measurements in the same individual. A one-sample t-test compares a test variable to a test value, 

which is either hypothesized or known (Cressie et al. 1984). Relative to the present study, the test 

variable was the difference between the bilateral measurements, while the test value was 

hypothesized to be zero. A test value of zero indicates that there is no variation between bilateral 

measurements and therefore perfect agreement or bilateral symmetry. The test statistic for a one-

sample t-test is as follows: 

𝑇𝑇 =
�̅�𝑥 − 𝜇𝜇0
𝑠𝑠 ∕ √𝑛𝑛

 

Where x = sample mean, μ0  = the test value, s = sample standard deviation and n = sample size.  

ii) Bland-Altman Analysis   

A Bland-Altman plot is used to determine the level of agreement between two sets of variables, 

which in the present study are right and left side measurements. A Bland-Altman plot represents 

this level of agreement graphically by plotting the mean of the measurements against the difference 

between measurements, and then constructing limits of agreement within which the majority 

(classification of majority is up to the discretion of the investigators and is dependent on the 

investigation) of the data should lie (Bland and Altman 1999; Kalra. 2017). In the present study 

the steps undertaken to produce the Bland-Altman plots were as follow: 

a) Construct a scatterplot comparing on Y axis the difference between bilateral 

measurements (right-left) against the mean of the bilateral measurements on X axis 

((right+left)/2)).  

b) Plot a line on the graph to represent the mean difference between measurements. 

c) Next plot the limits of agreement. In the present study the 95% agreement limit was 

chosen. The upper limit is calculated by multiplying the mean by 1.96 SD, conversely 

the lower limit is found by multiplying the mean by -1.96 SD.  

d) 95% of the sample should fall within the limits of agreement. 
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(A)             (B) 

 

(C)                 (D) 

 

   (E)                 (F) 

Figure 10.2. Bland-Altman plots for the six bilateral measurements: (A) Zygomatic height; (B) 
Orbit height; (C) Orbit breadth; (D) Nasal length; (E) Mastoid height (F) Cheek height. Red lines 
indicate the mean difference between two measurements (middle line) and the upper and lower 
limits of the 95% confidence interval. 



   
168 

10.3.3. Discussion – Bilateral Asymmetry 

Exploration of craniofacial morphology has previously shown that bilateral asymmetry is expected, 

to some extent, in most populations (Cook 1980; Ferrario et al. 1995; Shaner 2000; Thiesen et al. 

2015). The degree of asymmetry varies, with severe craniofacial asymmetry being generally the 

result of either developmental abnormalities, congenital defects or acquired through 

pathology/trauma (Cheong and Lo 2011). Farkas and Cheung (1981) investigated the prevalence 

facial asymmetry in juveniles in a Caucasian Canadian sample of ‘healthy’ individuals.  A total of 

308 juvenile (aged between 6 and 18 years) individuals were assessed using six bilateral 

craniofacial measurements (nasion-tragion, orbit-tragion, subnasale-tragion, cheilion-tragion, 

gnathion-tragion and orbito-mandibular). The results of this investigation established a baseline for 

expected facial asymmetry of 3% variation, which the authors consider to be mild. They also 

demonstrated that asymmetry, when present, was more concentrated to the upper third of the face, 

with the right side showing slight dominance. This was further supported by Ferrario et al. (2001).  

In the present study, the results of the one-sample t-test indicated that the variations between left 

and right measurements were statistically significant in four of the six measurements. When 

considering the mean differences, however, it was evident that measurement variation between 

sides was minimal. The largest average mean difference between right and left measurements was 

mastoid height at 0.96 mm while the smallest mean difference was orbit height at 0.04mm. It should 

be noted, however, that the mastoid process gives rise to numerous muscles responsible for the 

movement of the head, including the sternocleidomastoid, and is therefore prone to morphological 

variation (Wilczak 1998). Further to this, it is likely that statistical significance is the result of 

sample size and/or measurement size, wherein smaller measurements (the mean values for the six 

bilateral measurements assessed are all below 40 mm in length) have the potential to produce larger 

variations proportional to their size. For instance, the mean measurement for zygomatic width 

between both sides was 14.52 mm while the mean difference between right and left zygomatic 

width was 0.29mm. Therefore the mean difference of the means equates to 2.02% of the total 

measurement value, below the “mild” threshold of 3% outlined by Farkas and Cheung (1981). In 

this instance, statistically significant results do not equate to biologically meaningful variation 

between bilateral measurements. Furthermore, as outlined above, the one sample t-test is used to 

assess a test variable against a predetermined test value, in the present example the difference 

between bilateral measurements was assessed against zero as this would equate to perfect 

agreement. Realistically perfect agreement between bilateral measurements is unlikely and 

therefore has the potential to indicate statistical significance which is not biologically meaningful.   
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In the present study it was determined that for acceptable agreement between bilateral 

measurements to be achieved 95% of the sample must be contained within ±1.96 SD of the mean. 

Considering the results of the Bland-Altman plots in the present study, five of the six bilateral 

measurements were found to have met this limit, with only nasal length failing to do so; 94.4% of 

the sample was contained within the predetermined limits. The most likely reason for this would 

be bilateral variation in the placement of landmark alare, which is the most lateral point in the nasal 

aperture. In a physical specimen the placement of alare can be assessed visually with relative ease. 

Conversely, placement of this landmark virtually is more difficult as the determination of the most 

lateral point is influenced by image resolution and orientation of the 3D image. Furthermore, the 

most lateral point in the nasal aperture is not necessarily symmetrical; slight morphological 

variations thus exist when comparing the left and right nasal aperture. This apparent variation is 

only slightly outside of the agreed upon limits, and therefore it was determined that nasal length 

would still be included in all subsequent analyses.  

Quantifying the variation between bilateral measurements was essential for determining their 

inclusion in all subsequent statistical analyses. As outlined previously, where biologically 

meaningful variation was shown, both left and right measurements were included in subsequent 

analyses. For bilateral measurements that were deemed sufficiently symmetrical, an average of the 

two sides was used in all subsequent analysis. This approach was taken to mediate discrepancies 

in the literature regarding side dominance (see above). 

10.4. Identification of Outliers  

Within any population morphological variation is expected. Large deviations from the expected 

norm, however, have the potential to skew data, leading to findings that are not representative of 

the true population. The identification and assessment of potential outliers is thus essential to 

ensure the creation of accurate forensic anthropological standards. In the present study the 

identification and assessment of potential outliers was performed using Z-score analyses.  

10.4.1. Z-Score Analysis 

A Z-score analysis was used to assess data outliers in the Australian sample. A Z-score is a measure 

of the variation a raw value has about the (population) mean, with respect to the standard deviation. 

It is calculated as: 
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10.4.3. Discussion- Outliers 

The identification of data outliers and the quantification of their significance is an essential aspect 

of the preliminary analyses, as they have the potential to not only skew data, but also negatively 

impact on the validity and accuracy of subsequent analyses performed using that data. In the present 

thesis only one individual (CRA200112) was associated with a z-score >5 for a single measurement 

(FRB). This meant that this individual’s frontal breadth measurement was five standard deviations 

from the mean frontal breadth measurement of the sample, this measurement for this individual 

was therefore not included in any subsequent analyses.  

10.5. Conclusion  

Prior to formal data analyses preliminary statistical tests were undertaken to evaluate the precision 

of data acquisition, level of bilateral asymmetry, and the extent of outliers. Accuracy and reliability 

of data acquisition in 3D CT reconstructions was assessed using a six-by-six precision study. The 

results of that analysis indicate that intra-observer error was acceptable, therefore the measurement 

acquisition method outlined in Chapter Eight could be accurately and reliably applied to the 

Australian sample. Variations in bilateral measurements were also assessed and found to be 

statistically insignificant, indicating that right and left side measurements can be used 

interchangeably if and where required. Data outliers were then evaluated for inclusion in the 

sample. Again, only a single measurement was noted to be a statistically significant outlier. This 

measurement for this individual was omitted from further analysis, this however did not change 

the size of the sample. The preliminary analyses outlined throughout the present chapter provide 

quality assurance necessary for all subsequent analyses into the exploration of cranial morphology 

within the contemporary Australian population. 
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Chapter Eleven 

Introduction to Part Three 

11.1. Introduction  

To estimate sex accurately and reliably, the most appropriate statistical models should be applied 

to a set of skeletal remains. These statistical models should reflect the unique morphology of a 

given population thus allowing for confident anthropological assessments. It has previously been 

demonstrated that the application of temporally and/or geographically removed anthropological 

standards often results in unacceptably large sex bias values and low accuracy rates, which have 

the potential to lead to misclassification of individuals relative to sex (Franklin and Flavel 2019). 

This is attributed to the fact that skeletal morphological variation between discrete populations 

manifests as a consequence of evolutionary adaptations to specific environmental stressors. Such 

adaptations can relate to extrinsic factors, for example geographic and environmental variation 

(Perez and Monteiro 2009; Williams 2005), or intrinsic factors, for example genetic variation 

between populations (Relethford and Harpending 1994). It is therefore imperative that highly 

specific anthropological standards are derived for unique populations.  

The primary aim of the present thesis is the creation of population specific cranial sex estimation 

predictive models for Australia, however prior to this, it is important to ascertain the degree of 

accuracy achieved from applying established cranial sexing standards to the Australian population. 

This is performed not only as a means of justifying the creation of new Australian standards, but 

also as a tool for exploring morphological variability between populations, thus informing a deeper 

investigation into, and understanding of, sexual dimorphism.  

Part Three of the present thesis, therefore, investigates the accuracy achieved when established 

‘foreign’ cranial sexing standards are applied to an Australian sample. A total of five standards 

representing four geographically disparate populations were utilised for this analysis. As outlined 

in Chapter Eight, for the context of the present thesis, a population refers to the country of origin 

to which a group of people belong. Part Three, comprises three chapters, the first of which, Chapter 

Eleven, introduces this Part of the thesis, establishing its aims and briefly outlining the structure of 

the chapters that follow. Chapter Twelve introduces the chosen five cranial sexing standards 
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applied to the Australian sample which include those based on American (Giles and Elliot 1963), 

Japanese (Iscan et al. 1995), South African (Steyn and İşcan 1998) and Greek/Cretan (Kranioti et 

al. 2008) populations. The purpose of this chapter is to outline the accuracy achieved from the 

application of each standard to the Australian sample, thus highlighting the effectiveness of each 

toward the accurate estimation of sex. Chapter Thirteen concludes Part Three with a discussion of 

the implications of the results achieved.   
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Chapter Twelve 

Accuracy of Established Cranial Sex Estimation Standards as Applied to a 

Contemporary Australian Population 

12.1. Introduction  

The concept of population specificity posits that the most accurate anthropological standards are 

derived from a population that is geographically and temporally consistent with that of the decedent 

(Franklin and Blau, 2020). To examine the importance of population specificity relative to a 

forensic context, the present chapter explores how accuracy and sex bias values are affected 

following the application of established foreign cranial sex estimation methods to contemporary 

the Australian population. Following this cranial morphological variability between the 

populations is explored, relative to the optimisation of each predictive model using Australian 

specific craniometric data and the comparison of mean measurement values. The primary purpose 

of the present chapter is, therefore, to demonstrate the inability of established predictive models to 

correctly estimate sex in the Australian sample, thus addressing the first aim of the present thesis.  

12.2. Application of Established Cranial Sex Estimation Standards to an Australian 

Population           

The application of established foreign cranial sex estimation standards to the contemporary 

Australian population serves multiple research purposes to help guide professional practice. First, 

it is essential to verify which (if any) standards can be used to accurately estimate sex. Second, 

variations in accuracy and sex bias values highlight variability between populations relative to the 

expression of sexually dimorphic features. Finally, applying foreign standards informs the need to 

create population specific predictive models that more appropriately reflect the magnitude of 

expression of certain sexually dimorphic skeletal features within a specific population.  

In the present study a total of five foreign sex estimation standards, representing four temporally 

and/or geographically disparate populations, were applied to the collective Australian sample. The 

selection of standards was based on geographic proximity to Australia and reported accuracy rates. 

The standards applied herewith were previously reviewed in Chapter Six, including detailed 
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analysis of the reported accuracies and sex bias values (where applicable). Further to the latter, the 

demographic of the populations investigated, relative to age and sex, were also explored, including 

the cranial measurements utilised during the initial investigation. Each standard examined below 

is accordingly assessed relative to the classification accuracy and sex bias values achieved 

following the application to the Australian sample. The applied discriminant functions are also 

considered, measurement abbreviations as outlined in Table 9.2 are used. Further detailed 

discussion specific to the performance of each function is presented in Chapter Thirteen.  

12.2.1. American Population: Giles and Elliot (1963) 

The seminal work of Giles and Elliot (1963) pioneered the application of discriminant function 

analysis for cranial sex estimation. The initial analysis was performed utilising a population of 

Caucasian and African American individuals from the Terry and Hamman-Todd skeletal 

collections. Curation of those collections commenced in the late 19th century and they include 

individuals aged between 21 and 79 years, born as early as 1828, thereby representing a population 

that is not only geographically, but also temporally, removed from the contemporary Australian 

sample. Giles and Elliot (1963) produced a total of 21 predictive models specific to Caucasian 

American and African American (individual and pooled) groups. 

To assess the accuracy of the method in its entirety, all 21 predictive equations were applied to the 

Australian sample; the functions and the results of this analysis are presented in Appendix Three. 

The original classification accuracy is directly compared to the results reported following 

application to the Australian sample. As sex bias values were not reported in the original study, 

only that data specific to the Australian sample is reported. Abridged results are presented in Table 

12.1, including the three predictive models that achieved the highest and lowest classification 

accuracy, along with the respective discriminant functions.  
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classification accuracy achieved; the results of this investigation are provided below with a 

discussion to follow in the following in Chapter Thirteen.  

12.3.1. American Population: Giles and Elliot (1963) 

Due to duplication of measurement combinations across the 21 discriminant functions developed 

by Giles and Elliot (1963), a total of nine predictive functions were modelled using the Australian 

data. The coefficients and accuracy of each are presented in Table 12.6. The overall classification 

accuracy of the predictive models (relative to the original) improved by an average of 4.2%. All 

the new predictive models achieved accuracies >80% with acceptable associated sex bias values 

no greater than -3.8%. The improved classification is exemplified using function #7 as shown in 

Figure 12.6, this can be compared directly to the original model presented in Figure 12.1 (see 

above), which shows improved classification accuracy from 70.4 to 85.5%, with an associated sex 

bias decrease from 56.8 to -2.6%. 
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12.3.5. Conclusion- Optimisation of Established Cranial Sex Estimation Standards for 

Australia 

Optimisation of the 23 predictive models outlined above, for the Australian population, resulted in 

an overall dramatic improvement for both classification accuracy and sex bias values. All 23 

discriminant functions had associated cross-validated classification accuracies > 75% with 

acceptable sex bias values. These results indicate a level of cranial morphological variability 

between the populations, which is explored further below and within Chapter Thirteen. Further, 

creation of these predictive models represents a small subset of discriminant function equations 

which are highly specific to the Australian population. 
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The results of this investigation identify several inconsistencies relative to the populations being 

investigated. Considering glabella-occipital length, the mean measurement value for females in 

Australia was 181.0mm (Table 12.11), this was more consistent with the mean measurement values 

of 179.0 – 187.7mm associated with males of the other populations. The same trend was observed 

for basion-nasion length, with the average Australian females measuring 101.1mm, which is 

consistent with the average measurements of males in the other populations (101.0-102.5mm). 

Considering bi-frontal breadth, the mean measurement value obtained for Australian females 

(102.4mm) was larger than the mean measurement values associated with the Japanese (100.5mm) 

and Greek (96.3mm) populations. This trend indicates the morphology of Australian female skulls 

is more closely aligned with that of males in the United States, Japan, South Africa and Greece. 

Cranial measurement values for Australian males were also larger than their male counterparts for 

the other populations (see Table 12.11), for all measurements except maximum frontal breadth and 

bieuryonic breadth. Interestingly, the average maximum frontal breadth value for Australian males 

was 117.0mm compared to 119.5-122.5mm in the other populations. While the mean measurement 

value of bieuryonic breadth obtained on Australian males of 132.8mm more consistent with the 

range (133.9 to 139.1mm) of values associated with females of the other populations.  

12.5. Conclusion 

The purpose of the present chapter was to explore the effectiveness of established cranial sex 

estimation standards as applied to a contemporary Australian population. The results indicated that 

the application of predictive models developed on populations geographically and/or temporally 

removed from Australia not only resulted in a decrease in overall classification accuracy, but also 

unacceptably large sex bias values. Those results indicate a level of morphological variability 

between the populations. This is further exemplified when those discriminant functions are 

modelled using the same measurements in the Australian population; expected accuracy increased, 

and associated sex bias values decreased, to acceptable levels. Those findings are further 

considered in the following chapter.  
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Chapter Thirteen 

Discussion and Conclusions 

13.1. Introduction  

Population specificity is an important factor to consider when assessing the appropriateness of 

utilising established forensic anthropological standards, with the ineffectiveness of such models 

developed on populations geographically disparate well established (Franklin and Flavel 2019; 

Koterova et al. 2017; Oikonomopoulou et al. 2017). The aim of Part Three of the present thesis 

was, therefore, to explore the variance between local and foreign forensic standards. The previous 

chapter outlined the results obtained from the application of five established cranial sex estimation 

standards, derived using four geographically, genetically and/or temporally divergent populations, 

in a contemporary Australian population and the optimisation of those models thereafter. The 

present chapter considers those findings specific to the potential underlying aetiology of the 

variances identified. The forensic implications of cranial variability, as they pertain to the accuracy 

of sex estimation that is essential in routine casework, are also considered.  

13.2. Population Specificity of Sex Estimation Standards 

The results of the investigation into the applicability of foreign standards to a contemporary 

Australian population indicated significant divergences from the performance of the original 

models. The effectiveness of the standards was measured according to cross-validated 

classification accuracy and sex bias values, with the interaction between the two providing insight 

toward the success of each standard.  

The outcome of this investigation demonstrated that applying standards developed on populations 

geographically and/or temporally removed from Australia resulted in low classification accuracy 

and unacceptable sex bias values. Underpinning the ineffectiveness of these predictive equations 

are morphological variances between the respective populations. A comparison of the common 

cranial measurements (see Table 12.11) taken on each population shows substantial variation 

between the populations for some measurements, which account to a certain degree of the 

classification inaccuracies and sex bias values.  
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A general trend observed was that crania of Australian females were much larger than crania of 

females in the other populations (see Table 12.11). In most instances the mean measurement values 

obtained in Australian females were more closely aligned with the mean measurement values for 

males of the other populations. This finding aids in explaining the very high sex bias values 

associated with several of the predictive models, especially Kranioti et al. (2008) model #1 which 

had an associated sex bias value of 99.7%. Effectively indicating that the reason none of the 

Australian females were correctly classified using this predictive model was because cranially they 

are more consistent with males in the Greek population.  

Inaccuracy of the predictive models was further explained by investigating and comparing the 

relative loadings (unstandardized coefficient) of the measurements within each function. The 

unstandardized coefficient indicates the contribution of each measurement toward the outcome of 

the predictive model, thereby providing a relative ranking of the ‘classificatory power’ of the 

measurements. Larger coefficient values (either positive or negative) are ranked higher than 

smaller coefficients, and thus they have a greater contribution the outcome of the predictive model 

(e.g., the correct classification of sex). In exploring the predictive equations applied to the 

Australian population, there are several instances where the preferential loading of cranial 

measurements likely contributed toward the inaccuracy of the function. A comparison of the results 

attained following the application of the original predictive models to the Australian population 

and the results following direct discriminant function analysis using the Australian population, 

highlight some interesting variances 

For the predictive models of Steyn and İşcan (1998) #2, Iscan et al. (1995) #2, and Kranioti et al. 

(2008) #2, frontal breadth and maximum cranial breadth had the highest coefficient values in the 

original predictive models. When applied to the Australian population, these functions only 

achieved classification accuracies of 60.0% (sex bias 70.1%), 55.5% (sex bias -64.0%) and 50.1% 

(sex bias 99.5%) respectively. Following direct multivariate discriminant function analysis based 

on measurement combinations by Steyn and İşcan (1998), Iscan et al. (1995) and Kranioti et al. 

(2008) using the Australian data. Frontal breadth and maximum cranial breadth were found to 

contribute the least toward the correct classification of sex for all three functions, with classification 

accuracies increasing to 77.3% (sex bias -2.8%), 84.8% (sex bias -2.8%) and 80.9% (sex bias -

2.8%), respectively. These obvious variations in the loading of both measurements between 

populations indicated marked differences in the expression of sexual dimorphism, which are 

specific to the population being investigated, and thus help explain the inherent inaccuracy of the 

applied models to the Australian context. Considering the above example, it is clear that for the 
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South African, Japanese and Greek populations investigated frontal/facial breadths were strongly 

sexually dimorphic contributing highly to the classification of sex. Considering the same predictive 

models created using the Australian data, basion-nasion length, mastoid height and bizygomatic 

breadth contributed the most to the classification of sex, respectively in lieu of frontal and 

maximum cranial breadth measurements.   

While it is evident that the population variation in cranial morphology is the fundamental cause of 

inaccuracies relative to sex estimation, further investigation toward how these differences arise is 

necessary to understand the underlying principle of population specificity, which is the foundation 

for the subsequent development of predictive models for the accurate estimation of sex in an 

Australian context.  

13.3. Inter-Population Cranial Morphological Variability 

Biologically the manifestation of skeletal sexual dimorphism has been previously explored in 

Chapter Five of the present thesis, therein the underlying causes of skeletal differences, relative to 

sex, were highlighted. Briefly, the primary cause of morphological variability between sexes were 

attributed to differences in hormone production, notably oestrogen, testosterone, growth factor, 

insulin-like growth factor-1 and thyroid hormones (Callewaert 2010; Rogol 2010). Mechanical 

loading of muscles and genetic differences were also identified as contributing significantly to 

morphological variability between sexes (Gonzalez-Jose et al. 2004; Paschetta et al. 2010). An 

understanding of these inherent differences is essential toward interpreting sexual dimorphism. 

Further explanation is required, however, toward explaining variations in the magnitude of 

expression of sexual dimorphism between populations. Factors including mechanical loading, 

variations in mastication, diet and climate have been identified as influencing the development of 

morphological variability across the skull and are explored in more detail below.  

Schlager and Rudell (2017) investigated variability in the zygomatic region of the skull, relative to 

both sex and population. A total of 98 Chinese and 96 German individuals were analysed. The 

overall surface shape and curvature of the outline of the skull was measured and compared. It was 

concluded that population affinity could be reliably predicted at 97.9% accuracy, further to this an 

assessment of the overall variability of the sample indicated that population explained 7.7% of the 

differences, compared to sex which only explained 3.0% of the total variability. The differences in 

shape of the bones between the populations was hypothesised to be directly related to the variations 

in physical stress caused by mechanical loading of masticatory muscles, and differences in the 
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position of insertion points for the masseter and temporalis muscles. The authors noted that the 

lateral rim of the orbit was particularly affected, with more pronounced development associated 

with increased muscle loading in the Chinese population. The conclusion that the size and 

positioning of the muscles of mastication influence the morphology of the underlying bone is 

supported by other studies, including; Prado et al. (2013), von Cramon-Taubadel (2011), Noback 

and Harvati (2015b) and Paschetta et al. (2010). All of the latter noted increased breadth across the 

temporal and zygomatic bones for populations with increased loading on the muscles of 

mastication, leading to larger overall measurements for bizygomatic and frontal breadth, regardless 

of sex.   

The above findings parallel the results of the present study. The comparison between mean 

measurement data presented in Table 12.11 shows that the Japanese population (in particular) 

exhibit broad crania regardless of sex, likely due to positioning of masticatory muscles influenced 

by diet (Noback and Harvati 2015b). Using maximum cranial breadth as an example, Japanese 

females were on average 8.5 mm larger than Australian females, while the difference between 

males was even larger at 11.3 mm. The same trend is observed when comparing bizygomatic and 

frontal breadth between the two populations. This inherent morphological population variability 

provides quantitative evidence of why the Japanese predictive models perform poorly in the 

Australian sample.  

The prevailing theory explaining variation in masticatory musculature relates to evolutionary 

differences, relative to subsistence, between discrete populations that ‘linger’ (or persist) in 

contemporary populations. Noback and Harvati (2015a) investigated the affect that different 

subsistence methods had on the development of crania in 15 discrete Homo sapien populations. 

Their data suggest that individuals subsisting on diets that consist of tougher, harder foods (meat 

and fish) were associated with more robust and broader skulls relative to the zygomatic and 

temporal regions, and the alveolar processes. Similarly, individuals that subsisted on more 

agriculturally based diets that included softer ‘processed’ food, such as across South America, had 

a relatively narrower facial shape that was overall less robust.  

Another factor that has been shown to influence cranial morphology is climatic and/or geographic 

region. Hubbe et al. (2009) analysed craniometric data (33 measurements) taken in a large sample 

comprising 7,422 males from 135 geographic populations. The aim of the study was to examine 

the impact of environmental factors, specifically climate and geographic region, on cranial 

morphological variability in males. Their results indicated a statistically significant correlation 
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between geographic location and cranial morphology, with different anatomical regions of the skull 

impacted disproportionately. Considering cranial breadth measurements, individuals originating 

from the colder climates of Northern Europe, Northeast Asia, and the extreme north of America, 

characteristically exhibited a broader neurocranium. This was interpreted as being a necessary 

(selectively advantageous) morphological attribute that decreases the surface/volume ratio of the 

skull and brain, necessary for reducing heat loss through the skull.  It is interesting to note, however, 

that the pathway for achieving this differed according to the population investigated. Individuals 

within the Northern European populations typically exhibited a broader maximum frontal breadth, 

while those from Northeast Asia and the extreme north of America were broader relative to 

maximum cranial breadth.  

Individuals within the colder climates were also characterised by morphological changes in the 

viscerocranium. Those from Northern Europe demonstrated variances in facial projection, 

specifically increased nasal and frontal breadths, while those from Northeast Asia and the extreme 

north of America were characterised by increased nasal height, facial height and breadth. The 

authors postulate that the most likely cause of these adaptations relate to the need for reduced nasal 

indexes necessary for warming inhaled air in cold climates (Doddi and Eccles 2011). The latter 

investigation thus highlights how craniofacial size and shape differ relative to geographic location 

and climatic conditions.  

13.4. Conclusions  

The accurate estimation of sex is essential toward the creation of a precise biological profile for a 

set of skeletal remains, with the choice of the standard applied critical in the success of this 

endeavour. Part Three of the present thesis has extensively explored the outcome of applying 

cranial sexing standards derived for populations divergent to that of contemporary Australia. The 

primary findings of that investigation highlighted the inherent inaccuracies of this approach, whilst 

simultaneously emphasizing the importance of population specificity relative to selecting 

appropriate anthropological standards. Underlying genetic and epigenetic differences between 

discrete populations result in variations in the magnitude of expression of sexually dimorphic 

features in the skull that are specific to these populations. It is, therefore, imperative that predictive 

models are developed to accurately reflect population specific cranial morphology, thus 

maximising the accuracy and specificity of anthropological analyses. The following two Parts of 

the present thesis will address the need for population specific cranial sexing standards relative to 

the Australian population.  
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Chapter Fourteen 

Introduction to Part Four 

14.1. Introduction  

Australia is a country comprising six states and two territories, each with a unique demographic. 

As outlined in detail in Chapter Two, the sub-populations of each state/territory are influenced by 

divergent immigration patterns resulting in variations in their multicultural composition. 

Additionally, the age demographics for each state/territory also differ, flowing into disparate mean 

ages for both females and males, comparatively. The degree to which these demographic variations 

influence general cranial morphological trends exhibited within the sub-populations is, as yet, 

unknown, but forms an important part of the investigation into cranial sexual dimorphism across 

the country. Quantification of these variances is fundamental to the formulation of accurate cranial 

sex estimation standards that represent the greatest possible proportion of the country.  

The primary aim of Part Four is, therefore, to investigate whether significant morphological cranial 

variability exists between selected Australian sub-populations. More specifically, whether the 

magnitude of expression of sexually dimorphic cranial features differs significantly, such that it 

negatively impacts the accuracy of pooled sub-population sex estimation standards. This 

investigation will thus determine whether the development of cranial sexing standards should 

encompass the entire country or require specific focus on individual states and territories; accuracy 

and practicality are two fundamental considerations in the latter. 

Part Four comprises three chapters, the first, Chapter Fourteen introduces the part, presenting the 

overall aim and outlining the structure of the chapters that follow. Chapter Fifteen provides an 

overview of the analyses performed specific to investigating the morphological variability of the 

Australian sub-populations relative to their magnitude and expression of sexually dimorphic cranial 

features. The final chapter of Part Four, Chapter Sixteen provides a detailed synthesis and 

interpretation of the results relative to extant knowledge and forensic practice. The discussion will 

consider the implications of the results relative to the development of population specific cranial 

sex estimation standards for the Australian population.   
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Chapter Fifteen 

Intra-Population Variation in Australia  

15.1. Introduction  

As outlined in Chapter Two, contemporary Australia is considered to be highly multicultural, with 

27.6% of the population born overseas, with a further 20.9% and 50.7% of the population second 

and third generation immigrants, respectively (A.B.S 2021b). The distribution pattern of 

immigration into Australia differs by state/territory as described and illustrated in Chapter Two. 

Based on the results of the investigation outlined in Part Three of the present thesis, population 

(and therefore ancestry) significantly influences skeletal morphology, consequently it is not 

unreasonable to posit that the differences in the ancestral composition of each Australian 

state/territory sub-population could have the potential to result in appreciable variances in cranial 

morphology.  

An understanding of cranial morphological variation within and between each sub-population, 

relative to sexual dimorphism, is essential toward informing the development of accurate forensic 

cranial sex estimation standards. If cranial morphology, and more specifically the expression of 

sexually dimorphic features, significantly differs among the state/territory sub-populations, then it 

has the potential to negatively affect the accuracy of standards developed based on an Australian 

sample pooled across the states/territories. Therefore, it is imperative that inter-state cranial 

morphological variation is thoroughly quantified.  

The present chapter examines each of the Australian state/territory sub-populations (as detailed in 

Chapter Eight) to identify whether there is any quantifiably significant cranial morphological 

variation. Initial one-way ANOVA, including Tukey’s Honestly Significant Difference (HSD) 

post-hoc test, is used to demarcate all statistically significant variations that exist between the five 

Australian sub-populations. A principal component analysis (PCA) is then used to assess the 

morphological relationships of the sub-populations. The most sexually dimorphic cranial 

measurements are then identified for each sub-population and compared for the purpose of 

identifying morphological similarities and differences within the Australian population. The 

chapter concludes with two stepwise multivariate discriminant function analyses, the first to assess 
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Figure 15.1. Mean female scores for PCs 1 and 2 based on 36 cranial measurements: NT (red 
circle), NSW (orange circle), SA (yellow circle), Tas (green circle) and WA (blue circle). 

 
Figure 15.2. Mean male scores for PCs 1 and 2 based on 36 cranial measurements: NT (red circle), 
NSW (orange circle), SA (yellow circle), Tas (green circle) and WA (blue circle). 
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In considering PC1, which accounts for 23.8 and 25.8% of the total variance (female and male, 

respectively), all PC scores are positive, albeit of different magnitudes, in both sexes. Bizygomatic 

breadth had the highest loadings in both sexes; 0.816 and 0.889 for females and males, respectively. 

Conversely, nasal length had the smallest loading for females, while zygomatic height has the 

smallest loading for males. In Figure 15.1, it is evident that for females, PC1 separates the Northern 

Territory relative to the other Australian sub-populations, thereby based on the factor loadings, this 

population is characterised by relatively broad crania with associated shortening of the nasal 

aperture, as compared to other sub-samples.  Considering the male data in Figure 15.2, PC1 again 

separates the Northern Territory, relative to the other sub-populations, indicating that the males of 

the Northern Territory are likewise characterised by broader skulls.  

 

In females PC2 explains 10.6% of the variance and includes both positive and negatively weighted 

loadings. The measurements associated with the highest loadings were nasal length (0.489), 

biasterionic breadth (0.483) and nasal height (0.483). Nasal breadth (-0.490), palate foramen width 

(-0.425) and palate breadth (-0.390) were strongly negatively loaded. These results indicate that 

among the female individuals PC2 shows that an increase in nasal length which is proportional to 

a decrease in both nasal and palate breadth. This relationship was most varied when considering 

the Tasmanian and Western Australian sub-populations. PC2 explained 9.2% of the total variance 

in the male sample also including both positive and negatively weighted loadings. The cranial 

measurements associated with the highest loading were foramen magnum breadth (0.484), nasal 

length (0.442) and foramen magnum length (0.436); the strongest negative loading were nasal 

breadth (-0.579), canine palate width (-0.440) and palate foramen width (-0.416). For males PC2 

is also identifying a reduction in nasal and palate width, however this was associated with an 

increase in foramen magnum size and nasal length, with the largest variation evident between the 

Northern Territory and New South Wales individuals.  

15.4. Expression of Sexually Dimorphic Features within the Five Australian Sub-

Populations               

The aim of the following analyses are to compare the expression of sexually dimorphic cranial 

features across Australia. A one-way ANOVA was applied to identify the most sexually dimorphic 

measurements within each Australian sub-population. The magnitude of sexual dimorphism is 

assessed according to the five largest f-statistic values (Table 15.7).  
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Chapter Sixteen 

Discussion and Conclusions 

16.1. Introduction  

It was established in Part Three of the present thesis that divergent populations differ relative to 

skeletal morphology. This is the underlying reason why anthropological standards are inherently 

inaccurate when applied in populations that are foreign to the original reference sample. Chapter 

Thirteen outlined some of the underlying mechanisms for the latter variation, which in short relate 

to evolutionary adaptations to differing climate, subsistence methods and diet (Doddi and Eccles 

2011; Gonzalez-Jose et al. 2004; Hubbe et al. 2009; Noback and Harvati 2015a; Paschetta et al. 

2010). It is however unclear whether a multicultural country such as Australia, with divergent 

immigration patterns between discrete states/territories (A.B.S 2021b), will likewise retain and 

encompass significant skeletal morphological variation. The presence of differing cranial 

morphologies across Australia has the potential to negatively impact on the development of 

accurate population specific sexing standards. It is therefore important (practically and judicially) 

that an analysis of cranial morphological variability is undertaken for the Australian population, 

which was the second aim of the present thesis and the primary focus of Part Four. The following 

succinctly discusses the findings presented in the previous chapter, thereby concluding the 

investigation into cranial variation across the five Australian sub-populations.  

16.2. Cranial Morphological Variation in the Australian Population  

Inter-population skeletal morphological variation is a topic scarcely examined relative to the 

potential affect it can impart on the formulation of accurate anthropological standards for assessing 

biological features, including sex and age. Exploring and understanding cranial morphological 

variations across a multicultural country such as Australia is essential toward the accurate 

development of predictive models for the estimation of sex. Several statistical analyses were 

performed to investigate cranial variation across the five Australian sub-populations examined in 

the present thesis. Statistically significant differences were primarily identified in both sexes 

between the Northern Territory and the remaining sub-populations (see Table 15.3 and 15.4). The 
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identification of the Northern Territory as the sub-population with the greatest cranial variation, 

irrespective of sex, was further supported by the results of the PCA. The PC 1 explained 23.8 and 

25.8% of the total variation (in both females and males, respectively) of the sample, and separated 

individuals based primarily on craniofacial dimensions. It is thus evident that individuals in the 

Northern Territory were characteristically more brachycephalic, with generally broader nasal and 

palatine regions, relative to the other sub-populations. 

This finding is not unexpected, however, as the 2021 Australian census information reports that 

26.3% of the Northern Territory population identify as Indigenous Australian or Torres Strait 

Islander, compared to an average of only 3.2% for the remaining states/territories included in the 

present study (A.B.S 2021b). Previous historic research on the cranial morphology of Indigenous 

Australians has suggested that, relative to European populations, the former exhibit more robust 

glabellae, and significantly broader craniofacial proportions, with increased palatal and nasal width 

(relative to length) (Krogman 1932; Larnach and Freedman 1964; Morant 1927; Oettle 1974). It is 

therefore very likely that the Northern Territory sub-population, with the highest proportion of 

Indigenous Australians, would reflect some of those morphological characteristics, demarcating 

them to some degree from the other Australian sub-populations examined.  

Further statistical analyses were undertaken to determine if the Australian sub-populations could 

be accurately classified according to their population of origin based on their respective cranial 

morphology. Stepwise discriminant function analysis only achieved 52.8% cross-validated 

classification accuracy for all sub-populations. This suggests that cranial morphology is not distinct 

enough within the respective sub-populations to allow accurate differentiation. This may be 

attributed to the fact that the Australian population overall is one of blended multiculturality, rather 

than a composition of distinctly different ancestral groups. This can be best expressed when 

compared to Stuurman et al. (2017), who studied the nasal region of 196 South African skulls (sex 

breakdown not provided) to investigate whether sufficient morphological variation existed to allow 

for differentiation of individuals based on ancestral group (Indigenous South Africans, Caucasian 

South African and individuals of mixed race). A total of five non-metric and three cranial metric 

traits were assessed. It was demonstrated that all the metric and four of the five non-metric traits 

yielded statistically significant differences between the three defined groups, which allowed 

differentiation of individuals into their respective ancestral groups. Suggesting that the three 

discrete ancestral groups exhibit significant cranial morphological variation. The results of this 

investigation are in stark contrast to those obtained using the present Australian sample, indicating 

that despite being a highly multicultural population, the morphological variations exhibited 
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between the sub-populations of Australia, are not distinct enough to allow differentiation based on 

state/territory of origin.  Further, development of predictive forensic anthropological models for 

the Australian population should, therefore, utilise a pooled sample of individuals from across the 

country.  

16.3. Practical and Judicial Considerations  

Part Three of the present thesis outlined an investigation into the importance of applying 

appropriate anthropological standards for the estimation of skeletal sex, which served to reiterate 

the importance of considering population specificity to achieve accurate results. Application of 

standards derived from populations foreign to the original reference sample resulted in reduced 

accuracy, and in most cases extremely large sex bias values, rendering them inapplicable to the 

Australian population. It is therefore imperative that sex estimation standards are developed that 

most accurately reflect the sexual dimorphism of the contemporary Australian population, allowing 

precise classification in casework applications. The underlying reason for the inaccuracy of 

‘foreign’ standards was attributed to variations in cranial morphology between discrete 

populations, with the magnitude of expression of sexually dimorphic features being different 

between divergent populations (see Chapter Thirteen). Given the vastness of Australia and the 

divergent multicultural composition of each state and territory (see Chapter Two for further detail), 

it is unclear whether state/territory specific cranial sex estimation predictive models would more 

accurately represent the sub-populations. Compared to predictive models created using the pooled 

Australian sample.  

The results outlined in the previous chapter and discussed above indicate that there is some 

statistically significant variability, relative to cranial morphology between the Australian sub-

populations, particularly when considering the Northern Territory. It was however, also shown that 

differentiation of individuals into their respective sub-populations using cranial measurements was 

not possible with an appropriate level of accuracy. The latter indicates a lack of diagnostic 

morphological distinctness within each discrete state/territory sub-population and provides 

evidence for the requirement to pool those skeletal samples when developing anthropological 

standards specific to Australia. Results of the stepwise multivariate discriminant function analysis 

performed using each specific sub-population sample reiterate these findings.  

The New South Wales and South Australian samples were associated with unacceptably large sex 

bias values (7.5% and 6.1%, respectively) resulting in a disproportionate number of females being 
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misclassified, relative to sex. It should, however, be noted that there are statistical limitations for 

the New South Wales subset, due to the small sample size, which can pointedly impact on any 

comparisons made using this sub-population in isolation. The results of this investigation for the 

South Australian sub-population, however, indicate that predictive models created using sub-

population specific data were not capable of accurately estimating sex. A similar investigation was 

presented by Franklin et al. (2008) who conducted a metric assessment of 225 (105 female and 120 

male) South African mandibles, collected from five local populations including, Zulu, Swazi, 

Xhosa, Sotho and Tswana. Comparable to the overall aim of the present thesis, the primary purpose 

of this investigation was the development of population specific sex estimation predictive models 

for the collective sample of South Africans. To facilitate this however, an assessment of inter-

population variation was also necessary to ensure accuracy of the models created. Each of the local 

South African populations were subjected to stepwise discriminant function analysis and a single 

predictive model was created for each. The results of this analysis mirror those obtained in the 

present thesis, the accurate classification of sex varied between the local groups, ranging from most 

accurate in the Swazi (90.3%), to the least accurate in the Xhosa (77.3%). Further, the predictive 

model created using the local population of Xhosa had an associated sex bias value of -12.2%, 

indicating disproportionate misclassification of males in that sample. This particular result was 

directly comparable to the sex bias values associated with the predictive models created for the 

South Australian (6.1%) and New South Wales (7.5%) sub-populations. These results indicate that 

the investigation of smaller Australian sub-populations have the potential to yield less accurate 

predictive models for sex, compared to using larger pooled samples that incorporate several sub-

populations, especially relative to appreciably small levels of between-population morphological 

distinctiveness.  

16.4. Conclusions 

Part Four of the present thesis investigated cranial morphological variability across the five 

Australian sub-populations, for the purpose of assessing whether the creation of sex estimation 

standards using a pooled Australian sample is possible/should be standard practice. It was 

concluded that there was some statistically significant morphological variability between the sub-

populations, particularly in reference to the Northern Territory sub-population. However the lack 

of cranial morphological distinctness was highlighted through stepwise discriminate function 

analysis, which failed to accurately differentiate individuals into their respective sub-population.   
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It is, therefore, concluded that despite Australia’s largely multicultural demographic, practically 

and judicially there are sufficient cranial morphological similarities to facilitate the development 

of population specific sex estimation standards using a pooled sample of individuals. In a practical 

sense these broader standards are preferable, as they do not require prior knowledge of the origin 

of the victim (e.g., specific state or territory) and are therefore applicable across the entire country. 

The development of broadly applicable population specific cranial sex estimation standards for 

contemporary Australia is presented in Part Five of the present thesis.  
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Chapter Seventeen 

Introduction to Part Five 

17.1. Introduction  

The accurate estimation of biological sex is important when attempting to ascertain the identity of 

unknown skeletal remains, as other aspects of the biological profile, including stature and age, are 

often estimated following the application of sex-specific standards (Bridge et al. 2020; Maggio et 

al. 2016). To ensure accuracy of results, the choice of anthropological sexing standard applied to 

skeletal remains is vital. Within Australia there is a scarcity of standards that can be used to estimate 

sex reliably and accurately for the entire population, therefore the primary aim of Part Five of the 

present thesis is, the development of population specific cranial sex estimation standards for the 

contemporary Australian population.  

Part Five comprises three chapters, each outlining a specific aspect of the development of 

population specific cranial sex estimation standards for the Australian population. Chapter 

Seventeen briefly introduces the part, presenting the overall aim and outlining the structure of the 

chapters that follow. Chapter Eighteen explores cranial sexual dimorphism in the Australian 

population and introduces the population specific predictive models accordingly formulated. The 

final chapter of Part Five, Chapter Nineteen, provides a detailed discussion of the findings of the 

analyses relative to the creation of population specific cranial sex estimation standards for Australia 

in the context of established relevant literature, thus addressing the third and final aim of the present 

thesis.  
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Chapter Eighteen 

Sexual Dimorphism in the Contemporary Australian Population  

18.1. Introduction 

The ability to differentiate individuals based on their biological sex is essential for the creation of 

an accurate anthropological assessment; it is therefore crucial that the standards that facilitate the 

latter are likewise accurate. As previously explored throughout Part Three, the most accurate and 

reliable sex estimation standards are derived from populations that are consistent with the decedent. 

Within Australia however, in-depth investigations of cranial morphology, relative to sexual 

dimorphism are lacking, which are essential for the development of accurate sex estimation 

standards for that specific country. Part Four of the present thesis addressed this concern with a 

thorough evaluation of cranial morphology, relative to the Australian sub-populations investigated.  

The present chapter outlines the development of the first set of population specific cranial sex 

estimation standards for the broader Australian population. Initially, this is facilitated through the 

exploration of descriptive statistics in the cranial measurement data. Sexual dimorphism in cranial 

measurements is then tested using one-way ANOVA. From this, univariate discriminant function 

analysis is applied to assess which, of the previously identified sexually dimorphic measurements, 

can be used individually to accurately estimate sex. The chapter concludes with the application of 

direct and stepwise multivariate discriminant function analyses to identify measurement 

combinations capable of accurately estimate sex in the Australian population. The overall aim is 

the development of accurate and reliable population specific predictive models for the estimation 

of sex.  

18.2. Descriptive Statistics  

A total of 36 cranial measurements were acquired from each individual within the Australian 

sample (see Chapter Nine for a detailed explanation). From these, basic descriptive statistics, 

including mean value, standard deviation, and measurement range, were calculated relative to sex 

(see Table 18.1 and Figure 18.1). 
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Using byzygomatic breadth as an example, a measurement less than 120.74 mm is associated with 

80% correct classification as female, while a measurement less than 119.68 mm a 90% correct 

classification as female, and 117.86 mm has a 95% correct female classification. Conversely 

measurements larger than 136.65 mm are classified male with 80% confidence, greater than 138.40 

mm 90% confidence, and 139.69 mm has an associated 95% confidence in correct classification. 

 

  

Figure 18.2. Radar graph of single demarking points (mm) of female (red) and male (blue) 
measurement values against corresponding posterior probabilities of 0.5 (black line indicating 
midpoint between two groups), 0.80, 0.90 and 0.95 (see key for further details).   

18.4.2. Multivariate Discriminant Function Analysis  

The development of more accurate sex estimation models was achieved using multivariate 

discriminant function analysis. Both stepwise and direct discriminant function analyses were 

performed. Initially stepwise analysis was performed using all 36 cranial measurements, and 

thereafter a selection of the ten most sexually dimorphic measurements. Following this, a series of 

direct discriminant functions were produced based on; a) all the cranial measurements applied in 

the present study; b) measurement combinations identified following one-way ANOVA; c) 
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of 36 cranial measurements requires an intact cranium, the applicability of this predictive model is 

also restricted. Further statistical analysis included the calculation of the posterior probability of 

correct classification and ROC/AUC values. The mean posterior probability for dDF3 was 0.94, 

indicating high accuracy of the predictive model.  Results of the ROC curve and the associated 

AUC curve were 0.82 (Figure 18.4), which is consistent with the results obtained for both stepwise 

predictive models. This result indicates that the application of the predictive model can effectively 

separate individuals based on sex.   

 

 

Figure 18.4. ROC/AUC graph for dDF3. 

b. F-Statistic Values  

A total of six direct discriminant functions were produced based on f-statistic values from the one-

way ANVOA analysis (see Table 18.2). Combinations of ten, five and three cranial measurements 

were used to create six models that are detailed in Table 18.8, including sectioning points, group 

centroid sizes, cross validated classification accuracy and sex bias values.  
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Figure 18.5. ROC/AUC graphs for (A) dDF4, (B) dDF5, (C) dDF6, (D) dDF7, (E) 
dDF8 and (F) dDF9.  
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Figure 18.6. ROC/AUC graphs for (A) dDF10, (B) dDF11 and (C) dDF12. 

d. Cranial Regions  

The final direct discriminant function models were created for use in specific cranial regions. The 

intention was for these to be applied in scenarios where skeletal remains are damaged from trauma 

and/or taphonomic processes. Measurements specific to the cranial vault and base were used to 

develop three predictive models. The discriminant functions, sectioning points, centroid sizes 

(relative to sex), classification accuracy and associated sex bias values are presented in Table 18.13.  

Further assessments of accuracy included calculation of the posterior probability of correct 

classification and ROC/AUC analysis (Table 18.14 and Figure 18.7).  
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Figure 18.7. ROC/AUC graphs for (A) dDF13, (B) dDF14 and (C) dDF15.  

18.5. Validation of Predictive Models Using Australian Sub-Populations 

The creation of 15 cranial sex estimation standards for the Australian population was made possible 

following the thorough analysis of cranial morphological variability between five Australian sub-

populations (see Part Four). Despite the presence of statistically significant cranial measurement 

differences between sub-populations, it was determined that the most effective and broadly 

applicable, sexing standards should be created based on the pooled sub-populations that represent 

the contemporary Australian population overall. The following analysis is a validation of one of 

the newly created population specific standards using the measurement data of each discrete sub-

population. sDF1 was applied to each of the sub-populations, with overall classification accuracy 

and sex bias values calculated for each (Table 18.15). This predictive model was selected due to 
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Chapter Nineteen 

Discussion and Conclusions 

19.1. Introduction  

The development of population specific cranial sex estimation standards for the Australian 

population has been the subject of Part Five of the present thesis and constitutes the third aim of 

the research project. The previous chapter outlined the results of the statistical analysis of sexual 

dimorphism in the contemporary Australian population, including the development of a series of 

population specific cranial sex estimation statistical models. The present chapter discusses those 

results as they relate to each other and the broader scope of established research into cranial sexual 

dimorphism. The chapter then closes with a series of concluding remarks on the topic. 

19.2. Sexual Dimorphism in the Contemporary Australian Population  

Analysis of the measurement data and descriptive statistics indicated that within the Australian 

population, male cranial dimensions are larger by an average of 5.5% compared to females. 

Comparisons to other published data reveal similar trends, with male cranial measurements 

consistently larger than their female counterparts: for example, by an average of 3.5% in an Italian 

(Cappella et al. 2020), 4.7% in a Thai (Techataweewan et al. 2021), 4.9% in a Tunisian (Zaafrane 

et al. 2018), and 5.7% in a Japanese population (Ogawa et al. 2013). These findings are not 

surprising, as the general basis for cranial sexual dimorphism assumes that male crania are more 

robust and therefore larger than females. Established morphoscopic cranial sex estimation 

standards largely rely on that premise, with the more extreme expression of facial features 

attributed to males (Walker 2008). The basis for this can be attributed to variations in the production 

of hormones during puberty (especially those that influence growth of bone and/or muscle) (Cole 

et al. 2015; Soliman et al. 2014), differential mechanical loading at muscle attachment sites 

(Callewaert 2010) and the influences of sex biased genes (Rigby and Kulathinal 2015).  

Considering the results presented in the previous chapter, all the cranial measurements were 

significantly sexually dimorphic, with bizygomatic breadth, bizygotemporal breadth and basion-

nasion length identified as the three most dimorphic (Table18.2). Those results indicate that, within 
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the Australian population, measurements of craniofacial breadth and cranial length (base length in 

particular) present the highest level of cranial sexual dimorphism and thus have the potential to be 

used for the accurate estimation of sex.   

The high level of dimorphism in bizygomatic breadth is aligned with established research from a 

variety of other geographically divergent populations, including but not limited to, The United 

States of America (Abdel Fatah et al. 2014), Northern India (Saini et al. 2011), Colombia 

(Gonzalez-Colmenares et al. 2019), Turkey (Ekizoglu et al. 2016), South Africa (Dayal et al. 2008; 

Steyn and İşcan 1998), Japan (Ogawa et al. 2013) and Romania (Marinescu et al. 2014). It is thus 

evident that the findings of the present research support the notion that measurements of facial 

breadth are to some degree ‘universally’ sexually dimorphic. Toneva et al. (2020), suggest that this 

‘universality’ is due in large to prolonged growth exhibited by males during puberty, which results 

in more laterally protruding (and often larger) zygomatic arches, relative to females.  

Significant sexual dimorphism was also evident in the cranial base. In the present study, basion-

nasion length was associated with the third highest f-statistic value (393.69). This finding is 

consistent with contemporary literature originating from different population groups. Abdel Fatah 

et al. (2014) developed an improved method of cranial sex estimation in an American sample. The 

study utilised a total of 222 cranial CT scans and acquired 22 cranial measurements. That study 

highlighted several cranial measurements as being sexually dimorphic, including basion-nasion 

length, which was included in half of the multivariate predictive models developed. It was further 

noted that during univariate analysis, basion-nasion was associated with a classification accuracy 

of 82.0%, consistent with the accuracy attributed to bizygomatic breadth (the most sexually 

dimorphic measurement for the population), thus highlighting measurements of the cranial base as 

being useful for the accurate estimation of sex. Further to this, Ekizoglu et al. (2016) investigated 

sexual dimorphism in a modern Turkish population. This study, which analysed data from 400 

individuals, also noted basion-nasion as a highly sexually dimorphic measurement that was 

included in three of their five multivariate models. The underlying reason that this region of the 

cranium exhibits sexual dimorphism is hypothesised to be due to prolonged bone deposition, 

particularly in the frontal bone, experienced by males during puberty, which results in elongation 

and more protrusion of the nasion in males (Ursi et al. 1993).    
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19.3. Development of Population Specific Cranial Sex Estimation Standards  

The quantification of the pattern and magnitude of cranial sexual dimorphism was the necessary 

foundation for the development of population specific sex estimation standards for the Australian 

population. A total of four univariate discriminant functions were associated with cross validated 

classification accuracies >75%, associated with acceptable sex bias values (<±5%). Unsurprisingly, 

given the results discussed above, the predictive models with the highest accuracies utilised 

bizygomatic breath, bizygotemporal breadth and basion-nasion length, with bizygomatic breadth 

identified as the most effective individual measurement for estimating sex (79.4%, sex bias -4.4%). 

This finding is consistent (albeit slightly less accurate) with previous Australian research focused 

on the sub-population of Western Australia. Bizygomatic breadth has also previously been 

identified as highly sexually dimorphic within specific Australian sub-populations. Franklin et al. 

(2013a) developed cranial sexing standards specific to a Western Australian population, using a 

sample of 400 cranial CT scans, from which 13 inter-landmark distances were calculated. The 

result of this investigation identified bizygomatic breadth as the cranial measurement that 

contributed the most toward the differentiation of sex, with the univariate predictive model created 

achieving an accuracy rate of 85.0% with a -0.5% sex bias. This comparison indicates that 

bizygomatic breadth is highly dimorphic for the entire Australian population, and not just within 

specific sub-populations (albeit to varying degrees).  

Direct and stepwise multivariate discriminant function analyses resulted in the production of 15 

predictive models specific to the Australian population; these ranged in accuracy between 75.4 and 

90.5%, all with acceptable associated sex bias values. The upper limit of the present accuracy range 

is comparable (if not higher) than that of contemporary published literature specific to cranial sex 

estimation standards across several populations. Gonzalez-Colmenares et al. (2019) developed 

cranial sex estimation standards for a Columbian population using a sample of 115 cranial CT 

scans. A total of five cranial measurements were taken, and from these two discriminant functions 

were created for estimating sex. The highest accuracy attributed to the predictive models was 

87.2%, comparable to the results of the present study. Lopez Capp et al. (2021) developed 

discriminant functions for the estimation of sex specific to the Brazilian population. A total of 300 

physical specimens and cranial CT scans comprised the sample, from which 50 measurements were 

acquired. The resulting predictive models ranged in accuracy between 82 and 90%, making them 

comparable to the results obtained in the present project. Further to these studies, the upper limit 

of the accuracies attributed to the newly developed Australian predictive models are also 

comparable to results involving studies from Greece 88.2% (Kranioti et al. 2008), Malaysia  86.2% 
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(Ibrahim et al. 2017), Turkey  89.0% (Ekizoglu et al. 2016), and the United States 86.6% (Giles 

and Elliot 1963).  

19.4. Applicability to Routine Casework 

The estimation of sex is paramount to a routine forensic anthropological assessment. As 

demonstrated in Part Three of the present thesis, the choice of sexing standard is crucial to the 

success of this assessment, with population specific predictive models demonstrated to be the most 

accurate. In Australia there is currently no established predictive models that have been proven 

effective toward estimating sex across the broader country. The predictive models outlined in the 

previous chapter provide the first comprehensive set of discriminant functions aimed toward the 

accurate estimation of sex for Australia. It is therefore intended that these predictive models be 

applied broadly during routine forensic casework. To facilitate the latter, 15 multivariate predictive 

models were created for use in different cranial regions, in the attempt to ensure sex estimation can 

still be performed in instances when skeletal preservation is poor.  

The two predictive models associated with accuracies >90% require the acquisition of 36 (dDF3) 

and 11 (sDF1) cranial measurements, respectively. While sDF3 is associated with a slightly higher 

cross-validated classification accuracy, this is only minimal (0.2%) in comparison to the accuracy 

achieved for sDF1. The practicality of taking 36 cranial measurements in a timely and precise 

manner has the potential to negatively impact on the applicability of the function in routine 

casework. It is also noteworthy that the application of dDF3 would require the recovery of an intact 

cranium, free from taphonomic processes and/or trauma, therefore this predictive model may not 

be broadly applicable in all forensic contexts. Furthermore, there is an increased chance to 

introduce error when more measurements are taken, such as for dDF3. It is, therefore, more 

practical and appropriate to apply predictive models (such as sDF1) that utilise a smaller number 

of measurements but are still associated with high accuracy rates.  

Skeletal preservation determines the ability to acquire specific crania measurements. In instances 

where the skull has sustained post-mortem trauma, or death was the result of a violent/traumatic 

altercation, the ability to accurately measure the skull can be compromised. To ensure that an 

estimation of sex is still achievable when cranial morphology is compromised, additional 

multivariate predictive functions were created (dDF13 to dDF15) targeting specific cranial regions. 

The accuracy of these predictive models was comparatively lower than the other functions 

(between 75.4% and 81.5%), this is, however, to be expected as the measurement combinations 
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utilised within each model were compiled to target specific regions of the skull (the cranial base, 

cranial length and vault respectively) that may not traditionally exhibit high levels of sexual 

dimorphism.  

19.5. Conclusions  

One of the primary tasks required of a forensic anthropologist during routine casework is the 

estimation of sex from skeletonised remains. The accurate estimation of sex is therefore of high 

priority, as it not only reduces the pool of potential matches (i.e., removes all individuals of the 

opposite sex) but also increases the estimation accuracy of other sex-specific components of the 

biological profile (e.g. age, ancestry and stature). In Part Three of the present thesis, it was 

demonstrated that an accurate estimation of sex was not achievable in the Australian sample using 

standards developed from populations that are temporally and/or geographically removed from that 

of the decedent.  

Therefore, the development of population specific cranial sex estimation standards for the 

Australian population was necessary. Given the results of Part Four of the present thesis, it was 

determined that accurate population specific sex estimation standard could and should be created 

encompassing the broadest collection of Australian individuals. Part Five presents four univariate 

and 15 multivariate discriminant functions specific to the Australian population, with cross 

validated classification accuracies ranging between 75.0 and 79.4% for the univariate functions, 

(highlighting bizygomatic breadth as the most sexually dimorphic measurement). Multivariate 

analysis resulted in predictive equations with accuracy rates up to 90.5%. Overall, the discriminant 

functions presented here mark the first time a combined Australian sample has been analysed to 

create population specific cranial sex estimation standards. They currently represent the most 

accurate cranial sexing standards for the Australian population and should be considered for use in 

the analysis of unidentified skeletal remains across the country, rather than reliance on models 

produced for temporally and/or geographically removed populations. 
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Chapter Twenty  

Introduction to Part Six 

20.1. Introduction  

The present thesis addresses three aims that are in totality essential toward improving and 

developing Australian forensic capabilities relative to anthropological assessment. The first aim 

was to assess the applicability and accuracy of existing cranial sex estimation standards as applied 

to a contemporary Australian sample; the second was to explore and understand cranial 

morphological variability between the five Australian sub-populations, whilst concurrently 

investigating the degree to which the expression of cranial sexual dimorphism varies across the 

country. The final aim was to develop novel predictive functions for the estimation of sex using 

measurements of the cranium that are specific to a large Australian sample.  

Part Six, the final of the present thesis, concludes the project by summarising the findings of each 

previous part, while also specifically addressing the three aims of the study. In doing so, the final 

chapters of the present thesis will contextualise the findings relative to broader contemporary 

forensic anthropological literature, specifically within the context of Australia. Further, the final 

Part of the present thesis is also intended to outline any limiting factors that should be considered 

when interpreting the results, and importantly outline the ethical and medicolegal implications of 

the findings. A series of concluding remarks will provide suggestions for future research, while 

summarising the key results and the overall importance of the findings of the present thesis relative 

to its contributions to forensic practice in Australia specifically, and more broadly its global 

implications. 
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Chapter Twenty-One 

Integration and Final Conclusions 

21.1. Introduction  

The final Part of the present thesis provides an overview of the findings of the research, relative to 

the investigation into cranial sexual dimorphism of the contemporary Australian population. The 

chapter commences with a succinct summary of Parts One through Five, thus addressing the 

research aims outlined in Chapter One and highlighting the novel contributions the research has 

made to furthering knowledge in the discipline of forensic anthropology. While the present thesis 

represents a large body of work focused on the development of population specific cranial sex 

estimation standards, it also highlights potential areas of interest for future research, which are also 

accordingly considered.   

21.2. Thesis Summary  

The present thesis was presented in six Parts, each with a specific research focus that either 

provided necessary foundational information, or directly addressed one of three project aims. To 

elucidate the significant findings made and conclusions drawn, a summary of the key aspects of 

each Part is presented below. 

21.2.1. Part One: Introduction, Background and Literature Review 

Part One comprised six chapters that introduced the present thesis and provided necessary 

background information toward justifying the need for, and relevance of, the study. The concept of 

virtual anthropology and the importance of undertaking investigations that utilise contemporary 

imaging technologies is presented in Chapter One. In short, CT scans facilitate larger samples to 

be collected without the need for curation and/or storage facilities for physical bone specimens; 

furthermore, virtual repositories allow for the inclusion of imaging of living individuals which most 

accurately represent the contemporary population being investigated (Franklin 2020). Chapter One 

also introduced the three aims of the present thesis: (1) to assess the applicability and accuracy of 

existing cranial sex estimation standards as applied to a contemporary Australian sample; (2) to 
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explore and understand cranial morphological variability between the five Australian sub-

populations; and (3) to develop novel population specific, cranial sex estimation standards for 

contemporary Australia.  

Chapter Two introduced the concept of population specificity and its importance toward ensuring 

accuracy during forensic anthropological assessment. A thorough demographic summary of the 

contemporary Australian population, relative to age, sex and ancestral background was also 

presented. Understanding the composition of Australian state/territory sub-populations facilitates 

subsequent interpretations relative to the expression of sexually dimorphic features of the skull.  

The third chapter provided a summary of contemporary research, specific to forensic anthropology 

within the context of Australia. Where possible, each state/territory was considered individually, 

outlining areas of research focus for specific tertiary and/or research institutions. This in turn 

emphasized the lack of collaborative research currently being conducted within Australia and 

further highlighted the need for morphological assessment that considers a broader portion of the 

Australian population. Chapter Three also included a brief review of pertinent contemporary 

literature that has focused on exploring skeletal morphological variation within the specific 

Australian state/territory sub-populations, thus again highlighting the need for more inclusive 

research focused on the entire Australian population.  

Further background information, necessary to facilitate a deeper understanding of the 

interpretations of morphological variability, was presented in Chapter Four which details cranial 

development and anatomy. Specific reference to divergent morphologies, relative to sex is also 

presented thus providing the foundation for the evaluation of cranial sexual dimorphism within 

Australia.  

Part One concluded with literature reviews focused on two different topics: Chapter Five addressed 

sexual dimorphism in the human skeleton and Chapter Six considered perspectives relative to 

forensic practice and the quantification of sexually dimorphic features of the skeletal system for 

application in casework. The work of Giles and Elliot (1963), Iscan et al. (1995), Steyn and İşcan 

(1998) and Kranioti et al. (2008) were investigated in detail, as predictive models from the latter 

studies were applied to the Australian sample in Part Three of the thesis.  

In summary, the information presented in Part One was the foundational information from which 

the remaining investigations were derived, and without which pertinent results could not be 

adequately interpreted and placed into a broader forensic context by the reader.   
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21.2.2. Part Two: Materials, Method and Preliminary Analyses  

Part Two of the present thesis comprised four chapters and presented the materials and methods, 

and outlined the preliminary analyses performed to ascertain data reliability prior to primary data 

collection and analysis. The 771 cranial CT scans that collectively constituted the Australian 

sample was introduced in Chapter Eight, with particular attention given to describing the 

demographics of each sub-population relative to sex, age, and ancestry (where possible). The 

source of the data originating from PACS databases of (largely) public hospitals within capital 

cities was also outlined. In brief, PACS databases contain medical images collected from a range 

of public hospitals across each state/territory, including remote and/ or rural locations, therefore 

encompassing the broadest available collection of biological data for each state/territory sub-

population. Chapter Eight also outlined the inclusion and exclusion criteria that were applied to the 

cranial CT sample, to ensure that the “normal” cranial morphology of Australians was represented. 

Chapter Nine introduced and defined the 76 cranial landmarks acquired and the process applied to 

calculate the 36 cranial measurements. In doing so, the digital imaging technologies and statistical 

software packages utilised to visualise cranial scans, collect landmark data, and calculate inter-

landmark distances were also outlined, including Osirix®, MorphDB, Morphologika and SPSS. All 

statistical tests applied in the analysis of the derived measurement data across the whole thesis were 

outlined in Chapter Nine, thus streamlining the presentation of the results in subsequent Parts and 

minimizing repetition of methods common to different research questions.  

The final chapter of Part Two, Chapter Ten, presented the results of the preliminary analyses 

conducted on the measurement data, including an intra-observer precision study, analysis of 

bilateral asymmetry and quantification of outliers. The analysis of intra-observer error concluded 

that the acquisition of landmark data and calculation of cranial measurements could be reliably and 

repeatably achieved in the cranial CT scans. The relative technical error of measurement for all 36 

cranial measurements were below the acceptable threshold 5%; similarly, the coefficient of 

reliability for all measurements was ≥ 0.80. The latter combined indicated high precision and low 

error (or bias). Statistically insignificant asymmetry with no obvious data outliers was 

demonstrated.  
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21.2.3.  Part Three: Application and Optimisation of Established Cranial Sex Estimation 

Standards               

The first aim of the present thesis, the assessment of the applicability and accuracy of existing sex 

estimation methods in the contemporary Australian population, was the focus of Part Three. This 

Part was organised into three chapters, the first introduced the aim of the study and provided an 

overview of its importance, relative to the overall objective of the thesis. Chapter Twelve outlined 

the results of the analyses undertaken, while the final chapter of the part, Chapter Thirteen, 

presented a discussion of these results in relation to contemporary literature.  

The investigation conducted in Part Three involved the application of five established cranial 

sexing standards, developed from four geographically distinct populations to the Australian 

samples. These populations included: the United States of America (Giles and Elliot 1963), Japan 

(Iscan et al. 1995; Ogawa et al. 2013), South Africa (Steyn and İşcan 1998) and Greece (Kranioti 

et al. 2008). The results of this investigation indicate that the application of sex estimation standards 

developed on populations distinct to Australia resulted in generally low accuracy rates (50.0 to 

83.9%) and unacceptable sex bias values (-64.0 to 99.7%). Calculation of direct multivariate 

discriminant function analyses in the Australian sample using the same cranial measurements 

outlined within each established predictive model resulted in increased accuracy (77.3 to 85.5%) 

and acceptable sex bias values (-3.3 to -0.8%). These findings reiterated the notion that the most 

accurate anthropological standards are developed using contemporary population specific data that 

most accurately reflect the morphology of individuals within.  

21.2.4. Part Four: Cranial Morphological Variability in Australian Sub-Populations  

The variability of cranial morphology across the five Australian sub-populations was explored in 

Part Four. This study was designed to address the second aim of the present thesis, inter-state 

cranial morphological variability and the potential differential expression of sexually dimorphic 

features. Like Part Three, the findings of this investigation were presented in three distinct chapters, 

specific to the introduction (Chapter Fourteen), results (Chapter Fifteen) and discussion and 

conclusions (Chapter Sixteen). One-way ANOVA, including a Tukey’s HSD post-hoc test, 

highlighted cranial morphological variability across the five samples. Specifically, the NT was 

identified as being the sub-population that exhibited the most statistically significantly differences 

in cranial measurement values relative to the other sub-populations. In addition, the PCA likewise 

identified the NT as being morphologically distinct to the other sub-populations, most significantly 

when assessing craniofacial breadth in both females and males.  
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In addition to investigating cranial morphological variability between the five sub-populations, Part 

Four also provided a comparison of the magnitude of expression of cranial sexual dimorphism 

between and within the sub-populations. Initially a one-way ANOVA was performed to identify 

the most sexually dimorphic cranial measurements within each sub-population. Bizygomatic 

breadth was sexually dimorphic across all sub-populations, similarly bizygotemporal breadth was 

highly dimorphic in four of the sub-populations. Additional one-way ANVOA was performed tp 

ascertain whether there were sufficient morphological differences between each sub-populations 

to allow for allocation of individuals according to their population of origin. Results of this 

investigation indicate that differentiation of individuals into their respective sub-populations 

relative to cranial morphology was not possible with an appropriate level of accuracy. 

The variation between the Australian sub-populations was further investigated using a stepwise 

multivariate discriminant function analysis, resulting in the development of a predictive model for 

the estimation of sex. The combination of cranial measurements included in each predictive model 

highlighted similarities between the sub-populations. Bizygomatic breadth and nasal length were 

included in four of the five predictive models developed (excluding NSW), while basion-bregma 

height and prosthion-basion length were included in two models each.  

The conclusions drawn from Part Four indicate that while there was evidence of some cranial 

morphological variability between the Australian sub-populations, there was not sufficient 

distinctness to necessitate the development of individual state or territory specific cranial sex 

estimation models. Rather, the development of predictive models using a pooled sample would not 

only service a wider Australian community, but also be more forensically useful when unknown 

skeletal remains require investigation that could otherwise not be reconciled back to a specific state 

or territory.  

21.2.5. Part Five: Development of Population Specific Cranial Sex Estimation Standards 

for Australia                 

The main research focus of the present thesis was directed toward the development of population 

specific cranial sex estimation standards that accurately and reliably reflect the cranial morphology 

of contemporary Australians. Part Five accordingly presented the development of a series of 

predictive models, thus addressing the final aim of the study. Part Five followed the format as the 

previous two Parts, with the first chapter (Chapter Seventeen) introducing the aim and the 

importance of the study. Chapter Eighteen presented the analyses performed and the results 
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achieved, while the final chapter (Chapter Nineteen) presented a discussion relative to 

contemporary literature.  

A total of four univariate discriminant functions were created, with cross validated accuracies all 

>75% and associated sex bias values between -4.4 and -0.7%; the most accurate of which utilised 

bizygomatic breadth. A further 15 multivariate discriminant functions were produced, ranging in 

accuracy from 75.4% to 90.5%, with sex bias values between -4.9 to -0.5%. Development of these 

predictive models was achieved through direct and stepwise multivariate discriminant function 

analysis, utilising varied combinations of cranial measurements to maximise accuracy relative to 

versatility and functionality.  

Part Five represents the first time a collective Australian sample (five Australian states/territories) 

has been used to create predictive models specifically for the Australian population. From a 

forensic casework context, those functions facilitate the estimation of skeletal sex across multiple 

jurisdictions, thus servicing a significant proportion of the country overall.  

21.3. Medico-Legal Considerations  

Forensic anthropology is the application of physical anthropological theory, towards facilitating 

the identification of skeletal remains, in a medico-legal context (Christensen 2019). Estimations of 

biological sex, age, stature, ethnicity, in addition to assessment of pathology and trauma, constitute 

a biological profile used to assist in achieving the identification of unknown skeletal remains. 

Within Australia there is a paucity of forensic anthropological standards developed using more 

than a single state/territory sub-population. Therefore, the creation of biological profiles for 

unknown skeletal remains often utilises establish standards from populations that are either 

temporally and/or geographically divergent. Part Three of the present thesis outlined the inherent 

problems with employing this methodology, as standards created using ‘foreign’ populations result 

in unacceptably large sex bias values, thus rendering their application redundant (see Part Three 

for further detail). To estimate sex reliably and accurately for unknown individuals, standards 

should be created using a specific population with sampling methods that cover a broad section of 

the population in question.   

The predictive models created in the present thesis were established using a broad and inclusive 

sample of Australians, including five state/territory sub-populations. Moreover, the use of data 

collected from clinical imaging facilitated inclusion of living individuals within the sample. The 

predictive models created from this sample are therefore directly applicable to the broader 
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Australian population. The associated accuracy and sex bias values achieved were both within 

acceptable ranges and are comparable to existing cranial sex estimation standards developed using 

a variety of international populations (Ekizoglu et al. 2016; Gonzalez-Colmenares et al. 2019; 

Ibrahim et al. 2017; Kranioti et al. 2008). It is therefore imperative that the predictive models 

developed in this body of research be applied to routine casework across Australia for the purposes 

of estimating sex.  

21.4. Future Research  

The predictive models in the present thesis were created using virtual reconstructions of cranial CT 

scans originating from four Australian states and one territory. Unfortunately, due to time and 

budget constraints, CT scans were unable to be collected from Queensland (QLD), Victoria (VIC), 

and the Australian Capital Territory (ACT). While it is expected, based on the results outlined in 

Part Four, that the population specific discriminant functions created in this study could be 

accurately applied to any skeletal remains recovered within Australia, an analysis of cranial 

morphological variability and the expression of sexually dimorphic cranial features specific to a 

sub-population of QLD, VIC and the ACT individuals should be performed to confirm that 

assumption.  

Further to this, the use of virtual samples from several hospitals across the county provided 

precedent for inclusive research, specific to development of anthropological standards. Therefore, 

the development of future predictive models for anthropological assessment including sex, age and 

stature estimation, should ideally include samples that represent as many state/territories sub-

populations as possible. Failure to include individuals from all Australian sub-populations results 

in development of predictive models that can only accurately be applied to narrow sub-populations, 

thereby potentially limiting the applicability of the models.    

21.5. Concluding Statement  

The estimation of sex is important when attempting to ascertain the identity of unidentified skeletal 

remains. Throughout the present thesis it has been unequivocally demonstrated that ensuring 

accuracy of this estimation is only achieved when the standards applied most appropriately 

represent the morphological variances of the population being investigated. Population specific 

cranial sexing methods were developed for use on a wider Australian population, encompassing as 

much of the country as possible, thereby best servicing the needs of the broader community. The 
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primary findings of this thesis, and the predictive models developed, are intended for use during 

forensic casework across the country involving unidentified skeletal remains, with the estimation 

of sex possible at 90% accuracy. Further to this, secondary findings of this research have included 

the analysis of cranial morphological variably across the country, which have the potential to 

inform future research and encourage collaboration where possible to develop standards that more 

accurately represent the entire population.  

This thesis represents one of the first investigations toward developing predictive models for the 

estimation of skeletal sex using, as far as possible, an inclusive sample of contemporary 

Australians. This research represents an important contribution to forensic anthropological 

literature aimed toward establishing the importance of populations specificity for accurate forensic 

anthropological assessment. With the findings of this research demonstrating the presence of 

significant morphological differences among geographically distinct populations, necessitating the 

use of population specific predictive models when analysing unidentified skeletal remains. 
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HUMAN RESEARCH ETHICS APPROVAL - THE UNIVERSITY OF WESTERN AUSTRALIA
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