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ABSTRACT

Technological advancements in forensic imaging have promoted the use of radiographs for skeletal
sex estimation, minimising the need to macerate human remains. Radiographs have been shown
to yield sex classification accuracies similar to those achieved through dry bone analyses method.
This study investigated the observability, repeatability, and sex classification accuracy of skull and
postcranial traits for morphological sex estimation using Lodox® Statscan™ radiographs of white
European adult individuals (n = 150 scans; 72 males, 78 females). The skull and eight postcranial
elements, in association with 32 morphological traits, were assessed for observability and
scorability, followed by sex classification, to assess accuracy. The skeletal elements were observed
first, followed by the observations of associated skeletal traits, given the observability of respective
skeletal elements from Lodox scans. Nominal and ordinal traits were scored on two-point nominal
and five-point ordinal scales, respectively. Intra- and inter-observer repeatability were assessed
using Cohen's Kappa statistics. Eight skeletal elements were observed in over 88% of scans, with
cranium and pelvic bones each achieving 99% observability. High observability and scorability
frequencies were noted for four skull traits (80-93% and 76-93%, respectively), eight pelvic traits
(87-97% and 82-93%, respectively), and select traits of the scapula and distal humerus (78-82%
and 72% and 80%, respectively), with varying repeatability agreements. Sex classification
accuracies ranged from moderate (53-81% for skull and pelvic traits) to low (15-54% for non-
pelvic traits). Sex accuracies of the non-pelvic postcranial traits were low (15-54%). Lodox scans
demonstrated limited trait observability and moderate sex classification, proving less effective than
dry bone analysis. Limitations included interference from soft tissue, distortion, superimposition,
and reliance on anteroposterior scans. Alternative metric sex estimation approaches are

recommended, leveraging the observable traits identified despite Lodox® Statscan™ limitations.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1. Introduction

When skeletonised human remains are recovered in a medico-legal context, forensic
anthropologists are often tasked to assist with the documentation of such remains through the
estimation of biological profile which mainly involves the estimation of biological sex, age-at-
death, population affinity, and stature (Christensen et al., 2014a; Klales, 2020a; Pilli et al., 2023).
Forensic anthropologists may also assess (if present) the pathology, trauma, and taphonomic
changes associated with unidentified skeletal human remains (Christensen et al., 2014b). A
biological profile is mainly achieved by using techniques based on biological anthropology to
obtain details about the deceased individual and the circumstances surrounding their death

(Christensen et al., 2014Db).

Biological sex estimation is a crucial parameter of the biological profile and one of the most crucial
steps when conducting forensic anthropological analysis of human remains recovered in a medico-
legal context (Spradley & Jantz, 2011; Krishan et al., 2016; Klales, 2021). This is because the
accurate estimation of biological sex can effectively eliminate about 50% of the population from
further consideration during the identification of human remains (Christensen et al., 2014c; Berg,
2017). Moreover, the estimation of the other biological profile parameters relies on the accurate
estimation of biological sex (Christensen et al., 2014c), making it an invaluable parameter in

medico-legal investigations.

1.2. Background on Skeletal Sex Estimation

1.2.1. Biological sex and sexually dimorphic skeletal elements

The terms "gender" and "sex" are often used interchangeably in everyday conversation; however,
they have distinct meanings, particularly in a scientific context like forensic anthropology (Berg,
2017; Garofalo et al., 2020). Gender is a social construct encompassing ascribed and perceived
individual roles, behaviours, expressions, and identities (Berg, 2017). In contrast, sex refers to
biological traits, typically categorized as male or female, based on sex chromosomes, hormones,
and associated anatomical features (Berg, 2017; Garofalo et al, 2020). These features include
reproductive organs and skeletal variations, particularly those related to reproduction, which arise
from differences in sex chromosomal arrangement and hormonal production (Frayer & Wolpof,
1985; Leong, 2006; Berg, 2017; Garofalo et al., 2020; Stull et al., 2020). As such, humans are
sexually dimorphic, with morphological variations between sexes expressed through sex-specific
phenotypical differences and skeletal features that are primarily influenced by sex chromosomes,

hormones, and evolutionary pressures related to reproduction and locomotion (Khosla et al., 2001;



Leong, 2006; Stull et al., 2020). Moreover, hormonal influences that drive the development
secondary sexual characteristics post-puberty also affects skeletal development, leading to
distinctions in bone size, shape, and density between males and females, subsequently forming the
basis for skeletal sex estimation (Khosla ef al., 2001; Leong, 2006; Berg. 2017; Stull et al., 2020).
Skeletal sex estimation is easier to conduct in adults and late adolescents compared to subadult
individuals (Berg. 2017; Stull et al., 2020). The purpose of skeletal sex estimation it is to estimate
the individual’s biological sex assigned at birth and not the individual’s gender (Wilson et al.,
2008; Berg. 2017; Garofalo et al., 2020; Stull et al., 2020). Therefore, while societal use of
“gender” and “sex” interchangeably may lessen the distinction between the two concepts, the
biological definition of sex is what is relevant for skeletal sex estimation and potential skeletal

identification.

The human pelvis exhibits sexually dimorphic traits and has long been documented to be the best
skeletal indicator of sex (Phenice, 1969; Klales, 2020a; Stull et al., 2020). The observable
differences primarily arise from selective pressures on males and females due to bipedal
locomotion and parturition (Washburn, 1960; Christensen et al., 2014c; Uy & Laudicina, 2021).
The skull also exhibits significant sexual dimorphism that can assist with sex estimation in humans
(Iscan & Steyn, 2013; Christensen et al., 2014c). The degree of sexual dimorphism is primarily
population-specific, attributed to genetic, temporal (i.e., abiotic and biotic factors), and secular
variations that occur between and within populations (Frayer & Wolpoff, 1985; Bharati et al.,
2001; Bharati ef al., 2005; Dillon, 2014; Lewis & Garvin, 2016; Kenyhercz et al., 2017). In the
absence of the skull and pelvis for morphological sex estimation, especially in cases of remains
associated with skeletal trauma, fragmentation, or scattering due to certain taphonomic agents,
various postcranial elements have been found to display significant sexual dimorphism (Patyal &
Bhatia, 2022; Stock, 2020). For example, the clavicle (Prado et al., 2009; Ishwarkumar et al,,
2016), scapula (Scholtz et al., 2010; Maranho et al., 2023), humerus (Lopez-Lazaro et al., 2020;
Tallman & Blanton, 2020), and the elbow (Airan & Dwivedi, 2018), resulting in the development

of additional morphological methods suitable for sex estimation.

1.2.2. Sex estimation methodological approaches

Skeletal sex estimation primarily involves the estimation of biological sex into binary sex
categories (male and female) through analyses of sexually dimorphic traits of the skull, pelvis, and
various postcranial traits using metric, non-metric (morphological) or a combination of both metric
and morphological (i.e., morphometric) anthropological approaches (Vance & Steyn, 2013; Kriiger
et al., 2015; Berg, 2017; American Academy of Forensic Sciences Standards Board, 2019; Stock,
2020; Pilli et al., 2023). The accuracy of such methods range from 50% to 95% (Rowbotham &



Blau, 2020), and therefore the best skeletal sex estimation results can be obtained when using a

combination of these methods, depending on the available skeletal elements (Klales, 2013).

Metric methods are typically based on standardised dry bone measurements from defined
osteometric landmarks that quantitatively assess the size differences between males and females
(Christensen et al., 2014c; Langley et al., 2016; Klale et al, 2020). These methods are less
subjective, provide quantifiable accuracy rates, and can be applied to incomplete or fragmented
remains to estimate skeletal sex (Christensen et al., 2014c; Berg, 2017; Klales et al., 2020). Unlike
morphological methods, which primarily rely on the description of the degree of sexual
dimorphism associated with a skeletal element, metric methods can potentially detect subtle sexual
dimorphism even in minimally dimorphic skeletal elements, based on the bone’s dimensions
(Christensen et al., 2014c; Rowbotham & Blau, 2020). However, metric methods often require
skeletal analyses based on published statistical models that are mostly population-specific (as
sexual dimorphism varies across populations) and require the utilisation of specialized equipment
and or computer software programs to yield accurate classifications (Buikstra &Ubelaker, 1994;

Ousley & Jantz, 2012; McKeown & Schmidt, 2013; Berg, 2017; Klales ef al., 2020).

In contrast, non-metric methods are typically based on the subjective visual assessment of
morphological traits that exhibit sexual dimorphism (Bidmos et al., 2010; Berg, 2017; Klales et
al., 2020). These traits are then compared to standards that are based on composite visual
images/illustrations and descriptions and are often evaluated based on a nominal and/or ordinal
scoring system to yield accurate sex classification (Bidmos et al., 2010; Berg, 2017; Klales,
2020a). Despite limitations such as observer subjectivity and reduced applicability to subadult or
fragmented remains, non-metric methods are time- and cost-effective, do not require specialized
equipment, and are suitable for preliminary assessments of skeletal remains in various settings
(Bidmos et al., 2010; Stull et al., 2020; Leskovar et al., 2023). Furthermore, they can be highly
accurate with complete and well-preserved remains, and they are supported by extensive
documentation and a long history of use in biological anthropology (Bidmos et al., 2010; Iscan &
Steyn, 2013; Christensen et al., 2014c; Berg, 2017; Klales, 2020a). High sex classification
accuracy is often achieved using a combination of metric and non-metric methods (i.e.,
morphometric). This involves quantifying morphological traits with multivariate statistical
techniques, usually linear distances, angles, and ratios between anatomical landmarks, thus
enabling both the visualisation and statistical quantification of macroscopic and subtle
morphological measurements as well as the assessments of patterns of variation amongst
anatomical features (Adams et al, 2004; Mitteroecker & Gunz, 2009; Vance et al., 2011;

Djorojevic et al., 2014; Krishan et al, 2016). Despite the increasing use of metric and



morphometric methods in anthropological analyses, morphological sex estimation methods remain
a valuable tool and should be continuously improved and integrated with the latest technological

advancements to enhance biological profile estimation.

1.3. Imaging in Forensic Anthropology

Photography plays a crucial role in forensic anthropological cases, allowing the photo-
documentation of the scene and human remains, thus offering a visual record of the scene, human
remains, and associated physical evidence (Rohatgi & Kapoor, 2014; Garvin & Stock, 2016). The
field of forensic anthropology has seen a gradual integration of radiological imaging modalities to
assist in and enhance the estimation of biological profile of skeletal remains, alongside already
established anthropological methods and techniques (Franklin ef al., 2016; Garvin & Stock, 2016;
Mamabolo et al., 2020; Rowbotham et al., 2020; Zhang, 2022). Technological advances in forensic
imaging have favoured the incorporation of radiographs in forensic anthropology to mainly
document human remains recovered in medico-legal context, associated pathology and trauma,
and any individualizing characteristics (e.g., bone healing and internal prosthesis) (Buikstra &
Ubelaker, 1994; Garvin & Stock, 2016; Viner, 2018; Zhang, 2022; LODOX®, 2024). Radiographic
modalities, such as Computed Tomography (CT), Magnetic Resonance Imaging (MRI), and
conventional x-rays, are increasingly utilised in forensic anthropological analysis to aid with the
biological profile estimation (Franklin et al., 2016; Garvin & Stock, 2016; Krishan et al., 2016;
Brits et al., 2017; Brits et al., 2018; Rowbotham & Blau, 2020; Zhang, 2022).

Traditional forensic anthropological analyses often require maceration of human remains for
skeletal assessments, which is labour-intensive, can potentially cause damage to the structural
integrity of bones, including DNA degradation (Triaca et al., 2022), and frequently contravene
with various cultural and religious beliefs (Lembert & Walker, 2019; Zhang, 2022). As such, using
radiographic modalities and radiographs can further reduce the need to macerate human remains,
providing an alternative approach for non-invasive forensic anthropological analyses (Viner,
2018). Additionally, given that radiation exposure is not a concern in postmortem examination or
skeletal analyses, high-resolution imaging, which requires high radiation exposure to the subject,
can be utilised to obtain the best image quality for better visualisation (DeMaio et al., 2019; Zhang,
2022). Thus, forensic anthropologists can utilise high-resolution radiographic images for
comparison across various skeletal regions, assessing bone morphology to aid with skeletal sex
estimation, including estimations of other biological profile parameters (Aly ef al., 2016; Garvin
& Stock, 2016; Rowbotham & Blau, 2020; Zhang, 2022). The principle of skeletal sex estimation
from radiographic images is considered similar to that applied when utilising dry bone, whereby

traits of skeletal elements known to be sexually dimorphic are examined and assessed on



radiographs using known and validated morphological and/or metric sex estimation methods

(Rowbotham, 2016; Rowbotham & Blau, 2020).

Although CT scans have been favoured globally and are considered as the golden standard for
virtual skeletal analyses, they are expensive to set-up and maintain, require trained professional
operators and are not readily available in medico-legal facilities, especially in developing countries
(e.g., South Africa) (Mamabolo ef al., 2020; Zhang, 2022). In contrast, Low Dose X-ray Systems
(commonly known as Lodox®) are frequently found in South African Forensic Pathology Services
(FPS) (Boffard et al., 2006; Reid et al., 2020; Morele et al., 2024). Moreover, Lodox® Systems
are installed in over 20 South African FPS facilities, and more than 50 forensic pathology centres
worldwide, particularly those associated with resource constraints such as financial disadvantages,
high workload/caseload, and limited access to advanced radiographic modalities (Boffard et al.,

2006; Reid et al., 2020; LODOX®, 2023a; Segar, 2023; Morele ef al., 2024).

The Lodox® Systems, particularly the Lodox® Statscan™, are primarily used to scan for metal
artifacts (e.g., firearm projectiles) and detect skeletal injuries in FPS facilities, prior to postmortem
examinations (du Plessis et al., 2020; Spies et al., 2021; LODOX®, 2023b; Morele et al., 2024),
and in hospital trauma centres with patients associated with multiple skeletal injuries (Boffard et
al., 2006; Amirlak ef al., 2009; Deyle et al., 2010; Dempers et al., 2018; Thambura, 2023). The
Lodox® Systems produces high-quality, full-body two-dimensional (2D) digital images of skeletal
structures in anterior-posterior, lateral, or oblique planes, with minimal distortion, spatial
resolution of 1.04 to 5 line-pairs per millimetre, and 14-bit contrast resolution (Beningfield et al.,
2003; Boffard et al., 2006; Chen et al., 2010; Stull et al., 2013b; Mamabolo et al., 2020). Little is
however known about the application of Lodox® Systems in forensic anthropology cases compared
to their use in postmortem examinations of unnatural death cases (Knobel et al., 2006; Stull, 2013a;
Quarrie, 2015; du Plessis et al., 2020; Spies et al., 2021; Morele et al., 2024). As such, the current
study was aimed at investigating the capability of Lodox® Systems to visualise skeletal elements

and morphological skeletal traits for radiographic adult sex estimation.



CHAPTER 2: LITERATURE REVIEW

A multitude of methods and procedures have been developed and are utilised for accurate and
reliable sex estimation using various regions of the human skeleton (Bainbridge & Tarazaga, 1956;
McCornick et al., 1985; Buikstra & Ubelaker, 1994; Walker, 2008; Raveendranath et al., 2009;
Scholtz et al., 2010; Vance et al., 2011; Klales et al., 2012; Iscan & Steyn, 2013; Ishwarkumar,
2016; Rogers, 2021; Gupta et al., 2022 ). A survey by Klales (2013) about the ‘Practices in Physical
Anthropology for Sex Estimation in Unidentified, Adult Individuals’ showed that most biological
anthropologists prefer combining morphological and metric methods for skeletal sex estimation.
Specifically, when using morphological methods, numerous biological anthropologists preferred
the pelvis for morphological sex estimation, followed by the skull and then the long bones (Klales,
2013). Regarding the pelvic morphology, the methods developed by Phenice (1969) (54% first
choice) and Buikstra and Ubelaker (1994) (43% second choice) were the most favoured for
accurate pelvic sex estimation. For skull morphology, the most preferred methods were those of
Buikstra and Ubelaker (1994) (59% first choice) and Walker (2008) (42% second choice).
Regarding long bone morphology, at least 33% of biological anthropologists preferred this
approach for sex estimation (Klales, 2013). The overall bone robusticity was the most preferred
method (63% first choice), while morphological traits of the distal humerus, described by Rogers
(1999), were the second most preferred method (52% second choice) for sex estimation based on
long bone morphology (Klales, 2013). To improve sex classification accuracy, these
morphological sex estimation methods have been tested and validated on specific populations,
including South African populations (Vance ef al., 2011; Kenyhercz ef al., 2012; Stull et al., 2013a;
Kriiger et al., 2015; Ishwarkumar et al., 2016; Kenyhercz et al., 2017; Gupta et al. 2022). This
chapter reviews the literature on morphological sex estimation of the skull and various postcranial
elements, including studies and skeletal traits relevant to South African populations and various
global geographic populations. The current study also explores the application of modern

radiographical modalities in forensic anthropological sex estimation.

2.1. An Overview of Morphological Skull Traits for Sex Estimation

In forensic anthropological casework, the cranium is commonly the most recovered skeletal
element due to its durability, therefore the most studied bone and a valuable skeletal element for
anthropological analyses (Iscan & Steyn, 2013; Indra & Ldsch, 2021). Generally, male cranial
morphology is often characterized by larger, more rugged, and robust features, whereas female
cranial morphology is often smaller, more gracile, and smoother. (Iscan & Steyn, 2013; Berg,
2017). Earlier work from Krogman and Iscan (1962) highlighted several general morphological

differences between the male and female crania, based on a binary nominal scoring system from a



multitude of morphological traits (Table 2.1). Numerous sex estimation studies have shown the

value of using the skull in morphological sex estimation, achieving accuracies of 85% to 95%

when using traditional morphological traits (Williams & Rogers, 2006; Walker, 2008; Kriiger et

al., 2015; Gupta et al., 2022). This makes the skull an invaluable skeletal element for

morphological sex estimation.

Table 2.1: Discrimination of sex based on Krogman and Iscan’s (1962) cranioscopy descriptions.

Mastoid processes

Occipital area

Occipital condyles

Frontal eminences

Parietal eminence

Orbital bones

Forehead slope

Zygomatic bones

Mandible

Palate

Teeth

Medium to large

Muscle lines and protuberance marked

Large

Small

Small

Squared, lower, relatively smaller,
with rounded margins

Steeper, less rounded

Heavier, more laterally arched
Larger, higher
symphysis, broader

ascending ramus

Larger, broader, tends to U-shape

Large, lower M1 more often 5 cusped

Skull Trait Male ‘ Female
General skull size Large Small
Architecture Rugged Smooth
Supraorbital ridges Medium to large Small to medium

Small to medium

[ll-defined muscle lines and protuberance

Small

Large

Large

Rounded, higher, relatively larger, with
sharp margins

Rounded, full, infantile

Lighter, more compressed

Smaller, with smaller corporal
and ramal dimensions

Small, tends to parabolic shape

Small, molars often 4 cusped




de Villiers (1968) conducted morphological sex estimation based on 14 morphological skull traits
(including five of the traits suggested by Krogman and iscan (1962)) of black South African
individuals. These skull traits all exhibited significant sexual dimorphism and subsequently served
as a pioneer study for morphological sex estimation of the skull of Black South Africans. Williams
and Rogers (2006) evaluated the accuracy and precision of morphological sex estimation using 21
morphological skull traits, assessed on 50 adult crania of individuals of European (white) ancestry.
Overall, a 96% accuracy was obtained using 20 traits in combination, with at least 14
morphological traits having accuracies ranging from 58% to 92% for combined sexes, 64% to
100% for males, and 24% to 96% for females. However, only six skull traits were identified as
high-quality traits due to high intra-observer agreements and achieving over 80% classification
accuracies. These six traits were the mastoid process, supraorbital ridge, skull morphology,
zygomatic morphology, nasal aperture, and mandible-gonial angle. The study concluded that these
traits should be of primary focus when utilising skull morphology for sex estimation. Sangvichien
and colleagues (2008) also conducted a sex estimation study based on the 14 morphological traits
of the skull (described by Krogman and Iscan (1962) (Table 2.1)) of individuals from central
Thailand. The method resulted in a 95.5% accuracy for males and 82.9% accuracy for females,
with a combined (male + female) accuracy of 91%. However, the study’s findings did not specify
the sex classification accuracy associated with each skull trait assessed, in addition to using a non-

equally distributed study sample (males: n = 66; females: n = 35).

Buikstra and Ubelaker (1994) developed skeletal sex estimation standards that emphasise the use
of five morphological traits of the skull (mastoid process, glabella, supraorbital margin, nuchal
crest, and mental eminence) for reliable skull morphological sex estimation. Each skull trait was
morphologically assessed and scored on a five-point ordinal scale, with robust, masculine features
at the higher end of the scale (Buikstra and Ubelaker, 1994). However, the provided descriptions
were vague, and the scoring system was primarily developed for individuals of European ancestry
instead of considering the wide range of variations associated with the morphology of the skull.
Subsequently, Walker (2008) modified the method by improving the trait descriptions and
computing population-specific sex estimation logistic regression discriminant functions for
individuals of European American, Native American, African American, and English descents,
thus allowing practitioners to utilise one of the provided, population-specific formulae to insert
assessed trait scores and obtain a final sex estimate. The logistic regression discriminant analysis
achieved an 88% correct sex classification accuracy when all five skull traits were assessed, with
a 0.1% sex bias. The Walker’s (2008) method has been tested and validated in numerous distinct
populations, deriving population-specific discriminant function formulae that achieve similar sex

classification accuracies (Kriiger et al., 2015; Jilala et al., 2021; Garvin, 2020; Rogers et al., 2024).
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Therefore, the Walker (2008) method (in conjunction with Buikstra and Ubelaker (1994) sex
estimation standards) has been regarded as the most preferred morphological method for sex
estimation using the skull, by most biological anthropologists (Klales, 2013). Subsequently, Klales
and Cole (2018) added photos of real bone specimens of each skull trait score described by Walker
(2008) including providing descriptions for the scores between the extreme trait scores (i.e., 2-4)

to improve the interpretation and assessment of these scores.

Kriiger and colleagues (2015) tested the reliability and accuracy of the Walker (2008) method on
a South African skull sample (245 skulls) and generated South African-specific logistic regression
formulae. The utilisation of Walker’s (2008) logistic regression formulae yielded correct sex
classification that were 80% or higher for combinations of the mastoid process, glabella, and
mental eminence traits (White males = 94-97%, White females = 57-62%, Black males = 84-92%,
and Black females = 83-90%). Modified South African logistic regression formulae were
generated, providing 83% to 93% correct sex classification accuracies (combined sex
classification: 81-84% for Black South Africans and 80-93% for White South Africans), thus
validating the method for applicability to South African Black and White population groups. Jilala
and colleagues (2021) tested the Walker (2008) method on a sample of 50 male and 36 female
skulls of contemporary Tanzanian individuals (Black Africans) for morphological skull sex
estimation. The combined (male + female) correct sex classification accuracies ranged from 66%
(nuchal crest) to 87% (mastoid process) with the correct sex classification accuracy being higher
for females (83-88%) than males (47-88%), for all assessed traits. With accuracy rates similar to
the original Walker (2008) findings, the authors recommended further validation of the method for
modern Tanzanian samples. The use of a contemporary sample highlights its potential for skeletal

sex estimation in the Tanzanian population.

A study by Gupta and colleagues (2022) evaluated multiple cranial and mandibular morphological
traits for sex estimation on a South African skeletal sample. Overall mandibular morphology had
the highest sex classification accuracy (combined sex = 83%, males = 92%, and females = 68%),
followed by overall cranium morphology (combined sex = 81%, males = 88%, and females =
69%), glabella morphology (combined sex = 81%, males = 86%, and females = 74%), and gonial
angle (combined sex = 80%, males = 90%, and females = 86%). In contrast, other assessed skull
traits had sex classification accuracies of less than 80%. Malek and colleagues (2023) assessed the
crania of Southern African Holocene San and Khoekhoe populations using the Buikstra and
Ubelaker (1994) standards, in conjunction with the scoring method by Walker (2008) and
compared them with pelvic sex estimates (based on the Phenice (1969) method) to assess

agreements. Of the cranial traits assessed, the morphology of the mastoid process and shape of the



mandible showed the strongest agreements with sex estimates of the pelvis, with accuracies of
73% and 72% respectively, indicating the greatest degree of sexual dimorphism. In contrast, the
morphologies of the mental eminence and nuchal crest yielded the lowest agreements with pelvic

estimates (both 53%).

2.2. An Overview of Morphological Postcranial Traits for Sex Estimation

Numerous studies have attempted sex estimation from almost every single skeletal element that
could be used in cases where the skull is not available for anthropological analysis (e.g.,
Bainbridge & Tarazaga, 1956; McCormick & Stewart, 1983; Rogers, 1999; Scholtz et al., 2010).
Most of the derived methods are age and population-dependent, applicable in conjunction with
metric measurements and discriminant function formulae to yield accurate sex estimations (Iscan
& Steyn, 2013; Klales, 2020a). The following sections provide literature on some of the postcranial
skeletal elements and traits that have been investigated and established for morphological sex

estimation, with the potential to be assessed radiographically.

2.2.1. Scapula morphology

The scapula bone has been studied extensively to investigate its shape and size for sex estimation.
A multitude of the available literature highlights the prioritization of metric and morphometric
methods, which combine metric and non-metric approaches to quantify shape differences, often in
conjunction with population-specific logistic regression formulae and measurements of various
scapular parameters for sex estimation (e.g., maximum length, breadth, spine, glenoid cavity)
(Iscan & Steyn, 2013; Oliveira Costa et al., 2016; Koukiasa et al., 2017; Curate et al., 2024; Smal,
2020). There has been an increase in the use of geometric morphometric approaches to provide
mathematical descriptions of the scapula morphology based on geometric landmarks that retain
shape information, therefore used to assess sexual dimorphism of the scapula and estimate sex
(Snow, 2004; Scholtz et al., 2010; Maranho et al., 2022; Maranho et al., 2023). In contrast, there
1s limited literature on studies that utilise traditional morphological approaches to investigate and
assess sex differences in the morphology of the scapula (Bainbridge & Taragaza, 1956; Scholtz et
al.,2010).

Various scapular bony features have been reported to display sexual dimorphism in their presence
and/or expressions (Bainbridge & Taragaza, 1956; Scholtz et al., 2010). For instance, the depth of
the suprascapular notch has been reported to vary between males and females, with males reported
to exhibit a very deep notch, approaching a full circle, while females exhibit shallow-like notch
(Bainbridge & Taragaza, 1956; Christensen et al., 2014c). Bainbridge and Taragaza (1956)
identified three morphological sexually dimorphic traits of the scapula among a collection of 17%-

18M_century skeletons of European ancestry (i.e., suprascapular notch presence/absence,
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supraspinous fossa curvature, and infraspinous fossa border curvature). A study by Scholtz and
colleagues (2010) investigated the sexual dimorphism associated with the three borders (lateral,
medial, and superior) of the scapula using geometric morphometric analysis (males: n = 45;
females: n = 45). The study found that female scapulae were associated with straighter/steep-
sloped lateral and medial infraspinous fossa borders and a convexly curved supraspinous fossa
border compared to male scapulae. Additionally, the use of the three scapular borders in
combination achieved significant sex classification accuracies (males = 95% and females = 91%)),
with the supraspinous superior border displaying the most variation between males and females.
Similarly, Maranho et al. (2022) evaluated scapula sexual dimorphism based on a geometric
morphometric approach from two Portuguese reference skeletal collections (males: n = 100;
females: n = 111): the 21st Century Identified Skeletal Collection and the Coimbra Identified
Skeletal Collection. The study reported significant differences between male and female scapulae
(males = 67% and females = 68%), with males exhibiting larger scapulae with more curved medial
and lateral infraspinous borders compared to female scapulae. Moreover, a discriminant function
analysis of combined shape and size variables increased the overall sex classification accuracy of

the scapula to 80% (males = 76% and females = 82%).

Overall, the use of geometric morphometric methods for scapula sex estimation allows for the
quantification of two- or three-dimensional homologous structures of the scapula that can be
analysed and assessed morphologically for morphological sex estimation (Scholtz et al., 2010;
Maranho et al., 2022). Further evaluation of sexually dimorphic morphological features of the
scapulae, especially those identified through geometric morphometric analyses, using radiographs

for potential morphological sex estimation is warranted.

2.2.2. Clavicular rhomboid fossa presence

Traditional approaches to morphological sex estimation have not extensively incorporated the
clavicle's morphological features. The majority of the available literature focuses mostly on metric
methods for clavicular sex estimation that can achieve more than 70% sex classification accuracy
(Spradley & Jantz, 2011; Cleary, 2012; Scott et al., 2018; Demir et al., 2022). A multitude of
studies have investigated the relationship between the presence of the rhomboid fossa (i.e.,
costoclavicular tuberosity) and sex across skeletal collections of various global populations, with
varying findings (Jit & Kaur, 1986; Rogers, 2000; Singh & Singh, 2009; Ishwarkumar et al., 2016).
Jit and Kaur (1986) investigated the presence of the rhomboid fossa in the clavicle of 789 North
Indians adults, however, found no sex differences in the presence or absence of the trait, as it was
bilaterally present in 58% and 54% of the male and female individuals, respectively. Furthermore,

Ishwarkumar and colleagues (2016) investigated the incidence of the rhomboid fossa (in
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conjunction with other morphometric parameters of the clavicle) in a South African sample (males:
66; females: 34; age range = 25 to 95 years of age). Ishwarkumar and colleagues (2016)
corroborated Jit and Kaur's (1986) findings, reporting no statistically significant correlation

between the trait and sex, given its presence in 97% of male and 85% of female clavicles.

Rogers and colleagues (2000) derived a clavicle-based sex estimation method based on the absence
or presence of the rhomboid fossa (also known as costoclavicular tubercle). The study was based
on a skeletal collection comprising predominately white Americans (males: n = 195; females: n =
106; age range = 10 to 92 years) from the William F. McCormick collection, University of
Tennessee, Knoxville. The method found that thomboid fossae were more frequently present in
males between 20 and 30 years, with an 81% posterior probability of the individual being male if
found on the right clavicle (59% for females), and a 92% posterior probability of the individual
being male if found the on left clavicle (58% for females). Similarly, Prado and colleagues (2009)
investigated the presence of the rhomboid fossa in a Brazilian population (males: n = 107; females:
n=102; age range = 19 to 85 years) and found statistically significant sex differences, as the traits
was absent in 97% of female clavicles and present in 64% of male clavicles. Overall, there appears
to be no consensus among the available literature regarding the rhomboid fossa being a sexually
dimorphic trait, particularly across different global populations. However, those who report sex
differences in the trait advocate for it to be used as an indicator of sex, and suitable for
morphological sex estimation in medico-legal investigation (Rogers, 2000; Prado et al., 2009).

Nevertheless, further investigation of associated sex differences of the trait is required.

2.2.3. Distal humerus morphology

Amongst postcranial skeletal elements (in the absence of the pelvis), the humerus has been found
to differ significantly, morphologically between sexes (Rogers, 1999; Falys et al., 2005; Vance et
al., 2011; Tallman & Blanton, 2020). Rogers (1999) identified four morphological traits on the
distal and posterior humerus that display sexual dimorphism (i.e., medial epicondyle angle,
olecranon fossa shape, trochlear symmetry, and trochlear constriction) based on a sample of white
Americans from the Documented Skeletal Collection at the University of New Mexico (n = 35)
and the William M. Bass Donated Skeletal Collection at the University of Tennessee, Knoxville (n
= 93). Male distal humeri exhibit a flat medial epicondyle angle, a triangular-shaped olecranon
fossa, as well as an asymmetrical and less constricted trochlea. In contrast, female distal humeri
exhibit a posteriorly angulated medial epicondyle, an oval-shaped olecranon fossa, as well as a
more symmetrical and constricted trochlea. As aresult, each trait was scored as either “male-like”
or “female-like”, with the traits having a sex classification accuracy range from 69% to 88%

individually, and a 91% combined sex classification accuracy. Subsequent validation indicate that
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the methods perform moderately well, achieving over 70% overall sex classification accuracies,
particularly when all four traits are assessed (Falys et al., 2005; Vance et al., 2011; Tallman &
Blanton, 2020).

Falys and colleagues (2005) evaluated Rogers’ (1999) distal humerus sex estimation method using
the St. Bride’s Documented skeletal collection comprising of individuals of British European
ancestry (males: n=184; females: n=167). The individual traits had a significant sex classification
accuracy ranging from 69% (trochlea constriction) to 81% (olecranon fossa shape), with a
combination of all traits providing a 79% sex classification accuracy. Vance et al. (2011) tested
and validated Rogers’ (1999) distal humerus method on a skeletal collection of black and white
South African individuals from the Pretoria Bone Collection, University of Pretoria (males: n =
420; females: n = 188). However, Vance and colleagues (2011) modified Rogers’ (1999) method
by excluding trochlea constriction (due to the ambiguous definition) and implemented a five-point
ordinal scoring scale for the remaining distal humerus traits. Additionally, schematic diagrams for
each of the assessed traits were generated to complement the ordinal scoring system. The combined
three traits provided a 75.5% sex classification accuracy for black and white South Africans (males
=74% and females = 77%), which was lower than Rogers’ (1999) 91% sex classification accuracy

but still acceptable for forensic casework.

Similarly, Vance and Steyn (2013) reported 78% and 79% male and female sex classification
accuracies (respectively) when geometric morphometric analysis of the three distal humeri traits
from Vance and colleagues (2011) was assessed (males: n = 66; females: n = 55). Furthermore,
Tallman and Blanton (2020) derived five-point ordinal scores for each of Rogers’ (1999) distal
humerus morphological traits from skeletal collections of modern Thai individuals (males: n =
418; females: n = 198). The assessment of distal humerus traits was also conducted according to
the schematic diagrams and descriptions provided by Vance and colleagues (2011). Tallman and
Blanton (2020) also provided real bone specimen photos of each posterior distal humerus trait to
visualize intricate details of associated traits’ morphologies, including subtle morphological
features that may be critical for accurate sex classification. The achieved sex classification
accuracies ranged between 13.9% (trochlear constriction for females) and 81.4% (medial
epicondyle angle for males). However, all of the traits exhibited male biases, ranging from 29% to
64%. Similar to Vance and colleagues (2011), the trochlear constriction performed inadequately
due to its ambiguous definition and description. Nevertheless, these studies highlight that
population differences exist in the morphology of the distal humerus and those distal humerus

traits are significantly suitable for morphological sex estimation in forensic anthropological
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casework, when other elements are absent. As such, further assessment of these distal humerus

morphological traits from radiographs for potential morphological sex estimation is warranted.

2.2.4. Rib costal cartilage morphology

The skeletal elements of the anterior thoracic cage are often associated with subtle morphological
variations or anomalies that may be informative in the sex and age-at-death estimation of human
remains (Macaluso Jr. & Lucena, 2014a). Moreover, the components of the anterior thoracic cage
are frequently preserved and recovered in decomposing and skeletonised remains, thus deemed
invaluable for biological profile estimation of unidentified skeletal remains (McCormick et al.,
1985; Damiata et al., 2013; Keyes et al., 2020). As such, rib costal cartilages have been studied
extensively for morphological sex estimation (with literature dating back to the 1950s) by
analyzing calcification/ossification patterns within the costal cartilages of male and female
individuals (Fischer, 1955 as cited in Patyal & Bhatia, 2022; Elkeles, 1966; McCormick & Stewart,
1983; McCormick et al., 1985; Rejtarova et al., 2004; Patyal & Bhatia, 2022). Contrary to most
morphological traits, costal cartilage ossification patterns are mainly visible on radiographic
images, especially once they begin to calcify, around the ages of 35 years or older (McCormick et
al., 1985; Ontell et al., 1997; Rejtarova et al., 2004; Patyal & Bhatia, 2022). A multitude of studies
have reported significant sex differences in costal cartilage ossification patterns, with females
exhibiting a more centrally placed ossification pattern and males exhibiting a more peripheral,
marginal ossification pattern (e.g., McCormick et al., 1985; Rejtarova et al., 2004; Christensen et
al., 2014c; Patyal & Bhatia, 2022). Similar to most sex estimation methods, the accuracy of the
use of costal ossification patterns for morphological sex estimation is variable amongst and/or
between population groups and are also age-dependent as they are mainly visible on radiographic
images once they begin to calcify (McCormick et al., 1985; Ontell et al., 1997; Rejtarova et al.,
2004; Christensen et al., 2014c; Patyal & Bhatia, 2022). As such, population affinity and age
parameters should be considered when attempting morphological sex estimation using costal
cartilages ossification patterns. Nevertheless, this method has been shown to be invaluable for
morphological sex estimation, especially in medico-legal cases whereby the thoracic cage is

recovered (McCormick et al., 1985; Rejtarova et al., 2004; Patyal & Bhatia, 2022).

Elkeles (1966) observed sex differences in the ossification patterns of the ventral costal cartilages
from radiographs of 2606 patients of European ancestry (males: n = 1329; females: n = 1277) with
an age-at-death range of 30 to 80 years. The study found that the ossification pattern in males were
characterized by linear-like bands confined to the perichondrium (i.e., peripheral) whereas in
females they were curved-like bands of dense granular ossification patterns. Moreover, the degree

of ossification was five times higher in female individuals than in males aged between 30 and 50
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years. Later, McCormick and Stewart (1983) investigated sex estimation based on costal cartilage
ossification patterns from adult chest x-ray plates of individuals of European (males: n = 396;
females: n = 268), African (males: n = 204; females: n = 122) and Hispanic descent (males: n =
94; females: n = 43). A 92% sex classification accuracy was achieved. Females exhibit centrally
placed globules of ossification patterns, whereas males had predominantly heavy peripheral
ossification patterns. Rejtarova et al. (2004) also evaluated sex differences in the costal cartilage
ossification patterns from x-rays of 537 male and 507 female individuals of European descent
(Czech Republic). Similar to prior studies, peripheral ossification patterns (93% classification
accuracy) were associated with male individuals, whereas centrally placed, globular/lingual
ossification patterns (77% classification accuracy) were associated with females. In addition,
Patyal and Bhatia (2022) conducted similar investigations of sex estimation from costal cartilage
ossification patterns. The study utilised posterior-anterior x-ray radiographs of North Indians (n =
450) and achieved similar observations as prior studies (i.e., peripheral ossification patterns in
males and centrally-placed, globular ossification patterns in females). However, compared to prior
studies conducted on distinct population groups, Patyal and Bhatia (2022) achieved significantly
high classification accuracies for sex estimation based on rib costal cartilage ossification patterns,

reporting 99% classification accuracy for males and a 100% classification accuracy for females.

The above-mentioned studies reported the costal cartilage ossification patterns of the lower ribs
(8™ -12™) to exhibit the most sexual dimorphism, which is positively correlated with increasing
age (Elkeles, 1966; McCormick et al., 1985; Rejtarova et al, 2004; Patyal & Bhatia, 2022).
Unfortunately, no subsequent African-based studies in the available literature have investigated
this phenomenon. As such, further investigation based on a sample of individuals of African
descent is needed as the available literature statistically emphasises the existence of morphological
sex differences in the ossification patterns of human costal cartilage that is highly predictive of sex

estimation across distinctive populations.

2.2.5. Pelvis morphology

The pelvis is widely regarded as the most sexually dimorphic element of the human skeleton,
studied extensively for sex estimation, and thus considered the best skeletal element for biological
sex estimation of human remains (Krogman & Iscan, 1962; Phenice, 1969; Buikstra & Ubelaker,
1994; Austin & King, 2016; Klales, 2020a; Garvin et al., 2021; Braun et al., 2023). Similar to the
skull, Krogman and Iscan (1962) highlighted general morphological differences between the male
and female pelvic bone from a multitude of morphological traits that can be assessed and scored
based on a binary nominal scale (Table 2.2). Like the skull, there is a likelihood of a large degree

of overlap in the traits, with the existence of an infinite number of morphological variations
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between the ultra-masculine and ultra-feminine pelvic traits (Iscan & Steyn, 2013). Subsequent

studies have tested and sought to determine the accuracy of the traditional morphological traits

outlined in Table 2.2, including improving and validating them across distinct geographic

populations, highlighting their significance in forensic anthropological cases (Patriquin et al.,

2003; Walker, 2005; Listi & Bassett, 2006; Blanchard, 2010; Klales et al., 2012; Gupta et al., 2022;

Rojas Gonzélez et al., 2024).

Table 2.2: Discrimination of sex based on Krogman and Iscan (1962) pelvis morphological traits.

Pelvis Trait

Male

Female

Pelvis as a whole
Pubic symphysis
Subpubic angle
Pubic bone shape

Ventral arc

Obturator foramen
shape

Acetabulum
Greater sciatic notch
Sacroiliac joint
Auricular surface
Postauricular space
Preauricular sulcus
Postauricular sulcus
Hium

Iliac tuberosity
Sacrum

Pelvic brim/inlet

True pelvis or cavity

Massive, rugged
Higher
V-shaped (<90°)
Triangular
Absent
Large, ovoid
Large, directed laterally
Smaller, narrow, deep
Slightly everted
Raised
Narrow
Absent, not frequent
Absent. Not frequent
High, vertically aligned

Large, not pointed

Longer, narrower, with more
evenly distributed curvature

Heart-shaped

Relatively small

Smaller, gracile

Lower

U-shaped/broader divergent (>90°)
Rectangular
Present; well defined
Small, triangular
Small, directed antero-laterally
Large, broad, shallower
Strongly everted
Flat
Wide

More frequent, better developed

More frequent, sharper auricular surface
edge

Lower, laterally divergent

Small or absent, pointed

Shorter, broader, with a tendency of
marked curvature at S1-2 and S2-5

Round, elliptical

Oblique, shallow, spacious

Patriquin and colleagues (2003) assessed five morphological pelvic traits from the Krogman and

Iscan (1962) trait list using a sample of black and white South African contemporary skeletal

remains (i.e., pubic bone shape, subpubic concavity, ischiopubic ramus form, ischial tuberosity
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orientation, and greater sciatic notch morphology). The study results indicated that the pubic bone
shape was the most reliable trait for accurate pelvic sex estimation in both sexes and population
groups. The pubic bone shape and subpubic concavity were the most discriminating traits in white
South Africans, with an 88% combined sex classification accuracy, while the greater sciatic notch
form was the most discriminating traits in black South Africans with 87.5% classification accuracy,
followed by the pubic bone shape (combined accuracy = 84.5%). Furthermore, Steyn and
colleagues (2004) analysed the morphology of the greater sciatic notch using geometric
morphometric analyses on a skeletal sample of black and white South African individuals (males:
n = 57; females: n = 58). Black males (91%) were found to be characterised by a narrow
configuration, while there were no significant distinctions between the sciatic notch shapes of
white males (67%) and females (91%), and black females (84%), characterized by a predominantly

wide configuration.

A subsequent, similar study by Pretorius and colleagues (2005), utilised a sample of black South
African individuals (males: n = 29; females: n = 31) and reported slightly improved accuracies,
with a 90.3% combined sex accuracy (male =93.1% and female = 87.1%). Similar accuracies have
also been reported by Walker (2005) using traditional morphological assessment of the greater
sciatic notch morphology based on a skeletal sample of white and black Americans, and geometric
morphometric analyses by Gonzalez et al. (2009) and Gémez-Valdés et al. (2012) based on skeletal
samples of white European and contemporary Mexican individuals, respectively. Similarly, the
subpubic angle has been studied extensively with regards to discriminating between sexes and
reported to yield significant sex classification accuracies across distinct population groups (Small
et al., 2012; Stull et al., 2013a; Gupta et al., 2022). For instance, a study by Small and colleagues
(2012) quantified the subpubic angle from a sample of Black and White South African human
pelves. The subpubic angle was found to have an 86% average sex classification accuracy for both
population groups. Similarly, a study by Gupta ef al. (2022) evaluated four morphological traits
on the pelvis, including subpubic angle, for sex estimation on a skeletal sample of black South
Africans (n=161) from the Raymond A. Dart Collection of Modern Human Collection, University
of the Witwatersrand. The authors reported 93% and 95% sex classification accuracies for male
and female subpubic angles (respectively), followed by the greater sciatic notch form (males =
87% and females = 66%), arc compose (males = 88% and females = 71%), and iliac crest (males
=73% and females = 65%). Overall, the above-mentioned study findings tentatively highlight that
numerous traits of the pelvis, including those outlined by Krogman and Iscan (1962) (Table 2.2),
are invaluable for accurate morphological sex estimation of the pelvis, including South African
population groups. Numerous studies have found that three pubic bone traits (subpubic contour,

ventral arc, and ischiopubic ramus form) can accurately and reliably estimate pelvic morphological
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sex. These traits consistently demonstrate accuracy rates of up to 95%, across distinct population
groups, leading to their recommendation as standards methods (e.g., Phenice, 1969; Buikstra and

Ubelaker. 1994; Klales, 2013; Klales & Cole, 2018)

Phenice (1969) developed a morphological method for sexing the pelvic bone (os coxae) using a
sample of Black African (males: n = 20; females: n = 27) and white European (males: 160; females:
43) individuals. The author reported significant sexual dimorphism in the morphologies of the
ventral arc, subpubic contour and ischiopubic ramus. Sex estimation using these traits in
combination provided 95.56% male accuracy (black Africans = 95%; white European = 95.62%)
and 96.84% female accuracy (black Africans = 94.23%; white Europeans = 100%). Subsequent
studies have tested and validated the Phenice (1969) method across distinct population groups,
reporting significantly similar sex classification accuracies (e.g., Ubelaker & Volk, 2002;
Kenyhercz, 2012; Salim, 2012; Kenyhercz et al., 2017; Jager & Eliopoulos, 2023; Rojas Gonzélez
et al., 2024).

For instance, Buikstra and Ubelaker (1994) presented: Standards for Data Collection from Human
Remains, and emphasised the use of Phenice’s (1969) three traits, in combination with the presence
of a preauricular sulcus and the morphology of the greater sciatic notch for reliable morphological
sex estimation of the pelvis. That same year, Rogers and Saunders (1994) assessed the accuracy
and reliability of 17 morphological traits of the pelvis, including Phenice’s (1969) traits and traits
outlined in Table 2.2, using skeletal remains of 49 19th-century Canadian individuals. The authors
reported combined sex classification accuracies ranging from 6.1% (sacral segments) to 94%
(sacrum shape). However, the overall effectiveness of a trait for reliable sex estimation was ranked
based on an effective score that was a combination of sex accuracy and precision (intra-observer
error) scores. Unfortunately, no attempt was made to balance the validity and reliability of the
scores, thus, some traits achieved high overall effective ranking even with relatively low accuracy
or precision scores. As a result, not all traits suggested by Buikstra and Ubelaker (1994) were in

the top ten list of most effective pelvic traits for sex estimation.

For instance, both the greater sciatic notch (combined accuracy = 85.6%; ranked 12 in precision)
and the medial ischiopubic ramus (combined accuracy = 80%; ranked 10" in precision) were
ranked 12% and 15" in overall effective pelvic morphological sex estimation, respectively, even
though they have been emphasised as standard traits for pelvic sex estimation by Buikstra and
Ubelaker (1994). Nevertheless, their findings were in agreement with the ventral arc being the
most effective trait for pelvic sex estimation (ranked 1*') even though it was the fifth most accurate
pelvic trait (86.9% combined accuracy; ranked 1% in precision). Overall, while taking into

consideration degree of precision and correct sex accuracy associated with assessing a particular
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trait, the authors suggested six traits as the most effective as sex discriminators due to due high
precision (<5% intra-observer errors) and greater than 83% combined classification accuracies
(i.e., ventral arc, obturator foramen shape, true pelvis shape, sacrum shape, subpubic concavity
and pubis shape). Despite this ranking, the survey by Klales (2013) indicated an overwhelming
preference for pelvic traits by biological anthropologists, particularly those recommended by
Phenice (1969) and Buikstra and Ubelaker (1994), for reliable morphological skeletal sex

estimation.

Klales and colleagues (2012) as well as Klales and Cole (2018) revised the Phenice (1969) method
to use five-point ordinal scoring scale, to account for intermediate and/or ambiguous features and
provided real bone specimen photos of each pelvis trait, respectively, with gracile, feminine
features at the lower end of the scale. Using logistic regression formulae by Klales and colleagues
(2012), the combination of the traits achieved a 95.5% accuracy (males = 99% and females = 92%)
for experienced observers and 85.5% for inexperienced observers (males = 87% and females =
84%), with the ventral arc (88.5% combined sex) and subpubic concavity (86.6% combined sex)
achieving the highest trait combination accuracy of 93.5% (males = 95.4% and females = 91.6%)
amongst Phenice’s (1969) traits. Overall, the Phenice (1969) method, in conjunction with the
Klales et al. (2012) and Klales and Cole (2018) methods, is considered the most preferred
morphological method for pelvic sex estimation by most biological anthropologists (Klales, 2013)
and has been validated in distinct population groups, including South African population groups

(Kenyhercz, 2012; Stull ef al., 2013a; Kenyhercz et al., 2017).

Kenyhercz (2012) evaluated and validated the accuracy of the pelvis sex estimation method by
Klales et al. (2012), including the associated logistic regression formulae, on a sample of modern
South Africans (males: n = 61; females: n = 44) from the Pretoria Bone Collection, University of
Pretoria. The Klales et al. (2012) method indicated significant success when applied to a modern
South African sample, with classification accuracies ranging from 90.6% (k-nearest neighbour
analysis) to 99.2% (ordinal logistic regression analysis) combined accuracies, depending on the
method of analysis. Although the accuracies associated with the assessed pelvic traits were not
indicated, the ventral arc was highlighted as the most sexually dimorphic pelvic trait, followed by
the subpubic concavity, and the ischiopubic ramus medial aspect. Similarly, Stull and colleagues
(2013a) tested and validated the Klales et al. (2012) method on a South African sample in
conjunction with five statistical analyses (discriminant function analysis (DFA), flexible
discriminant analysis (FDA), logistic regression (LG), classification trees, and random forest
models (RFM)). The average classification accuracies ranged from 92% to 99% for the respective

statistical methods (i.e., classification tree = 92%, RFM = 96%, DFA & FDA = 96.5%, and LG =
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99.2%). Moreover, the Klales ef al. (2012) method was subsequently validated and recalibrated by
Kenyhercz (2017) across four distinct population groups (i.e., black and white North Americans,
black and white South Africans, Thai, and Hispanic border crossers). The achieved accuracies
were relatively greater than those of the original study (Klales ef al, 2012), with validation
accuracies ranging from 87.5% (Hispanic border crossers) to 95.6% (North Americans) and
combined correct recalibration accuracies ranging from 89.6% (Hispanic border crossers) to 98%
(South African Blacks), with an average global recalibration accuracy of 95.9%. These high
accuracies are indicative of the significant sexual dimorphisms associated with the human pubic
bone and also indicate that the Klales ef al. (2012) method can be applied in diverse worldwide
populations for accurate morphological sex estimation without the need for population specific
equations. Consequently, the method has since been applied to South African forensic
anthropological case analyses for sex estimation of skeletal remains, thus further assessment of the
Klales et al. (2012) methods from radiographs of South Africans is warranted to determine if

similar accuracies can be achieved.

Overall, pelvic morphology has been considered the most reliable sex estimation method for South
African forensic casework of unknown human remains, particularly by examining the pubis due
to exhibiting a significant degree of sexual dimorphism. Further investigation of the applicability
of x-ray radiographs to sufficiently visualise pelvic traits for morphological sex estimation, based

on current South African validated morphological pelvic sex estimation methods is warranted.

2.2.6. Other postcranial morphological traits of interest

The morphology of the female pelvis has been reported to be associated with adaptations of other
long bones, namely, the elbow (olecranon-coronoid angle also known as the elbow carrying angle),
hip (femoral neck shaft angle), and knee angles (quadriceps angle also known as Q angle)
(Livingston, 1998; Airan & Dwivedi, 2018; Stock, 2020). However, there is limited literature on
studies investigating morphological sex differences of such traits, and those studies that are
available, are based mainly on assessments for clinical significance and application in bone
fracture repair surgeries, rather than forensic anthropological analysis (Horton & Hall, 1989;
Purkait, 2001; Raveendranath et al., 2009; Rogers et al., 2021; Skouras et al., 2022). For instance,
the femoral neck shaft angle (NSA) (i.e., the angle between the axis of the femoral neck and
femoral long axis) is regarded as one of the frequently measured anatomical features of the hip as
it is invaluable for the assessment of hip anatomy and surgical operations (Haddad et al., 2013;
Boese et al., 2016). In general, varying ranges of the femoral NSA have been reported as standard
references, with mean ranges between 120° to 150°, when measured from pelvic radiographs

(Boese et al., 2016). Moreover, various clinically based studies such as those by Elbuken ef al.
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(2012), Haddad et al. (2013), and Fischer et al. (2020) have reported small but significant sex
differences in the femoral NSA, while studies by Gilligan et al. (2013) and Rogers et al., 2021)
had reported the opposite.

For those that reported significant sex differences, there seem to be no consensus on whether the
femoral NSA is wider or narrower in females and males, and this could be attributed to no
consensus in the method of measurement and hip alignment (Boese et al., 2016). Study findings
by Elbuken et al. (2012) and Haddad et al. (2013) reported the femoral NSA to be significantly
larger in males (mean = 129.63° and 133.14° £ 5.54°, respectively) compared to females (mean =
129.14° and 132.98° + 5.90°, respectively). In contrast, study findings by Fischer et al. (2020) and
Rogers et al. (2021) have reported the NSA to be significantly wider in females (mean = 127.4° +
6.6° and 133.61°+ 5.17°, respectively) than in males (mean = 126.5° + 6.8° and 131.56° £+ 4.74°,
respectively), with Rogers et al. (2021) reporting an 87.7% combined sex accuracy in variation of
the femoral NSA (males = 86.8% and females = 88%). As such, further assessment of the femoral
NSA from x-ray radiographs is required, especially on a South African based sample, to investigate
associated sex differences and determine if they could be applicable in forensic anthropological

analysis.

Purkait (2001) devised a sex estimation method using three measurements of the ulna (including
olecranon-coronoid angle) from 160 dry adult ulnae (100 males and 60 females) of individuals of
Indian ancestry. The olecranon-coronoid angle was measured by placing the bone on its medial
surface on an osteometric board, with the styloid process in contact with the lateral wall of the
board. A thread was adjusted to align parallel to the line connecting the upper lip and the beak of
the olecranon process, measured at the intersection of the lateral wall of the board (base) and the
extended thread using a protractor (Purkait, 2001). The study findings indicated the olecranon-
coronoid angle as the single best parameter for sex estimation, yielding 85% classification
accuracy, and being broader/wider in male ulnae (mean = 22.26° + 3.47°; 89% classification
accuracy) and narrow in female ulnae (mean = 14.73° + 4.46°; 78% classification accuracy). Airan
and Dwivedi (2018) conducted a cross-sectional study of 400 individuals of Indian descent (males:
n = 201; females: n = 199) to investigate sex differences in the elbow carrying angle
radiographically (i.e., acute angle formed between median axis of the arm and that of the extended,
supinated humerus) and found that angle was wider in females (mean = 12.31° £+ 2.53) compared
to males (mean = 8.71° + 2.54°). It was inferred that the elbow carrying angle could be considered
as a secondary sexual characteristic due to significant differences between the male and female

elbow carrying angles (Airan & Dwivedi, 2018), thus, it could be applicable in forensic
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anthropological analysis and sex estimation of unknown remains, particularly for fragmentary

skeletal remains.

The available literature indicates that there are significant sex differences in the average degrees
of the Q angle (i.e., the articulation angle of the femur with the tibia at the knee) between sexes
and various population groups (e.g., Arabians, Black Nigerians, and North Indians), ranging from
10° to 15° in males, and 15° to 20° in females (Omololu et al., 2009; Raveendranath ef al., 2011;
Khasawneh et al., 2019; Shantanu et al., 2023). The observed sex differences in Q angle likely
result from variations in the relative positions of the anterior superior iliac spine (ASIS), patella,
and tibial tuberosity, leading to distinct ranges of the Q angles between sexes (Shantanu et al.,
2023; Gant et al., 2024). Specifically, the wider female pelvis increases the distance between the
ASIS and patella, effectively causing the knees to angle inward. This increased angle shifts the
weight and force laterally at the knee, particularly onto the tibial tuberosity, which is positioned
more laterally in females compared to males (Shantanu et al., 2023; Gant ef al., 2024). Horton and
Hall (1989) investigated the relationship between the Q angle and sex based on a sample of 100
American individuals equally distributed by sex and reported the Q angle to be narrow in male
individuals (11.2 + 3°) compared to female individuals (15.8° +4.5°). Similarly, Raveendranath et
al. (2009) and Shantanu et al. (2023) measured and assessed the Q angles of individuals of Indian
ancestry, equally distributed by sex, to determine if there are significant sex differences between
male and female Q angles. Like Horton and Hall (1989), Raveendranath et al. (2009), and
Shantanu et al. (2023) also reported significant sex differences in Q angles, with the mean values
higher in females (14.48° £+ 2.02° and 13.68° + 1.87°, respectively) compared to males (10.98° +
1.75% and 11.14° + 1.9°, respectively). These findings agree that the Q angle is sex-specific and
contributes to efficient locomotion, since it influences knee joint biomechanics, lower limb
alignment, and weight distribution, and it enables proper patellar tracking within the femoral
groove which is essential for smooth movement during activities like walking, running, and

jumping (Shantanu et al., 2023; Gant et al., 2024).

While extensive research exists on skeletal sex estimation using traditional morphological traits
and in combination with various methodological approaches (metric and morphometric methods),
the application of modern medical imaging modalities, particularly Lodox® Systems, remains
underexplored for morphological sex estimation. This is a significant gap, considering the
advantages of Lodox® Systems imaging in visualising skeletal tissue in addition to its widespread
global availability in forensic pathology centres for assistance in postmortem examinations, human
identification, and skeletal trauma and pathology assessments (Viner, 2018; du Plessis et al., 2020;

Reid et al., 2020; Venketsamy, 2022; LODOX®, 2024; Morele et al., 2024). Moreover, given the

22



high sex estimation accuracy of the aforementioned skull and postcranial traits, further
investigation into the ability to visualize these traits on x-ray radiographs for morphological sex
estimation is warranted. Such investigations should prioritize the use of Lodox® Systems x-ray
modalities (e.g., Lodox® Statscan™ and Lodox® eXero-dr™), given their widespread installation
in South African FPS facilities (Evangelopoulos et al., 2009; du Plessis ef al., 2020; Reid et al.,
2020; LODOX®, 2024; Morele et al., 2024).

2.3. Modern Medical Imaging Modalities in Forensic Anthropological Sex

Estimation

Forensic radiology involves obtaining, interpreting, and reporting of radiological images for
medico-legal investigations, which may include cases presented in a courtroom (Elifritz et al.,
2014). Majority of imaging modalities used in clinical medicine are generally applicable to
medico-legal investigation cases as well, including traditional radiography (x-rays), ultrasound,
CT and MRI scanners (Elifritz et al., 2014; Garvin & Stock, 2016; Viner, 2018; Mamabolo et al.,
2020). However, traditional radiography is the oldest and remains the most commonly utilised
imaging modality (Elifritz et al., 2014; Viner, 2018); although postmortem CT and postmortem
MRI are increasingly being used in forensic practices, including in forensic anthropological
analyses (Eliftitz et al., 2014; Garvin & Stock, 2016; Viner, 2018; Brits ef al., 2018; Zhang, 2022).
Radiological images allow for non-invasive assessment of human remains, in-situ with soft tissue
intact, through virtual reconstruction and digital evaluation of the scanned remains, providing
detailed information that can be utilised in medico-legal investigations (Elifritz ez al., 2014; Garvin
& Stock, 2016; Viner, 2018; Mamabolo et al, 2020). This allows for anatomically detailed
descriptions of human remains, regardless of the preservation state of the soft tissues, including
anatomical descriptions that can potentially facilitate the assessment of the biological profile,
pathology, and trauma (Garvin & Stock, 2016; Teodoru-Raghina et al., 2017; Varzandeh et al.,
2019; Zhang, 2022). Radiographs present certain challenges, primarily due to their limited 2D
view (Garvin & Stock, 2016; Mamabolo et al., 2020). This limitation results in the distortion,
overlap and superimposition of bony features, which can obscure or underestimate the true extent
and 3D morphology of bony features (Williams et al., 2007; Stull et al., 2013b; DeMaio et al.,
2019; Biehler-Gomez et al., 2019; Mays, 2022). Nevertheless, radiographs remain essential for
visualising detailed internal anatomical features in a non-invasive manner, providing information
critical to understanding the limitations of direct dry-bone analyses (Mamabolo et al., 2020;

Garnett & Lewis, 2022; Mays, 2022).

Regarding x-ray radiographs, particularly Lodox® Systems radiographs, there is limited research

in the literature about the utilisation thereof for biological sex estimation, particularly from
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morphological traits, as compared to CT modalities. The available literature is mostly populated
by studies that have quantitatively (i.e., metric & morphometric) assessed the application of
Lodox® Systems and three-dimensional (3D) CT scans for sex estimation in distinct population
groups, particularly on the cranium (e.g., Mehta et al, 2015; Teodoru-Raghina et al., 2017,
Bertsatos et al., 2020; Gillet et al., 2020; Meral et al., 2022), scapula (e.g., Giurazza et al., 2013),
pelvis (e.g., Decker et al., 2011; Franklin et al., 2014; Abdallah et al., 2021; Setiawati et al., 2023),
and upper and lower limbs (e.g., Stull, 2013b; Hishmat et al., 2015;; Stull et al., 2017; Maijanen
et al., 2021; Maijanen et al., 2024).

2.3.1. Computed Tomography

Studies that have utilised 3D CT scans for morphological sex estimation have also reported similar
accuracies as the standard methods used on dry bones, mainly the skull (Ramsthaler et al., 2010;
Dereli et al, 2018; Bertsatos et al, 2020; Kelley, 2022; Baresa et al, 2024) and pelvic
morphological traits (Ali et al., 2020; Zhang, 2024). For instance, Ramsthaler and colleagues
(2010) examined the validity and reliability of morphological sex estimation using volume-
rendered cranial CT (CCT) scans of 50 individuals of central European descent (males: n = 31;
females: n = 19), assessing 17 morphological skull traits, including Krogman and Iscan’s (1962)
skull traits (Table 2.1). The study reported a 96% correct sex classification accuracy, with the
supraorbital ridge having the highest accuracy (combined accuracy = 85%, males = 85.5% and
females = 84%)), followed by the glabella morphology (combined sex = 81%, males = 82% and
females = 78%).

A study by Dereli ef al. (2018) also demonstrated the applicability of 3D modeling of volumetric
CCT scans for morphological sex estimation (males: n = 49; females: n = 36) based on the five
morphological skull traits and the five-point ordinal scale by Buikstra and Ubelaker (1994) and
Walker (2008). Over 98% and 83% correct sex classification accuracies for males and females
were reported, respectively, with the glabella being the most effective morphological trait for sex
estimation. Ali and colleagues (2020) examined sexual dimorphism of the subpubic angle from
reconstructed 3D multidetector CT scans of 50 males and 50 females from a contemporary
Malaysian population. The overall sex classification accuracy for the subpubic angle was 94%,
with the angle being significantly wider (i.e., obtuse) in females (87.4° + 6.5°) than in males (i.e.,
sharp) (68.6° + 7.6°). The available literature shows the feasibility of conducting morphological
sex estimation from radiographs, particularly 3D CT scans, achieving nearly similar accuracy rates
as dry bone analyses. Specifically, sex estimation for the skull (Kelley, 2022; Baresa et al., 2024)
and pelvis (Ali ef al., 2020; Zhang, 2024) typically ranges from 80% to 95% accuracy. While 3D

CT scans offer a promising avenue for sex estimation, further research is needed to explore the
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potential of x-ray radiographs for morphological skeletal sex estimation, considering that x-ray
modalities are less expensive, easier to operate, can produce radiographs in quick successions, and
are readily accessible in medico-legal facilities, particularly in developing countries (Garvin &

Stock, 2016; Mamabolo et al., 2020; Zhang, 2022; LODOX®, 2024).

2.3.2. X-ray radiography

In conventional radiography, x-rays pass through an individual (e.g., patient) and are recorded on
a film or digital plate (i.e., receiver), thus generating an x-ray radiograph (Thrall, 2012;
Rowbotham & Blau, 2020). Areas of black on the image represent radiolucent regions whereby
many x-rays passed through the individual and reached the receiver, while areas of white represent
radiopaque regions whereby the individual absorbed or blocked many x-ray beams. Various shades
of grey between these extremes exist due to differences in tissue composition which is influenced
by the effective atomic number, physical density and the degree of x-ray beam penetration and
absorption by body tissues (e.g., bone, fat, and soft tissues like muscles and organs) (Thrall, 2012;
Rowbotham & Blau, 2020). Bone tissue is comprised mostly of calcium and phosphorus, which
consist of high atomic masses; thus, bone tissue is relatively dense compared to soft tissues and
therefore highly radiopaque (Thrall, 2012; Rowbotham & Blau, 2020). As such, highly dense bony
elements and regions are characterized by bright white or different shades of white colour (i.e.,
indicate higher mineral content and radiopaque) whereas less dense bone regions including soft
tissues will appear as different shades of grey (Berger, 2002; Thrall, 2012; Mamabolo et al., 2020;
Rowbotham & Blau, 2020).

The existing literature on forensic anthropology demonstrates the broad utility of x-ray radiographs
in estimating other parameters of the biological profile, such as stature (Macaluso Jr. & Lucena,
2014b; Pomeroy et al., 2018; Venketsamy, 2022) and age-at-death estimations (Carneiro et al.,
2013; Stull, 2013b; Lakha, 2015; Poongodi ef al., 2015; Stull & Armelli, 2020) in addition to
metric and morphometric skeletal sex estimation (Poongodi et al., 2015; Gonzéalez-Colmenares et
al,, 2019; Varzandeh et al, 2019; Maijanen et al., 2021). Maijanen and colleagues (2021)
investigated sex estimation based on knee breadth dimensions from Lodox® Statscan™
radiographs of 1645 individuals from the Northern Finland Birth Cohort of 1966 (males: n = 759;
females: n = 895). Combined sex classification accuracies ranging from 90.1% (femoral bi-
epicondylar breadth) to 93% (tibial plateau lateromedial breadth) based on a knee dimension
logistic regression model were achieved. Although relatively high classification accuracies were
achieved from the assessment of x-ray radiographs, the study design was based on osteometric
measurements and logistic regressions, and more research based on morphological assessments is

needed. Furthermore, Abdallah and colleagues (2021) investigated sex estimation accuracies of
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morphometric measurements of five pelvic parameters from anteroposterior pelvic x-ray scans
(i.e., ilium height, inter-acetabular distance, acetabulum diameter, pelvic breadth, and pelvic inlet
breadth) (males: n = 78; females: n = 78). The study reported significant sex differences in some
of the assessed parameters, however, unlike CT scan-based studies, relatively low sex
classification accuracies were reported, with a maximum of 68% sex classification accuracy (i.e.,
ilium height). The relatively low classification accuracies can likely be attributed to the limitations
of 2D x-ray radiographs in visualising overlapping or morphologically complex skeletal structures,
which often hinders the accurate assessment of morphological features (Dorion, 1983; Stull et al.,
2013a). In contrast, 3D CT scans offer greater precision and are better suited for analyzing intricate
anatomical structures (Saitou ef al., 2011; Stull et al., 2014; Braun et al., 2022), thus can achieve
classification accuracies similar to those achieved by dry bone analysis methods. Nevertheless,
studies such as these highlight the potential applicability of x-ray radiographs for biological profile
estimation including skeletal sex estimations, even though they are primarily limited to metric sex

estimation approaches.

While x-ray radiographs offer a potential avenue for metric sex estimation, current research and
applications on morphological sex estimation is primarily limited to a set of features, including rib
costal cartilage ossification patterns (detailed in 2.2.3. Rib costal cartilage morphology section),
the olecranon-coronoid angle, femoral NSA, and Q angle (discussed in 2.2.6. Other postcranial
morphological traits of interest section) (McCormick et al., 1985; Purkait, 2001; Rejtarova et al.,
2004; Raveendranath et al.,, 2011; Airan & Dwivedi, 2018; Khasawneh et al., 2019; Fischer et al.,
2020; Rogers et al., 2021; Patyal & Bhatia, 2022). For example, Patyal and Bhatia (2022)
investigated costal cartilage ossification patterns for sex estimation from 450 posterior-anterior x-
ray radiographs of North Indians, reporting a 99% classification accuracy for males (peripheral
ossification patterns) and 100% classification accuracy for females, who exhibited a central-type,
globular ossification pattern. Moreover, Rogers and colleagues (2021) have investigated sex
differences of the femoral NSA from anteroposterior adult pelvic x-ray radiographs and reported
it to be significantly wider in females (88% accuracy) and narrower in males (86.8% accuracy).
Unfortunately, this approach neglects the most sexually dimorphic skeletal traits, such as Walker’s
(2008) cranial traits and Klales’s ef al. (2012) pelvic traits, hindering the full potential of x-ray
radiographs for morphological sex estimation. Therefore, further exploration of various x-ray
modalities is necessary to effectively visualize the most sexually dimorphic skeletal traits from

radiographs, with consideration for their potential use in sex estimation.

Despite the high morphological sex classification accuracy achievable with CT scans, their

application in South African forensic anthropology is hindered by their limited availability in
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medico-legal forensic pathology facilities. In contrast, x-ray modalities, particularly Lodox®
Systems (e.g., Lodox® Statscan™ and Lodox® eXero-dr™), are commonly found in South African
medico-legal FPS facilities for usage as a screening imaging tool in unnatural death cases, prior to
the conduct of postmortem examinations (Quarrie, 2015; Grabherr et al., 2017; du Plessis et al.,
2020; Reid et al., 2020; Morele et al., 2024; LODOX®, 2024). However, the utilisation of Lodox®
Systems modalities for forensic anthropological analyses have mainly been limited to the
estimation of age-at-death (Stull, 2013b; Lakha, 2015; Stull & Armelli, 2020), stature
(Venketsamy, 2022), and subadult metric sex estimation (Stull, 2013b; Stull ez al., 2017).

Stull and colleagues (2017) investigated the potential of long bone diaphyseal dimensions
(humerus, radius, ulna, femur, and tibia) for sex estimation in subadults (birth-12 years) using
Lodox® Statscan™ radiographs of modern South African children. Using logistic regression, FDA,
and Linear Discriminant Analysis (LDA), they found single-bone classification accuracies ranging
from 57% (ulna, LDA) to 75% (femur, FDA), per logistic regression model. However, when
combining bone measurements, bootstrap accuracies for each model ranged from 75% (LDA) to
93% (FDA) combined sex classification accuracies. Therefore, considering the prevalence of
Lodox® Statscan™ modalities in South African FPS facilities and the proven accuracy of using
Lodox scans for metric skeletal sex estimation, further investigation into the potential of Lodox®
Statscan™ radiographs for morphological sex estimation within a South African population is

warranted.

2.4. The Lodox® Systems in South Africa

Due to the overlapping nature of internal body structures such as skeletal elements, organs, and
various soft tissues, x-ray projection of these structures compresses them onto a single plane, thus
creating a 2D image with superimposed, overlapping elements/structures (Dorion, 1983).
Additionally, x-ray images are prone to distortion, leading to misrepresentations of internal body
structure size and shape. These distortions are largely caused by errors in x-ray beam angulation,
patient positioning, and image receptor placement, all of which impact the object-to-image
receptor distance (OID) and source-to-image receptor distance (SID) (Stull et al, 2013a;
Nakashima & Duong, 2020). Minimising these distortion factors is crucial for producing
interpretable x-ray images and therefore the Lodox® Systems was designed to primarily visualize
radiopaque materials with minimal distortion, including minimal 2D superimposition of
anatomical structures (Beningfield et al. 2003; Knobel et al., 2006; Stull, 2013b). Lodox® Systems

does this by using a collimated fan beam geometry that increases the SID and reduce the OID.

In contrast, traditional conventional x-ray modalities use a cone-beam geometry which produces

distortion in both the slot direction (x-axis) and scan-axis (y-axis) (Stull e al., 2013b). The Lodox®
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Systems, however, significantly minimises distortion along the y-axis by utilising a collimated fan
beam geometry (Beningfield et al., 1999; Stull et al., 2013b). This fan beam is directed vertically
through the patient onto a detector array, while the scanning arm, with the x-ray tube and detector
mounted on opposite ends of a C-arm, traverses the full length of the patient (Beningfield et al.,
1999). This unique design minimises distortion while simultaneously producing a full-body, direct

digital image in 10 to 13 seconds (Beningfield et al., 1999; Knobel et al., 2006; Stull et al., 2013b).

Due to its design, the Lodox® System's ability to minimize distortion along the scan axis allows
for a more accurate representation of the scanned object's original dimensions, compared to
conventional x-ray modalities. Several studies have evaluated the system's performance for trauma
imaging. For instance, Beningfield ez al. (1999, 2003) and Chen et al. (2010) found that Lodox®
Systems modalities, such as the Lodox® Scannex and Lodox® Statscan™, are diagnostically
equivalent to conventional radiographs. These studies highlighted several key benefits, including
a significantly lower radiation dose (3% to 5% lower than conventional x-rays), faster image
succession (10 to 13 seconds), and improved workflow, all at a reduced financial cost (Beningfield
et al., 1999, 2003; Chen et al., 2010). Because of these advantages, the Lodox® System was
recommended as a viable alternative to traditional conventional x-ray for evaluating acute trauma

patients.

Subsequently, Lodox® Systems, especially the Lodox® Statscan™, have been widely adopted in
South African medico-legal facilities, particularly those with high caseloads and limited resources,
including a shortage of staff and limited access to advanced postmortem radiographic equipment
(Boftard et al., 2006; Knobel et al., 2006; Deyle et al., 2010; Dempers et al., 2018; du Plessis ef
al., 2020; LODOX®, 2023a). The Lodox® Statscan™ is primarily used to assist in the postmortem
examination of unnatural death cases including the identification of unknown human remains
(Bernitz & Verster, 2017; du Plessis et al., 2020; Reid et al., 2020; Morele et al., 2024). The
advantages thereof, are that it can obtain image results similar to those of traditional radiographic
modalities (e.g., mammography and sonography) but in a much safer environment for the
staff/operator (Chen et al., 2010; Boffard et al.,, 2006), while providing minimally distorted full
body 2D images in rapid succession (Amirlak et al., 2009, Stull ef al., 2013a; Bernitz & Verster,
2017; Mamabolo et al., 2020). Although the image quality of the Lodox® Statscan™ is relatively
poor than that of CT scans and MRI images, the image quality is sufficient enough to visualize
both skeletal and soft tissues in anteroposterior, lateral or oblique plane of views, without the need
to re-adjust the body or stitch subsequent images (Beningfield et al., 2003; Boftard et al., 2006;
Amirlak et al., 2009; Bernitz & Verster, 2017; Mamabolo et al., 2020). Moreover, the produced

radiographs can be visually enhanced and manipulated by zooming in and out, and by adjusting
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the contrast to allow for better assessment of skeletal traits from a specific area of interest (Stull et
al., 2013b; Mamabolo et al., 2020). Lodox scans can thus be used for the visualisation of skeletal
tissue and the potential estimation of biological profile parameters of human remains, and

unidentified decedents admitted to FPS facilities.

Forensic anthropologists in South Africa are mostly employed by tertiary institutions, primarily as
academics rather than as law enforcement officers (Obertova et al., 2016). Therefore, utilising
Lodox scans for biological profile estimations can reduce the need to transfer skeletal remains to
tertiary institutions forensic laboratories for anthropological assessment, potentially avoiding
processes like human maceration, and instead allowing for a preliminary assessment of biological
profile parameters (e.g., sex estimation) from x-ray radiographs. However, it is currently unknown
if the traditional macroscopic, morphological skull and postcranial skeletal elements and traits
outlined in the literature (Tables 2.1 and 2.2) can be visualised and/or observed, and accurately
and repeatedly assessed for skeletal sex estimation from the produced Lodox® Statscan™ images.
Additionally, the sex classification accuracies of South African-based morphological sex
estimation methods are yet to be tested and validated for application on Lodox® Systems
modalities, including Lodox® Statscan™. Therefore, this study focused on assessing the feasibility
of skeletal sex estimation from adult Lodox® Statscan™ images based on the commonly assessed

sexually dimorphic traits of the human skull, pelvis, and various postcranial bones.

2.5. Study Aim and Objectives

The aim of the current study was to investigate the observability, repeatability, and validity of
macroscopic morphological skull and postcranial skeletal elements and skeletal traits for sex

estimation from Lodox® Statscan™ radiographs of adult individuals of European descent.
The study objectives were to:

1. determine which skeletal elements (i.e., cranium, mandible, clavicle, scapula, rib costal
cartilage, humerus, ulna, pelvic girdle, sacrum and femur) are observable on Lodox scans.

2. determine which skull and postcranial sexually dimorphic traits are observable and
scorable from Lodox scans.

3. assess the intra- and inter-observer repeatability of the observable skeletal elements and
associated sexually dimorphic skeletal traits from Lodox scans.

4. estimate the skeletal sex of the scorable sexually dimorphic traits of the skull and
postcranial skeletal elements from Lodox scans.

5. assess the sex classification accuracies of the scorable sexually dimorphic traits for the

estimation of morphological skeletal sex from Lodox scans.
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CHAPTER 3: METHODS AND MATERIALS

The present study involved an exploratory, observational assessment of sexually dimorphic skull
and postcranial traits from Lodox® Statscan™ images (hereon referred to as Lodox scans) of
individuals of European ancestry. This chapter outlines the study sample used, the sources of data,
and associated ethical considerations. The skeletal element and associated traits assessed, the
methodology for their assessment from the Lodox scans, and the statistical analyses performed,

including reliability, descriptive, and classification statistics are also included in this chapter.

3.1. Study Sample

3.1.1. Ethical clearance

This study was conducted under an ethical clearance waiver number W-CBP-220504-01
(Appendix 1) approved by the Cadaveric Collection Committee of the Department of Anatomical
Sciences, School of Biomedical Sciences at the University of the Witwatersrand, Johannesburg,

South Africa.

3.1.2. Inclusion and exclusion criteria

Lodox® Statscan™ offers an excellent resolution for visualising the human skeleton (Mamabolo
et al., 2020). As such, all available Lodox scans of cadavers from European ancestry with
documented individual sex were assessed. However, skull and postcranial skeletal elements
whereby the regions of interest were compromised by antemortem trauma/pathology, or any
foreign object that might obscure visual assessment of a skeletal trait were excluded from the study

per Lodox scan.

3.1.3. Study sample

A total of 152 full-body Lodox scans were assessed of which 150 met the inclusion criteria (listed
below). The Lodox scans were all of adult individuals of European ancestry, comprising 72 males
and 78 females. However, only 120 scans had known age-at-deaths and had an average age-at-
death range of 39 to 101 years and an average age-at-death of 76 + 12.94 years (Table 3.1). These
121 scans comprised 56 males and 65 females, with an average at-death of 75 + 12.2 years for
males and 78 + 13.6 years for females (Table 3.1). These individuals succumbed to natural causes
and donated their bodies to the Department of Anatomical Sciences, School of Biomedical
Sciences, University of Witwatersrand, Johannesburg, to teach students and further scientific
research (Brits et al., 2020; Hutchinson et al., 2020). The demographics of the current body donors
in the Department of Anatomical Sciences is comprised mainly of individuals of European
ancestry (Brits et al., 2020), thus the study included all Lodox scans of individuals of European

ancestry with varying nationalities including South African (n = 127), German (n = 3), British (n
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=2), Australian (n = 1), Dutch (n = 1), Lesothan (n = 1), Namibian (n = 1), Nigerian (n= 1), Swiss
(n = 1), Tanzanian (n = 1), Zimbabwean (n = 1), and unknown nationalities (n = 12). All Lodox
scans with documented/known sex were included for statistical analysis (n = 150 scans).

Table 3.1: Age distributions (in years) for Lodox scans of male and female individuals with
documented ages-at-death.

Unknown

Known Age-at-deaths Age-at-deaths

Total study

Sex Sample size | Minimum age | Maximum age | Mode | Mean SD* Sample size | Sample size
Male 56 39 94 79 75 12.20 16 72
Female 65 47 101 84 78 13.56 13 78
Total 121 39 101 84 76.5 12.94 29 150

*SD= Standard Deviation

The scans were anonymised before data collection commenced to protect the identity of the body
donors; thus, the only utilised demographic information included in the study was their
documented sex, age-at-death, and nationality. The documented sexes of the scans were unknown
to observers and were only available to the principal investigator during the process of data
analyses after all Lodox scans were assessed. The associated anatomical tissues visible on each
scan included skeletal tissue and various soft tissues such as muscle tissue and external
reproductive organs, as represented in various degrees of tissue density in shades of grey (Figure
3.1). The visibility of external reproductive organs potentially introduced biased into the study and
assessment of skeletal traits of interest. However, it was minimised by assessing traits based on
their respective established criteria for morphological assessment and visibility on assessed Lodox

scans.

3.1.4. Lodox® Statscan™ scans

The Lodox® Statscan™ images used during this study were previously collected for research in
the Department of Anatomical Sciences, School of Biomedical Sciences, University of the
Witwatersrand, Johannesburg. All Lodox scans were taken in an anteroposterior plane of view with
110 kV, 160 mA, 2.08 Spatial Resolution (1-5p/mm), and 14 bits of contrast resolution at the
Johannesburg FPS Medico-Legal Laboratory once the bodies had been embalmed. The scanning
procedure involved placing individuals in a supine position on the Lodox® Statscan™ body table,
in a standardised positioning of the head and all limbs into the anatomical position. However, the
standard anatomical body position was not always achievable due to distinct challenges in

positioning individuals due to stiffness resulting from formalin embalming.
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3.2. Study Method

3.2.1. Lodox scan analysis

All the available Lodox scans were evaluated at the Department of Anatomical Sciences,
University of the Witwatersrand, using DVS version 3.0, Digital X-Ray Diagnostic Viewer with
Lucid™ image processing software (OLodox™ 2005 Application Version 2.9.0.0) by the principal

investigator.

3.2.2. Skeletal elements observations

The following skeletal elements: cranium, mandible, clavicle, scapula, costal cartilages, distal
humerus, proximal ulna, pelvis, sacrum, and femur, were assessed to first ensure that they were
observable for skeletal sex estimation on the 2-Dimensional (2D) Lodox x-ray scans (Figure 3.1).
These skeletal elements were assessed per Lodox scan since each scan was associated with distinct
potential limitations that could impede the visualisation of a specific element and morphological
trait of interest. Therefore, each skeletal element was classified as either observable or
unobservable per Lodox scan. An observable skeletal element (and trait) on an x-ray scan appears
as a solid, dense, and radiopaque area, typically varying in shades of white against the darker greys
of surrounding soft tissues (Figure 3.1) (Thrall, 2012). This appearance is due to the bone's higher
density, which attenuates (absorbs and scatters) the x-rays more than other tissues (Berger, 2002;
Thrall, 2012). Moreover, the description is based on principles of radiographic imaging, where
denser materials block more x-rays, resulting in brighter areas on the x-ray scan, and subsequently
resulting in brighter skeletal tissue compared to surrounding soft tissues (Berger, 2002; Thrall,
2012; Rowbotham & Blau, 2020). Observation also relied on knowledge of human osteology and
the descriptions of human osteology by White ef al. (2011) and Christensen et a/ (2014d), which
provides details about the typical size, shape, and location of bones within the body, allowing for
identification of specific skeletal elements (e.g., cranium, femur, rib, vertebra) based on their visual
characteristics within the x-ray radiograph. In a standard anteroposterior x-ray scan, the anterior
aspect of skeletal elements is most visible to the observer, however, in some scans, such as those
with a tilted head, arm or hip, the lateral aspects of associated skeletal elements may also be
observable (Figure 3.1). Subsequently, skeletal elements (or traits) that could not be visualised

from Lodox scans, based on the above-mentioned descriptions were thus considered unobservable.
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Figure 3.1: Examples of skeletal tissue and associated soft tissues visible from Lodox scans.
Also evident is a tilted head on the top left scan. a = muscle tissue; b = bone; ¢ = lung; d =

breasts; e = internal prosthesis; f = male external reproductive organ; g = rib costal cartilages.
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Figure 3.2: Skeletal elements assessed in the current study. a = cranium; b = mandible; c = clavicle;

d = scapula; e = distal humerus and proximal ulna; f = pelvic girdle; g = sacrum; h = proximal

femur; 1 = distal femur. See Figure 3.1 for the lower ribs’ costal cartilages.
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3.2.3. Skeletal traits assessed

Thirty-two macroscopic, morphological traits of the skull and postcranial elements, including the
clavicle, scapula, costal cartilages, humerus, ulna, pelvis, and femur, that could potentially be
assessed for adult skeletal sex estimation from Lodox scans were compiled from the available
skeletal sex estimation literature (Tables 3.2, 3.3, and 3.4). These selected skeletal traits are
associated with significant sex classification accuracies, with some being tested and validated for
use on South African samples and therefore invaluable for the current study. As a standard
procedure, these skeletal traits were observed from anterior-posterior views of the Lodox scans,
and assessment was made on the left side only, using the respective dry bone morphological
observation methods. In cases when the left skeletal element or trait was not observable, the trait
was excluded (Langley ef al., 2016). Skeletal traits of observable skeletal elements were further
assessed and scored for skeletal sex estimation (per Lodox scans), based on their respective sex

estimation methods, trait description, and scoring procedures (Tables 3.3 and 3.4).

3.2.4. Skeletal trait scoring procedures

Sexually dimorphic traits of the observable skeletal elements (per Lodox scan) were evaluated to
determine if they were scorable for morphological sex estimation. Skeletal traits deemed scorable
were assessed qualitatively using their respective morphological scoring procedures detailed in
Tables 3.3 and 3.4. Skeletal traits with ordinal sex characteristics were assessed and scored on a
five-point ordinal scale (1 = female; 2 = probable female; 3 = ambiguous; 4 = probable male; 5 =
male) based on their respective ordinal scoring trait descriptions for male and female
characteristics (e.g., greater sciatic notch; 1 = wide, 2 =relatively wide, 3 = ambiguous, 4 =
relatively narrow, and 5 = narrow) (Tables 3.3 and 3.4). Skeletal traits with nominal sex
characteristics (e.g., pelvic brim shape; either round or heart-shaped) were scored on a two-point
nominal scale (1 = female and 5 = male) based on their respective nominal scoring trait

descriptions for male and female characteristics (Tables 3.3 and 3.4).

In this study, “female” and “male” represent the most certain scores for sex classification and are
aligned with the terms suggested by the Standards for Sex Estimation in Forensic Anthropology
(American Academy of Forensic Sciences Standards Board, 2019). In contrast, “ambiguous”
represents a score for skeletal traits that possess morphological characteristics that are intermediate
between male and female characteristics (American Academy of Forensic Sciences Standards
Board, 2019). The “probable female” and “probable male” scores indicate a higher likelihood of
one sex over the other, but without complete confidence, however, they were classified under
female and male categories, respectively. Traits scored as 1 or 2 and 4 or 5 were classified into

female and male categories, respectively. Skeletal traits scored as 3 were categorized as ambiguous
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as they were open to multiple potential interpretations and therefore could not be classified into a

specific sex category. Thereafter, the classified sex of a particular skeletal trait was compared to

the respective individual’s documented sex to determine the male and female correct sex

classification accuracies of each skeletal trait. The overall combined male and female correct sex

classification accuracy of a particular trait was also determined and reported as “combined sex

classification accuracy”. The accuracies of incorrectly classified sexes for each assessed skeletal

traits were also determined, however, they were excluded from ‘combined sex classification

accuracies’ as their inclusion would artificially overestimate the sex classification accuracy of a

trait (Inskip et al., 2019).

Table 3.2: Image illustrations of skeletal traits assessed for morphological sex estimation from
Lodox scans.

Skeletal elements

Image illustrations of assessed skeletal traits

Key

Skull

a: Frontal eminence
b: Parietal eminence
c: Orbit

d: Mental eminence
e: Frontal slope

f: Glabella

g: Mastoid process
h: Nuchal crest

Clavicle

Sternal end

a: Costoclavicular
tuberosity
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Table 3.2: Continued. ..

Skeletal elements

Image illustrations of assessed skeletal traits*

Key

Posterior scapula

a: Supraspinous fossa
b: Superior border

c: Suprascapula
notch

d: Medial border

e: Infraspinous fossa
f: Lateral border

Rib costal
cartilages

a: Rib

b: Costal cartilage
c: Ossification
nodules
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Table 3.2: Continued. ..

Skeletal elements Image illustrations of assessed skeletal traits* Key
Posterior distal F a: Medial epicondyle
humerus : b: Olecranon fossa

c: Lateral epicondyle
d: Trochlea

e: Posterior margin
of capitulum

Proximal ulna a: Olecranon process

b: Coronoid process
d: Styloid process

distal

Sacrum

anterior

inferior
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Table 3.2: Continued. ..

Skeletal elements

Image illustrations of assessed skeletal traits*

Key

Pelvis

a: [lium

b: Pubic bone
body

c: Obturator
foramen

d: Subpubic shape
e: Acetabulum

f: Ischiopubic
ramus

g: Pelvic brim

h: Greater sciatic
notch

Femur

ASIS: Anterior
Superior Iliac
Spine

Q: Quadriceps
Angle

CP: Centre of
Patella

TT: Tibial
Tuberosity

*: Images obtained from the Human Osteology Third Edition textbook by White ef al. (2012) with the exceptions of images E, H, N,

and O.

E*: An example of ossification of the costal cartilages in a woman. Image obtained from McCormick et al. (1985)
H*: Image illustration obtained from Purkait (2001).

L*: Pelvis viewed from a superior aspect.

M*: Right os coxae viewed from an anterior aspect.

N*: Image illustration for the measurement of the femoral neck shaft angle by Rogers (2021).

O*: Measurement of the quadriceps angle. Image illustration obtained from Raveendranath et al. (2009).
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Table 3.3: Sexually dimorphic traits of the skull and associated assessment scores used in the present study.

Skeletal Traits

Description

Scoring

References of
Estimation Method

Overall skull morphology The relative, general size of the skull.

No assessment
Small

Large

Gupta et al., 2022

Mastoid process

The morphology of the pyramidal-like
bony projection at the base of the
mastoid area, posterior to the external
acoustic meatus (EAM) of each
temporal bone.

No assessment

Very small with low volume. Short and narrow. Little projection of the
mastoid process below the inferior EAM border. Digastric groove is usually
visible.

Small. Short and/or narrow. Low volume. Slight projection of the mastoid
process below the EAM border. Digastric groove is usually visible.

Medium volume. Projection of the mastoid process well below the inferior
EAM border or longer than it is wide. Digastric groove may or may not be
visible.

Large volume. Usually long and wide relative to the surrounding structures.
Projection of the mastoid process below the inferior EAM border. Much
wider or longer than the length/width of the EAM.

Very large. Very long and wide relative to the surrounding structures. Largest
volume. Pronounced projection of the mastoid process below the inferior
EAM border.

Walker, 2008;
Kriiger et al., 2015;
Klales & Cole, 2018
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Table 3.3: Continued...

References of

Skeletal Traits Description Scoring Estimation Method
0  No assessment.
1 Smooth. EOP is not evident.
2 Slight roughening or traces of the nuchal lines. EOP is not evident.
The morphology of a crest that lies on 3 Nuchal lines and EOP are evident. EOP is rough and has a lip or edge with
Nuchal crest (external the ectocranial midl.in_e of the occipital slight posterior projection. )
occipital protuberance area, where the occipital and nuchal Kriiger et al., 2015;
(EOP)) planes meet for th.e attachment of the Marked nuchal lines and EOP. EOP is pronounced with clear posterior Klales & Cole, 2018
nuchal and trapezius muscles as well L e
. 4  projection but has not yet developed a pronounced hook or inferior
as the nuchal ligament. .
projection.
Marked nuchal lines and EOP with a rough surface. EOP is very pronounced
5 and can be hooked with marked posterior/inferior projection. A ledge or ridge
to either side of the EOP may be present.
0 N t.
The relative size of the two prominent, © assessimen
. round, anterolaterally located tuberson |
arge.
Frontal eminences the external surface of the squamous g .
part of the frontal bone. 5 Small Iscan & Steyn, 2013;
matl. Gupta et al., 2022
The relative size of the rounded tubers 0  No assessment.
Parietal eminences centred on the ectocranial surface of Iscan & Steyn, 2013
each parietal bone 1 Large.
5 Small.
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Table 3.3: Continued...

. o . References of
Skeletal Traits Description Scoring Estimation Method
0  No assessment.
The relative morphology of the bony Iscan & Steyn,
Orbit shape structures of the cranium that formthe 1 Round. 2013; Gupta et al.,
eye socket. 2022
5  Squared.
0  No assessment.
Iscan & Steyn,
Forehead slope The relative slope of the frontal bone. 1 Round. 2013; Gupta et al.,
2022
5  Steeper.
0  No assessment.
1 Little to no anterior projection at midline or in the supraorbital region. Bone
is smooth and nearly vertical.
) Slight anterior projection at midline or along the supraorbital region. Bone
The morphology of the most anteriorly may be slightly ridged or projecting beyond the landmark nasion.
projecting point in the mid-sagittal Walker, 2008;
Glabella morphology plane at the lower margin of the frontal ) ) ) . Kriiger et al., 2015;
bone, which lies above the nasal root Glabella and/or the brow ridges project anteriorly past the nasion landmark. | 1,165 & Cole, 2018
and between the superciliary arches.
4 Glabella and the brow ridges project anteriorly past the nasion landmark and
are rounded.
5 The region is massive and rounded (loaf-shaped) projection. Marked anterior
projection past the nasion landmark.
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Table 3.3: Continued...

Skeletal Traits

Description

Scoring

References of
Estimation Method

Mental eminence

The general morphology of the bony
protuberance extending anterior to the
mandibular alveolus, located along the
midline of the mandible at the centre
of the chin.

No assessment

Pointed or rounded and smooth with no evidence of a projecting
protuberance or tubercles.

Slightly delimited or roughened area at the protuberance with no tubercles.

Slightly or fully delimited projecting protuberance with anteriorly or
inferiorly protruding tubercles that are close to the midline or mandibular
symphyses.

Inverted T-shape with widely spaced anteriorly or inferiorly protruding
tubercles. Mental trigon occupies a good portion of the anterior mandible.

Inverted T-shape with very widely spaced anteriorly or inferiorly protruding
tubercles. Mental trigon takes up most of the anterior mandible.

Kriiger et al., 2015;
Klales & Cole, 2018

*Sex scores; 0 = No assessment: 1 = Female; 2 = Probable female; 3 = Ambiguous; 4 = Probable male; 5 = Male.
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Table 3.4: Sexually dimorphic postcranial traits and associated assessment scores used in the current study.

Skeletal Traits

Description

Scoring

References of
Estimation Method

Suprascapular notch

The morphology of the notch in the
superior border of the scapula, medial
to the base of the coracoid process.

No assessment.

Completely absent.

Shallow but present.

Well-marked, approximately a semicircle.

Very deep approaching a full circle.

A foramen.

Bainbridge & Tarazaga,
1956

Supraspinous fossa
superior border

The slope of the superior border of the
supraspinous fossa.

No assessment.

Convexly curved.

Downward slope toward the superior angle.

Infraspinous fossa lateral
border

The slope of the lateral border of the
infraspinous fossa

No assessment.

Straight/steep lateral border.

Curved lateral border.

Infraspinous fossa medial
border

The slope of the medial border of the
infraspinous fossa.

No assessment.

Straight/steep lateral border.

Curved medial border.

Scholtz et al., 2010
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Table 3.4: Continued. ..

Skeletal Traits Description

Scoring

References of
Estimation Method

A tuberosity on the inferior surface of
the sternal end of the clavicle. When
present, it is broad with an irregular
roughened surface

Costoclavicular tuberosity

No assessment.

Absent.

Present.

Ishwarkumar, 2016

The typical morphology of
ossification patterns of lower costal
cartilages of 6™-10™ ribs (in
combination)

Costal cartilage
ossification pattern

No assessment

Central foci of subperichondrial bands of ossification.

Ossification patterns are typically combinations of score 1 and 5.

Peripheral subperichondrial linear ossification.

McCornick et al., 1985

The shape of the largest fossa on the

1 fi . .
Olecranon fossa posterior surface of the distal humerus

No assessment

Superior half of the fossa presents as a gently curved arc.

Superior half of the fossa has curved walls and is mostly arc-like.

Superior half of the fossa is in between a triangle and an arc, with
curved walls and a blunted apex.

The superior half of the fossa exhibits slightly curved walls and apex
that resembles a rounded triangle.

The superior half of the fossa has roughly straight walls and a
pointed apex that resembles a triangular appearance.

Vance et al,, 2011,
Tallman & Blanton,
2020
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Table 3.4: Continued. ..

Skeletal Traits Description

Scoring

References of
Estimation Method

The angle of the posterior edge of the
humerus medial epicondyle relative to
the horizontal plane.

Medial epicondyle angle

No assessment

The posterior edge of the medial epicondyle angles significantly
posterior.

The posterior edge of the medial epicondyle angles slightly
posterior.

The posterior edge of the medial epicondyle is parallel (i.e., in line)
with other traits of the distal humerus (i.e., lateral epicondyle,
posterior margin of capitulum)

The posterior edge of the medial epicondyle is slightly angulated
anteriorly.

The posterior edge of the medial epicondyle is significantly
angulated anteriorly.

The constriction of the midpoint

Trochlea constriction portion of the trochlea

No assessment

The inferior border of trochlea is markedly constricted at midpoint
(i.e., spool-shaped).

The inferior border of the trochlea is significantly constricted at
midpoint.

The inferior border of the trochlea is constricted at midpoint.

The inferior border of the trochlea is slightly constricted at the
midpoint.

The inferior border of the trochlea is smoothly arched and lacks
midpoint constriction.

Vance et al., 2011;
Tallman & Blanton,
2020
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Table 3.4: Continued. ..

References of

of the pubic crest.

Skeletal Traits Description Scoring Estimation Method
0 No assessment
1 The trochlea is mostly on, the same distal plane as the capitulum.
The symmetry of the notch-shaped 2 The trochlea extends slightly inferior to the capitulum. Vance ef al., 2011;
Trochlea symmetry medial edge of the trochlea relative to Tallman & Blanton,
the capitulum (lateral). 3 The trochlea extends moderately inferior to the capitulum. 2020
4 The trochlea extends significantly inferior to the capitulum.
5  The trochlea extends markedly inferior to the capitulum.
0  No assessment
The angle formed by the olecranon
Olecranon-coronoid angle and coronoid processes of the ulna 1 Narrow, 14.73° + 4.46°. Purkait, 2001
relative to the posterior surface. .
5 Wide, 22.26° + 3.47°.
0 No assessment
Overall pelvis The relative size of the pelvis as a | Large scan & Steyn, 2013
morphology whole
5 Small
The relative shape of the edge of the 0 No assessment
pelvic inlet, defined by linea
e terminalis that passes through the 1 Round/Elliptical Iscan & Steyn, 2013;
Pelvic brim morphology sacral promontory, the arcuate and Berg, 2017
pectineal line, and the upper margins
5 Heart-shaped
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Table 3.4: Continued. ..

References of

Skeletal Traits Description Scoring Estimation Method
The shape of angle located inferiorto 0 NO assessment
. the pubic symphysis of the pubic arch, i Small et al., 2012;
Subpubic shape formed by the convergence of the I U-shaped Iscan & Steyn, 2013
paired ischiopubic rami. 5  V-shaped
The relative shape of the large 0" No assessment _
Obturator foramen shape  foramen on the os coxae, encircled by | Triangular Iscan & Steyn, 2013
the two pubic rami and the ischium )
5 Ovoid
0 No assessment
1  Wide
The morphology of the notch inferior 2 Relatively wide
Greater sciatic notch to the posterior inferior iliac spine of ] ) . Gupta et al., 2022
the os coxae 3 Ambiguous/intermediate
4  Relatively narrow
5 Narrow and symmetrical
0 No assessment
1 Well-developed concavity present inferior to symphyseal face and
The lateral recurve which occurs in along most of the length of the inferior ramus.
Subpubic contour the ischio-pubic ramus just lateral to
ubpubl " the lower margins of the pubic Slight concavity is present inferior to symphyseal face that extends
) 2 i ) . Klales & Cole, 2018
symphysis partially down inferior ramus.
3 Bone is nearly straight along the entire length of ischiopubic ramus

with no obvious concavity or convexity observable.

48




Table 3.4: Continued. ..

Skeletal Traits

Description

Scoring

References of
Estimation Method

Subpubic contour
(continued)

Slight convexity, especially pronounced along the middle portion of
the inferior ramus. A very slight indentation may exist just below the
symphyseal face and/or along the lower third; however, the middle
portion of ramus is convex.

Well-developed convexity, pronounced along the entirety of the
inferior ramus.

Klales & Cole, 2018

An elevated ridge of bone running
inferiorly and laterally across the
ventral surface of the lateralmost
extension of the pubic bone.

Ventral arc

No assessment

Arc present and oriented at an approximate angle of 40° or more
relative to the symphyseal face. A large triangular portion of bone is
located inferior to the arc, giving the pubis a squared-off appearance.

Arc present and oriented at an approximate angle of 25-40° relative
to the symphyseal face. A small triangular portion of bone is located
inferior to the arc, giving the pubis a somewhat squared-off
appearance.

Arc (or bony ridge) present and oriented at a slight angle (less than
25°) relative to the symphyseal face. A slight, non-triangular portion
of bone is located inferior to the arc.

Bony ridge present and oriented approximately parallel to the
symphyseal face. Hardly any additional bone is present inferior to
the arc. Bone has a sloping appearance on the inferior symphyseal
face.

No arc present and therefore, no additional bone present inferior to
the arc. Bone has a sloping appearance on the inferior symphyseal
face.

Klales & Cole, 2018
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Table 3.4: Continued. ..

References of

Skeletal Traits Description Scoring Estimation Method
0 N t
The relative direction of the hollow © assessmen
Acetabulum position that forms the socket of the hip and 1 Directed anterolaterally Iscan & Steyn, 2013
articulates with the femoral head. .
5 Directed laterally
0 No assessment
General morphology of the thin, )
. . . o Rowbotham, 2016;
Ilium morphology blade-like bony structure superior to 1 Significant flare & broad
Berg, 2017
the acetabulum.
5 Minimal flare & narrow
The general morphology of the 0 Noassessment
- 1 Short & wid .
wedge-shaped bony structure located 0 wide fscan & Steyn, 2013
Sacrum morphology at the base of the lumbar vertebrae and Bere. 2017
conneqed to the pelvis to form the 5  Long & narrow &
posterior pelvic wall.
The angle formed by a line that 0 No assessment
connects the anterior superior iliac . Raveendranath ef i
Quadriceps angle spine to the centre of the patellaanda | Wide; >14.5° 2009 ”
line that runs from the centre of the
patella to tibial tuberosity. 5 Narrow; <10.9°
0  No assessment
The angle between the femoral neck
Femoral neck shaft angle axis and the femoral long axis of the 1 Broad; 133.61°+5.17° Rogers, 2021
shaft. 5 Narrow; 131.56° + 4.74°

*Sex scores; 0 = No assessment: 1 = Female; 2 = Probable female; 3 = Ambiguous; 4 = Probable male; 5 = Male.
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3.3. Statistical Analysis

3.3.1. Repeatability assessment and analysis

To ensure repeatability of the assessment, 20 randomly selected Lodox scans, equally distributed
by sex, were subjected to intra- and inter-repeatability assessment prior to the commencement of
the study. For intra-repeatability, the 20 Lodox scans were re-assessed one week after their initial
evaluation by the principal investigator. For inter-observer assessment, an independent observer
assessed the same randomly selected set of 20 Lodox scans. This independent observer, a Master
of Science in Medicine candidate with a Bachelor of Arts Honors qualification in Archaeology,
had moderate knowledge of human anatomy and forensic anthropology but limited experience
with visualising Lodox radiographs. The independent observer evaluated the observability of all
skeletal elements and skeletal traits of interest based on White et al. (2011) and Christensen et al.
(2014d) descriptions of human osteology and Thrall’s (2012) descriptions of skeletal tissue
appearance on radiographs, respectively. All skeletal traits of interest were assessed and scored

based on their respective descriptions of visualisation and morphological assessment (Tables 3.3

and 3.4).

Quadratic weighted Cohen's Kappa scores were computed in the Statistical Package for the Social
Sciences (SPSS) software (IBM Corporation, 2023) to assess inter- and intra-observer repeatability
concerning the scores of ordinal skeletal traits (1 = female; 2 = probable female; 3 = ambiguous;
4 = probable male; 5 = male). Unweighted Cohen’s Kappa scores were computed in Microsoft
Excel (Microsoft Corporation, 2024) to assess inter- and intra-observer repeatability concerning
scores of nominal traits (1 = female; 5 = male), including the ability to observe skeletal elements
and to score skeletal traits (1 = yes; 0 = no). The observer agreement was expressed as a value
between zero and one, whereby zero represents no agreement and one represents a perfect
agreement between observers in all their assessments (Sim & Wright, 2005). The following
strengths of agreements in Table 3.5 were used as standards for Cohen’s Kappa coefficients (Viera

& Garret, 2005).
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Table 3.5: Cohen’s Kappa strengths of agreements and associated coefficients, adapted from Viera

& Garret (2005).

Cohen's Kappa coefficients Interpretation
No agreement

0.10-0.20 Slight agreement
0.21-0.40 Fair agreement
0.41-0.60 Moderate agreement
0.61-0.80 Substantial agreement
0.81-0.99 Near perfect agreement

A ¥ S Perfect agreement

3.3.2. Data analysis

Prior to data analysis, the dataset of Lodox scans with known age-at-death underwent normality
testing (using a Shapiro-Wilk test), descriptive summary statistics (including mean, standard
deviation, mode, minimum and maximum age-at-death), skewness and kurtosis test functions.
These analyses were conducted to determine whether the sample size of the Lodox scans with
known age is representative of a normally distributed population, thus aiding in selecting an
appropriate statistical test, including providing a concise and interpretable overview of the age-at-
death dataset. Given that the sample sizes of male and female Lodox scans were not equally
distributed, a two-sample unequal variance (Welch) t-test was used to test whether the means of
the ages-at-death of males and females (n = 121) were statistically different and reflect a true
difference in the population. Data analysis in this case was carried out using the Paleontological

Statistics (PAST) computer software program (Hammer et al., 2001).

The frequency distributions for the observability of skeletal elements were reported and presented
as percentages (i.e., total observable skeletal element divided by study sample size (n = 150 scans)
multiplied by 100%) (see equation (1)). Similarly, the frequency distributions for the observability
of respective skeletal traits (Tables 3.3 and 3.4) were also reported and presented in two types of
percentages, that is, 1) frequency of observable skeletal trait divided by total frequency of
observable respective skeletal element (see equation (2)); and 2) frequency of observable skeletal
trait divided by total study sample size (see equation (3)). The frequencies of scorable skeletal

traits were also reported and determined in similar calculations.

The estimated sexes of scorable skeletal traits were then compared to their respective documented
sexes, and the sex classification accuracies were determined, per respective skeletal trait. The sex
classification accuracies of scorable traits were compared in two distinct ways to provide a

comprehensive analysis. The first method involved dividing the number of correctly classified
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male or female individuals for each trait by the total number of assessed scans in the study (see
equations (4) and (5)). The second method focused on the subset of visible traits and calculated
accuracy by dividing the number of correctly classified individuals (male/female) by the total
number of scans where a specific trait was scorable. For both classification accuracy methods, the
combined sex classification accuracy for a particular trait was then calculated as the average
percentage of correctly classified male and female individuals (see equation (6)). The frequencies
of skeletal traits classified as ‘ambiguous’ were also reported, compared to respective documented
scans sexes. The associated proportions and classification frequencies were similarly calculated in
two ways. However, the classification estimates of ambiguous classified traits were not included
in the combined sex classification accuracy rate as ambiguity cannot be considered as correct nor
incorrect estimation, and their inclusion might result in overestimated accuracies. All frequency
counts and calculations were carried out in Microsoft Office Excel® computer software program

(Microsoft Corporation, 2024).

A Pearsons Chi-squared test of independence was used to evaluate whether a specific score for a
skeletal trait is more associated with either male or female morphology based on the sample. The
same Pearsons Chi-squared test was also used to evaluate significant differences between the
documented sex and the morphological skeletal sex estimation of a particular skeletal trait. Traits
classified as ‘ambiguous’ were excluded from such test analysis as sex classification was not
predicted due to the ambiguity of the trait. The proposed null hypothesis was that there should not
be a relationship between the predicted sexes of assessed skeletal traits and the respective sexes of
documented scans, i.e., significant statistical difference. Data analysis in this case was carried out
using the PAST computer software program (Hammer ef al., 2001). A significant level (o) of 0.5

was applied for all statistical analyses.

total observable skeletal element
accuracy for observable skeletal element = X100% €))
Total study sample (150)

frequency of observable skeletal trait

observable skeletal trait accuracy = X100% 2)

total frequency of observable skeletal element

frequency of observable skeletal trait

observable trait accuracy per study sample = X100% 3)

total study sample (150)

The number of correctly classified males

correct male accuracy for a trait = X100% (4)

Total documented male scans (72)

The number of correctly classified females

corect female accuracy for a trait = X100% (%)

Total documented female scans (78)

% correct male + % correct female
2

correct combined accuracy for a trait = X100% (6)
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CHAPTER 4: RESULTS

4.1. Descriptive Statistics

The age of the dataset of Lodox scans with documented age-at-death (n = 121) was normally
distributed (W = 0.97, p-value = 0.0043) with kurtosis and skewness results both less than one (-
0.34 and -0.52, respectively. There were no statistically significant differences between the age-
at-death of males (39-94 years, mean = 75 + 12.2 years) and females (47-101 years, mean = 78 +
13.7 years) (Welch t-test = 0.941, p-value = 0.349).

4.2. Observable Skeletal Elements

Observation of skeletal elements (and traits) on Lodox scans was based on the principle of
radiographic images, that is, highly dense, radiopaque tissues typically appear in varying shades
of white against the darker greys of surrounding soft tissues (Figure 3.1) (Berger, 2002; Thrall,
2012). Moreover, the identification of specific skeletal elements relied on White ez al.'s (2011) and
Christensen et al.s. (2014d) description of human osteology, which provides details about the
typical morphology and location of skeletal elements within the human body. As such, these
allowed for visualisation of specific skeletal elements (and traits) on anteroposterior Lodox scans
in relation to their anterior phenotypical characteristics (Figure 3.1). Therefore, eight out of ten
skeletal elements assessed in the current study were observable in high frequencies from Lodox
scans, ranging from 88% to 99% (Table 4.1). The most observable skeletal elements were the
cranium and pelvic girdle, each observable in 99.3% of assessed Lodox scans, followed by the

distal humerus and femur at 98% and 96.7%, respectively (Table 4.1).

The intra-observer repeatability agreements associated with observing skull and postcranial
elements of interest from Lodox scans ranged from moderate to perfect repeatability agreements
(Table 4.1). That is, the utilisation of Lodox scans showed near-perfect intra-observer agreement
for the visual observability of lower rib costal cartilages, substantial agreement for the mandible
and sacrum, and moderate agreement for the scapula. The remaining skeletal elements assessed
had a perfect intra-observer repeatability agreement for observation on Lodox scans (Table 4.1).
The inter-observer repeatability for observed skeletal elements ranged from slight to perfect
agreements. The mandible and sacrum showed moderate agreement, while the scapula and rib
costal cartilages exhibited fair and slight agreement, respectively (Table 4.1). All other skeletal

elements demonstrated perfect inter-observer repeatability agreement.
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Table 4.1: Counts and frequencies (in brackets) of observable skeletal elements from assessed
Lodox scans (n = 150) with associated intra- and inter-observer Cohen’s Kappa agreement scores

(K).
Skeletal Element Co?;;e?lgzzz\;;ble Intra-observer agreement | Inter-observer agreement

Cranium 149 (99.3%)

Mandible 132 (88.0%)

Clavicle 138 (92.0%)

Scapula 137 (91.3%)

Lower ribs costal cartilages 65 (43.3%)

Distal humerus 147 (98.0%)

Proximal ulna 135 (90.0%)

Pelvic girdle 149 (99.3%)

Sacrum 43 (28.7%) . .

Femur 145 06700 |0 GG

*Bold percentages represent the highest frequency of observability

Colour codes:r, fair agreement, moderate agreement, substantial agreement, near-perfect agreement, -

4.3. Observable and Scorable Skeletal Traits

Following the observation of the above-mentioned skeletal elements (per Lodox scan) (Table 4.1),
the sexually dimorphic traits (of interest) associated with these skeletal elements were further
assessed for observability and were ultimately scored for morphological sex estimation (Tables 3.3
and 3.4). The ability to score (i.e., scorability) a particular skeletal trait for morphological sex
classification depended on its observability on a particular Lodox scans. Each observable skeletal
trait (per Lodox scan) was morphologically scored using the criteria of the associated sex
estimation method, with nominal skeletal traits scored as either 1 (female) or 5 (male), while
ordinal traits were scored on a five-point scale: 1 = female, 2 = probable female, 3 = ambiguous,
4 = probable male, and 5 = male (Tables 3.3 and 3.4), as stated in the method chapter above. These
scores were subsequently used to estimate the sex of the assessed trait from Lodox scans. For the
purpose of further analysis, skeletal traits assigned scores of one (1) and two (2) were classified as
‘female’ whereas skeletal traits assigned scores of four (4) and five (5) were classified as ‘male’.
Skeletal traits assigned a score of three (3) were not given a sex classification but rather categorised
as ‘ambiguous’. Skeletal traits that were not observable and/or scorable from respective Lodox

scans were categorised as ‘unobserved’.

On average, the skeletal traits of the pelvic girdle were the most observable and scorable traits
compared to the assessed traits of other skeletal elements, with the highest average observability
(81%) and scorability (88%) frequencies (Figure 4.1). These were followed by the traits of the
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Frequencies

mandible with 81% average observability and 76% average scorability. The average observability
frequencies of the remaining skeletal traits, per skeletal elements, ranged from 0% (clavicle) to
51.3% (proximal ulna), while the average scorability frequencies ranged from 0% (clavicle) to

62.1% (cranium) (Figure 4.1).

100% -
o, 88%
90% 21% o 81%
80% A o
0% 62%
60% - 51%
47%
50% - Lo 42%46% 47/0430/ 44% 0
40% - 35%
30% 1 4%20"/ 20%
20% - ' 17%
0% 1 I
0% 0%
0% - ; ; ; f f i
Cranium Mandible Scapula Clav1cle Lower  Distal Pr0x1mal Pelvic  Sacrum  Femur
ribs costal humerus  ulna girdle
cartilages

Skeletal Elements
B Average observability rate Average scorability rate

Figure 4.1: Visual representation to indicate skeletal element(s) with the most/least observable and/or
scorable skeletal traits, on average frequencies. None-observable and/or -scorable skeletal traits were

excluded from calculations of average frequencies.

4.3.1. Skull traits
4.3.1.1. Observability

Concerning skull traits assessed in the current study (Table 3.2), the orbit was the most observable
trait, observable in 94.0% of the observable crania (140/149) of the Lodox scans (Figure 4.2). The
second most observable trait was the overall skull morphology (90.6%, 135/149 scans), followed
by the parietal eminence (87.9%, 131/149) (Table 4.2, Figure 4.2). The mastoid process and frontal
eminence were the least observable cranial traits from assessed Lodox scans with observable
crania and were only visible in 43.6% of mastoid processes (65/149 scans) and 7.4% of parietal
eminences (11/149 scans), respectively (Table 4.2). The nuchal crest, forehead slope, and glabella
were not observable from any of the assessed Lodox scans with observable crania. Subsequently,
these traits were not assessed further for morphological sex estimation. The mental eminence was
observable in 91.7% (n = 121 scans) of the Lodox scans with observable mandibles (n =132 scans)

(Figure 4.2). The differences in the observability frequencies of assessed cranial traits between the
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total study sample (n = 150) and a subset of observable crania (n = 149) were consistently less

than 1% while the mental eminence exhibited an 11.0% difference in observability frequencies

(Table 4.2).

Visual observability of skull traits from Lodox scans exhibited intra- and inter-observer
repeatability agreements ranging from slight to perfect agreements (Table 4.2). Perfect intra- and
inter-observer agreements were achieved for the observation of the overall skull morphology from
Lodox scans, whereas the mastoid process demonstrated the lowest levels of agreement, with fair
intra-observer and slight inter-observer agreements. The majority of the remaining cranial traits
demonstrated a variety of repeatability agreements, ranging from moderate to substantial
repeatability agreements for observability on Lodox scans (Table 4.2). Nuchal crest, forehead
slope, and glabella morphology, which were not observable in any assessed Lodox scans,
demonstrated perfect intra- and inter-observer agreement, as both observers consistently recorded
them as unobservable (Table 4.2). The mental eminence morphology had a moderate intra-

observer agreement and a substantial inter-observer agreement for observation on Lodox scans

(Table 4.2).

Superior

Left
Figure 4.2: Example of skull traits with higher frequency (>89%) of observability from Lodox
scans. a = parietal eminence; b = orbit morphology; ¢ = mental eminence; d = overall skull
morphology.
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4.3.1.2. Scorability

Overall, the ability to score an observable skull trait from Lodox scans was greater than 87% (Table
4.2). Of the observable cranial traits, the orbit exhibited the highest frequency of scorability,
scorable in 100% of the observable crania (140/140 scans), whereas mastoid process morphology
exhibited the lowest frequency of scorability (87.7%, 57/65 observable). The parietal eminence,
overall skull morphology, and frontal eminence were scorable in 97.7% (128/131 observable),
97.0% (131/135 observable), and 90.9% (10/11 observable) of observable crania, respectively.
While most cranial traits showed only a 6-12% difference in scorability between a subset of
respective observable cranial traits and the total sample (n = 150 scans), the scorability of the
mastoid process and frontal eminence exhibited the greatest differences (49.7% and 84.2%,
respectively) (Table 4.2). The mental eminence was scorable in 94.2% of observable mental
eminences (114/121 observable), which represents 76.0% of the study sample size, an 18.2%

difference.

The assessed scorable cranial traits exhibited levels of repeatability ranging from slight to perfect
agreements (Table 4.2). For visual scoring on Lodox scans, the overall skull and parietal eminence
morphologies both showed perfect intra-observer and moderate inter-observer agreements, while
orbit shape showed substantial agreements for both intra- and inter-observer repeatability. The
mastoid process and frontal eminence showed the lowest agreement levels for scorability (Table
4.2). The frontal eminence exhibited moderate intra- and inter-observer agreement, while the

mastoid process showed moderate intra-observer and slight inter-observer agreements.
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Table 4.2: Tabulated counts and frequencies (in brackets) of the observable and scorable morphological skull traits, and their respective intra- and
inter-observer Cohen’s Kappa coefficients (K).

Observability Scorability
Skeletal Traits Count Percentage Intra- Inter- Count Percentage Intra- Inter-
observable | observable over total observer observer scorable scorable over total | observer observer
(Frequency) sample (n=150) Agreement | Agreement | (Frequency) sample (n=150) Agreement | Agreement
Cranium (n = 149)
Overall skull
morphology 135 (90.6%) 90.0% 131 (97.0%) 87.3% 0.64
Mastoid process 65 (43.6%) 43.3% 57 (87.7%) 38.0% 0.13
Nuchal crest 0% 0% 0% 0% - -
Frontal eminence 11(7.4%) 739, 10 (90.9%) 6.7% 0.50 0.58
Parietal eminence 131 (87.9%) 87.3% 128 (97.7%) 85.3% - 0.48
Orbit shape 140 (94.0%) 93.3% 140 (100%) 93.3% 0.64 0.62
Forehead slope
P 0% 0% 0% 0% ) )
Glabella 0% 0% 0% 0% - -
Mandible (n = 132)
Mental eminence 121 (91.7%) 80.7% 0.50 0.77 114 (94.2%) 76.0% 0.40 0.34

*Bold percentages indicate the highest frequency of observability and/or scorability among all the traits for a particular skeletal element.

Dash € is indicative of traits where scorability was not conducted due to the not being observable from any assessed Lodox scans, thus not scorable.

Colour coding: Slight agreement, fair agreement, moderate agreement, substantial agreement, near-perfect agreement, _
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Table 4.3: Skull traits observability and scorability differences between the total study sample (n
= 150 scans) and a subset of observable and scorable trait.

Skeletal elements Observability differences Scorability differences

Cranium

Overall skull morphology 0.6% 9.7%

Mastoid process 0.3% 49.7%

Frontal eminence 0.1% 84.2%

Parietal eminence 0.6% 12.4%

Orbit shape 0.6% 6.7%
Mandible

Mental eminence 11.0% 18.2%

4.3.2. Postcranial traits

4.3.2.1. Observability

The observability of postcranial morphological traits from assessed Lodox scans varied, with a
range of 14.6% to 98.0% from a subset of scans with observable skeletal elements (Table 4.4).
Traits of the pelvic girdle were consistently highly observable compared to skeletal traits of other
postcranial elements (Table 4.4). In particular, the pelvic brim was observable in 98.0% (146/149)
of Lodox scans, followed by the overall pelvis morphology at 96.6% (144/149) (Table 4.4 and
Figure 4.3). These were followed by the obturator foramen shape (91.9%, 137/149), subpubic bone
shape (91.3%, 136/149), and acetabular position (91.3%, 136/149). The ventral arc was the least
observable pelvic trait, observable on 87.9% (131/149) of assessed pelvic girdles, followed by the
subpubic contour and ilium morphology both at 88.6% (132/149) observability rate.

The infraspinous fossa’s lateral border was the most observable trait of the scapula, observable in
90.5% (124/137 scans) of assessed scapulae. It ranked as the sixth most observable postcranial
trait overall (Table 4.4 and Figure 4.3). This was followed by suprascapula notch, with an
observability of 56.2% (77/137), and the supraspinous fossa's superior border, with an
observability of 21.9% (30/137). In contrast, the infraspinous fossa's medial border was the least
observable scapula trait, and the least observable among all postcranial traits, at 14.6% (20/137)
observability (Table 4.4). Among the distal humerus traits, the olecranon fossa's shape was the
most observable, visible in 80.3% (118/147) of observable distal humeri (Table 4.4 and Figure
4.3). However, the observability of the trochlea constriction (54.4%, 80/147) and trochlea
symmetry (55.1%, 81/147) were notably lower in comparison (Table 4.4)

The observability of the remaining postcranial traits ranged between 29.7% (quadriceps angle,

43/145 assessed femora) and 55.4% (costal cartilage ossification patterns, 36/65 assessed lower
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ribs costal cartilages) (Table 4.4). The costoclavicular tuberosity, medial epicondyle angle, and
greater sciatic notch were not observable from any of the assessed Lodox scans and thus were not
assessed for morphological sex estimation. While most postcranial traits showed less than 5.7%
difference in observability between a subset of the respective observable postcranial traits and the
total sample, the observability of the costal cartilage ossification patterns and sacrum morphology
exhibited the greatest differences (31.4% and 49.8%, respectively). All assessed observable pelvic
traits exhibited the least differences in observability (0.6% and 0.7%) compared to the other

postcranial traits (Table 4.5).

The intra- and inter-observer agreements associated with observing the postcranial traits of interest
ranged from no agreements to a perfect agreement (Table 4.4). Seven of the assessed postcranial
traits, including the most observable postcranial traits, had perfect intra- and inter-observer
agreements. The observability of the costal cartilage ossification positions had a near-perfect intra-
observer agreement and a fair inter-observer agreement. Moreover, visual observability of the
morphologies of the suprascapular notch, supraspinous fossa’s superior border, olecranon-coracoid
angle, sacrum, femoral neck shaft angle, and quadriceps angle exhibited intra- and inter-observer
agreements ranging from no agreement to fair agreement (Table 4.4). The observability of the
remaining postcranial traits on Lodox scans exhibited substantial and moderate intra- and inter-
observer agreements (Table 4.4). The non-observability of the costoclavicular tuberosity, medial
epicondyle angle, and greater sciatic notch morphology, from any of the assessed Lodox scans,

exhibited perfect intra- and inter-observer agreements.
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Figure 4.3: Image examples of postcranial traits with high frequency of observability (>80%) from
Lodox scans. Images: Top left = scapula; top right = distal humerus; bottom images = pelvis. a =
infraspinous fossa lateral border; b = olecranon fossa shape; ¢ = ilium morphology; d = pelvic
brim; e = obturator foramen shape; f = subpubic shape; g = overall pelvis morphology; h =
acetabulum position; i = ventral arc; j = subpubic contour.

4.3.2.2. Scorability

With regard to the ability to score observable postcranial traits from Lodox scans, the frequencies
of the most scorable postcranial traits ranged from 83.3% (costal cartilage ossification patterns
(30/36 observable) and sacrum morphology (25/30 observable)) to 100% (infraspinous fossa’s
medial border (20/20 observable) and ilium morphology (132/132 observable)) (Table 4.4). The
traits of the pelvic girdle were the most scorable postcranial traits, ranging from 93.2% (subpubic
contour, 123/132 observable) to 100% (ilium morphology, 132/132 observable). Compared to
other postcranial traits, pelvic traits were scorable in over 82.0% of the study sample size (n = 150
scans), ranging from 82.0% (subpubic contour, 123/150) to 93.3% (overall pelvis morphology and
pelvic brim, 140/150) (Table 4.4). Although the infraspinous fossa medial border (100%, 20/20

observable), trochlea constriction (91.3%), trochlea symmetry (88.9%, 72/81 observable),
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suprascapular notch (88.3%, 68/77 observable), olecranon-coronoid angle (85.7%, 66/77
observable), and the sacrum morphology (83.3%, 25/30 observable) were scorable in relatively
higher frequencies from their respective observable skeletal elements, these traits were scorable in
less than 50.0% of the total study sample size (n = 150) (Table 4.5). The least scorable postcranial
trait was the femoral neck shaft angle (53.5%, 53/99 observable), while the supraspinous fossa
superior border, costoclavicular tuberosity, medial epicondyle angle, greater sciatic notch, and the
quadriceps angle were not scorable from any of the observable respective skeletal elements, thus

morphological sex classification was not conducted.

The intra-observer agreements associated with the ability to score respective observable
postcranial traits ranged from fair to perfect agreements, with the majority of the traits associated
with either moderate or substantial intra-observer agreements (Table 4.4). The associated inter-
observer agreements ranged from no agreement to perfect agreement (Table 4.4). Skeletal traits
such as the infraspinous fossa lateral border and sacrum morphology exhibited the greatest
difference in agreement levels between intra- and inter-observer repeatability, ranging between
two and three agreement levels (Table 4.4). The scorability of the remaining postcranial traits

exhibited no or a single level of differences between intra- and inter-observer repeatability.
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Table 4.4: Tabulated counts of the observable and scorable morphological postcranial traits, associated frequencies in brackets, and their respective
intra- and inter-observer Cohen’s Kappa coefficients (K).

Observability Scorability
Skeletal Traits Count Percentage Intra- Inter- Count Percentage scorable Intra- Inter-
observable | observable over total observer observer scorable over total sample (n = observer observer
(Frequency) sample (n = 150) Agreement | Agreement | (Frequency) 150) Agreement | Agreement
Scapula (n = 137)
Suprascapular notch 77 (56.2%) 51.3% 0.24 0.18 68 (88.3%) 45.3% 0.20 -
Supraspinous fossa
superior border 30 (21.9%) 20.0% 0.14 0.24 0% 0% - -
Infraspinous fossa lateral
border 124 (90.5%) 82.7% 0.64 0.39 121 (97.6%) 80.7% 0.73 0.35
{)‘(‘)frr(;‘:f‘m“s fossa medial ) 14 Gory 13.3% 0.69 0.50 20 (100%) 13.0% 0.79 0.63
Clavicle (n = 138)
Costoclavicular tuberosity 0% 0% _ 0% 0% — —
Lower ribs costal cartilage (n = 65)
g;’tsttearlnca”"age ossification 3 55 40 24.0% 0.90 0.24 30 (83.3%) 20.0% 0.72 0.47
Distal humerus (n = 147)
Olecranon fossa 118 (80.3%) 78.7% 0.74 0.68 108 (91.5%) 72.0% 0.50 0.63
Medial epicondyle angle 0% 0% 0.79 0.41 0% 0% — —
Trochlea constriction 80 (54.4%) 53.3% 0.79 0.60 73 (91.3%) 48.7% 0.67 0.50
Trochlea symmetry 81 (55.1%) 54.0% ; 72 (88.9%) 48.0% 0.76 0.58
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Table 4.4: Continued. ..

Observability Scorability
Skeletal Traits Count Percentage observable Intra- Inter- Count Percentage scorable over Intra- Inter-
observable over total sgam le (n=150) observer observer scorable total Sagm le (n=150) observer observer
(Frequency) P Agreement | Agreement | (Frequency) P Agreement | Agreement
Proximal ulna (n = 135)
;)I:;:a“"“'c"“’“‘“d 77 (57.0%) 51.3% 0.12 0.30 66 (85.7%) 44.0% 0.51 0.28
Pelvic girdle (n = 149)
Overall pelvis 144 (96.6%) 96.0% 140 (97.2%) 93.3%
morphology
Pelvic brim 146 (98.0%) 97.3% 140 (95.9%) 93.3%
Subpubic shape 136 (91.3%) 90.7% 130 (95.6%) 86.7%
Obturator foramen 55 g, 9o/ 91.3% 128 (93.4%) 85.3%
shape
Greater sciatic notch 0% 0% 0% 0% — —
Subpubic contour 132 (88.6%) 88.0% 123 (93.2%) 82.0% 0.64 0.62
Ventral arc 131 (87.9%) 87.3% 128 (97.7%) 85.3% 0.44 0.62
Acetabulum position 136 (91.3%) 90.7% 130 (95.6%) 86.7% 0.51 0.74
Tlium morphology 132 (88.6%) 88.0% 132 (100%) 88.0% 100100
Sacrum (n = 43)
Sacrum morphology 30 (69.8%) 20.0% 0.23 - 25 (83.3%) 16.7% 0.51 -




Table 4.4: Continued...

Observability Scorability
Skeletal Traits Count Percentage observable Intra- Inter- Count Percentage scorable over Intra- Inter-
observable over total sample (n=150) observer observer scorable total sample (n=150) observer observer
(Frequency) P Agreement | Agreement | (Frequency) P Agreement | Agreement
Femur (n = 145)
fﬁg}:ral neck shaft o5 68 304) 66.0% 0.13 53 (53.5%) 35.3% 0.42
Quadriceps angle 43 (29.7%) 28.7% 0.14 0.12 0% 0% — —

*Bold text indicates the highest frequency of observability and/or scorability among all the traits for a particular skeletal element.

Dash O is indicative of traits where scorability was not conducted due to the not being observable any assessed Lodox scans, thus not scorable.

Colour coding: _, Slight agreement, fair agreement, moderate agreement, substantial agreement, near-perfect agreement, _
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Table 4.5: Postcranial traits observability and scorability differences between the total study
sample (n = 150 scans) and a subset of observable and scorable trait. Non-observable skeletal

traits are excluded.

Skeletal Traits

Observability differences

Scorability differences

Scapula
Suprascapular notch 4.9% 43.0%
Supraspinous fossa superior border 1.9% —
Infraspinous fossa lateral border 7.8% 16.9%
Infraspinous fossa medial border 1.3% 86.7%
Lower ribs costal cartilages
Costal cartilage ossification position 31.4% 63.3%
Distal humerus
Olecranon fossa 1.6% 19.5%
Trochlea constriction 1.1% 42.6%
Trochlea symmetry 0.7% 40.9%
Proximal ulna
Olecranon-coronoid angle 5.7% 41.7%
Pelvic girdle
Overall pelvis morphology 0.7% 3.9%
Pelvic brim 0.7% 2.6%
Subpubic angle shape 0.6% 8.9%
Obturator foramen shape 0.6% 8.1%
Subpubic contour 0.6% 11.2%
Ventral arc 0.6% 12.4%
Acetabulum position 0.6% 8.9%
Ilium morphology 0.6% 12.0%
Sacrum
Sacrum morphology 49.8% 66.7%
Femur
Femoral neck shaft angle 2.3% 18.2%
Quadriceps angle 1.0% -

*Dash ) indicates that scorability could not be assessed therefore differences could not be determined.

4.4. Skeletal Traits Sex Classification Accuracies

4.4.1. Sex classification accuracies per study sample

4.4.1.1. Skull traits

Regarding the morphological sex classification of scorable skull traits from assessed Lodox scans

(males = 72 and females = 78), correct classification accuracy rates ranged from 6.9% to 80.6%

for males, and from 5.0% to 74.4% for females (Table 4.6). The parietal eminence morphology

achieved the highest accuracy in correctly classifying male sex (80.6%, 58/72), with only 11.1%
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of males incorrectly classified as females. Females, however, had a lower correct classification
accuracy of 47.4% (37/78) for parietal eminence morphology, with a 32.1% incorrect classification
rate (Table 4.6). Orbit shape achieved the second-highest correct sex classification in males
(72.2%, 52/72), with a 23.6% incorrect classification and a correct classification in 69.2% of
females (54/78) with a 21.8% incorrect classification rate. Sex classification based on the overall
skull morphology was the most accurate in females, correctly classifying females 74.4% (58/78)
of the time, with a 14.1% incorrect classification rate, while males were correctly classified 63.9%
(46/72) of the time, with a 22.2% incorrect classification rate (Table 4.6). Furthermore, sex
classification based on the morphology of the mental eminence resulted in 56% (male:40/72 and
females: 44/78) correct sex classification accuracies for both male and female individuals, with
16.7% and 14.1% male and female incorrect classification rates, respectively. Based on
morphological sex estimation, the frontal eminence yielded the lowest classification accuracy for
both males (6.9%, 5/72) and females (5.0%, 4/78) while the mastoid process had the second-lowest
accuracy for both males (27.8%, 20/72) and females (36.0%, 28/78) (Table 4.6).

Overall, morphological sex estimation (over total study sample) based on the orbit shape resulted
in the highest combined sex classification accuracy for skull traits (70.7%, 106/150), followed by
the overall skull morphology (69.3%, 104/150), parietal eminence (63.3%, 95/150), mental
eminence (56.0%, 84/150), mastoid process (32%, 48/150), and frontal eminence (6.0%, 9/150)
from the skull traits (Table 4.6). The mental eminence is the only skull trait that demonstrated
ambiguous sex characteristics; thus, sex classification was not conducted in 6.9% of males and
2.6% of females. Significant statistical differences existed between the predicted and documented

sexes except for the frontal eminence (p-value = 0.06) (Table 4.6).
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Table 4.6: Predicted sex classification counts and accuracy rates (in brackets) of skull traits morphological scored for sex estimation from 150

assessed Lodox scans.

Male sex classifications (n = 72) Female sex classifications (n = 78)
Total Chi- Total
Skeletal trait | classified squared | incorrectly | Combined
scans Correct | Incorrect | Ambiguous Unob:erved Correct | Incorrect | Ambiguous Unobierved statistic | classified | correct sex
Cranium
Overall skull 131 46 16 0 10 58 11 o 9 27 0
morphology (87.3%) | (63.9%) (22.2%) 0% (13.9%) (74.4%) (14.1%) 0% (11.5%) 45 (18.0%) 69.3%
Mastoid 57 20 3 o 49 28 6 o 44 9 0
process (38%) | (27.8%)  (4.2%) 0% (68.1%) (36%) (7.7%) 0% (56.4%) 27 (6.0%) 32.0%
Frontal 11 5 0 0 67 4 2 o 72 % 2 o
eminence (7.3%) (6.9%) 0% 0% (93.1%) (5.0%) (2.7%) 0% (92.3%) = (1.3%) 6.0%
Parietal 128 58 8 o 6 37 25 o 16 33 0
eminence (85.3%) | (80.6%) (11.1%) 0% (8.3%) 47.4%) (32.1%) 0% (20.5%) 32 (22.0%) 63.3%
. 140 52 17 o 3 54 17 o 7 34 0
Orbit shape 93.3%) | (72.2%)  (23.6%) 0% 42%) | (692%) (21.8%) 0% (9.0%) 37 (22.7%) 70.7%
Mandible
Mental 114 40 12 5 15 44 11 2 21 35 23 56.0%
eminence (76.0%) | (56.6%) (16.7%) (6.9%) (20.8%) (56.4%) (14.1%) (2.6%) (26.9%) (15.0%) e

a: Skeletal traits scored as 3 and therefore not classified as either ‘male’ or ‘female’.

b: Skeletal traits that were not observable and/or scorable from a particular Lodox scan, thus sex classification was not conducted.

c: Chi-squared statistics with degrees of freedom = 1, for predicted sex classifications vs documented sexes.

*: Fishers Exact statistics. Bold and underlined Chi-square/Fishers Exact statistic values indicate no statistical significance (p-value > 0.05).

Note: Bold percentages indicate the highest accuracy amongst traits for a particular skeletal element.
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4.4.1.2. Postcranial traits

Regarding the morphological sex classification of scorable postcranial traits from assessed Lodox
scans (males = 72 and females = 78), pelvic traits provided the highest male and female correct
sex classification accuracies compared to other postcranial traits, ranging from 63.9% to 77.8%
for males and 52.6% to 80.8% for females (Table 4.7). The subpubic shape and obturator foramen
shape both had the highest correct sex classification accuracies for males (78.8%, 56/72), with
13.9% and 8.3% incorrect classification rates, respectively. The ventral arc morphology had the
second most correct sex classification accuracy for males (76.4%, 55/72), followed by the overall
pelvis morphology (75.0%, 54/72), pelvic brim (70.8%, 51/72), and acetabular position (70.8%,
51/72) (Table 4.7). These traits had a male incorrect classification rate 0f 9.7%, 19.4%, 22.2%, and
18.1%, respectively. The remaining postcranial traits achieved correct male sex classification
accuracies ranging from 0% (suprascapular notch) to 69.4% (i.e., subpubic contour), with incorrect
male classification rates ranging from 1.4% (costal cartilage ossification patterns) to 33.3%

(suprascapular notch) (Table 4.7).

Correct female sex classification using pelvic brim morphology achieved the highest accuracy at
80.8% (63/78), with an incorrect classification rate of 11.5%. This trait was followed by the
morphologies of the overall pelvis (79.5%, 62/78), ilium (78.2%, 61/78), and the obturator
foramen shape (70.5%, 55/78) (Table 4.7). These three pelvic traits had 12.8%, 9.0%, and 14.1%
incorrect female classification rates, respectively. The remaining postcranial traits achieved correct
female sex classification accuracies ranging from 9.0% (sacrum morphology) to 66.7% (subpubic
shape and acetabulum position), with incorrect female classification rates ranging from 1.3%

(sacrum morphology) to 26.9% (infraspinous fossa lateral border) (Table 4.7).

In general, the overall pelvis morphology had a combined sex classification accuracy of 77.3%
(116/150), the highest for all assessed skeletal traits. The pelvic brim morphology had the second
highest combined sex classification accuracy (76.0%, 114/150), followed by the obturator foramen
shape (74.0%, 111/150), and subpubic bone shape (72.0%, 108/150). The combined correct sex
classification accuracies of the remaining postcranial traits ranged from 11.3% (infraspinous fossa
medial border) to 71.3% (ilium morphology) (Table 4.7). Moreover, the combined incorrect
classification accuracies ranged from 2.0% (infraspinous fossa medial border and sacrum
morphology) to 26.7% (infraspinous fossa lateral border) (Table 4.7). Significant statistical
differences existed between the predicted and documented sexes for all assessed postcranial traits

(p-value < 0.05), except for the suprascapular notch (p-value = 0.89) (Table 4.7).
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Compared to assessed skull traits, seven postcranial traits included ambiguous classifications due
to exhibiting ambiguous sex characteristics, intermediate between male and female sex
characteristics, thus their sex was not predicted (Table 4.7). The subpubic contour had the highest
rate of ambiguous classifications, with 11.1% for males classified as ambiguous and 7.7% for
females were classified as ambiguous. This trait was followed by the ventral arc with 6.9%
ambiguous classifications for males and 5.1% ambiguous classifications for female ventral arc
morphologies. The costal cartilage ossification patterns and olecranon fossa shape each
demonstrated 1.4% ambiguous classification for males, 5.1% and 2.6% ambiguous classification
for females, respectively. The suprascapular notch only demonstrated ambiguous classification for
males (2.8%) while the trochlea constriction and trochlea symmetry morphologies demonstrated

ambiguous classifications for only females (3.8% and 2.6%, respectively).

71



Table 4.7: Predicted sex classification counts and accuracy rates (in brackets) of postcranial traits morphologically scored for sex estimation from

150 assessed Lodox scans.

Male sex classifications (n = 72)

Female sex classifications (n = 78)

Total Chi- Total Combined
Skeletal trait Classified squared | incorrec !
Scans | Correct | Incorrect | Ambiguous | Unobserved | Correct | Incorrect | Ambiguous | Unobserved | gtatistic t correct sex
a b a b ¢
Scapula
Suprascapular 68 o 24 2 46 40 2 o 36 26 o
notch @3 | 0% 333%) (2.8%) 63.9%) | (513%)  (2.6%) 0% (46.2%) 9 (173%)  267%
Infraspinous fossa 121 38 19 0% 15 43 21 0% 14 14 40 54
lateral border (80.7%) | (52.8%)  (26.4%) ° 21%) (551%)  (26.9%) 0 (17.9%) (26.7%) o
Infraspinous fossa 20 o 3 o 66 14 o o 64 3 o
medial border (133%) |3 @27 (420 0% 01.7%) | (17.9%) 0% 0% (82.1%) 8 (2%) 1.3%
Lower ribs costal cartilages
Costal cartilage 27 9 I I 62 9 6 4 58 4 .
ossification 18% 12.5% 1.4% 1.4% 86.1% 11.5% 7.7% 5.1% 74.4% 10 4.7% 12%
pattern (18%) | (12.5%)  (1.4%) (1.4%) (86.1%) (11.5%)  (7.7%) (5.1%) (74.4%) (4.7%)
Distal humerus
108 34 11 1 26 45 15 2 16 26 o

Olecranon fossa (712%) | @7.2%)  (15.3%) (1.4%) (36.1%) | (57.7%)  (19.2%) (2.6%) (20.5%) 21 (173%) ~ T%
Trochlea 73 24 7 0% 41 26 13 3 36 19 20 33 3%
constriction 48.7%) | 33.3%)  (9.7%) ° (56.9%) | (333%)  (16.7%) (3.8%) (46.2%) (13.3%) 70
Trochlea 72 24 7 0% 41 27 12 2 47 2 19 349,
symmetry 48.0%) | 33.3%)  (9.7%) ° (56.9%) | (34.6%)  (15.4%) (2.6%) (47.4%) (12.7%) °
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Table 4.7: Continued. ..

Total Male sex classifications Female sex classifications Chi
ota 1- .
Skeletal trait classified squared | . Total Combined
Scans | Correct | Incorrect | Ambiguous Unobierved Correct | Incorrect | Ambiguous Unobierved statistic | neorrect | correct sex
Proximal ulna
Olecranon-coronoid 66 30 2 o 40 8 26 o 44 % 28 0
angle (44.0%) | 41.7%)  (2.8%) 0% (55.6%) | (10.3%)  (33.3%) 0% (56.4%) 4 (18.7%) 25.3%
Pelvic girdle
Overall Pelvis 140 54 14 , 4 62 10 , 6 24 .
morphology (93.3%) | (75.0%)  (19.4%) 0% (5.6%) (79.5%)  (12.8%) 0% (7.8%) 61 (16%) 77:3%
. 139 51 16 , 5 63 , , 6 25 .
Pelvic brim ©02.7%) | (70.8%) (22.2%) 0% ©9%) | 80.8%) °ULS) 0% (8.0%) 37 (16.7%)  100%
. 130 56 10 , 6 52 12 , 14 22 .
Subpubic shape 86.7%) | (77.8%) (13.9%) 0% 83%) | (66.7%)  (15.4%) 0% (18.0%) 37 as57%) ~ 120%
Obturator foramen 128 56 6 o 10 55 11 o 12 17 0
shape (85.3%) | (77.8%)  (8.3%) 0% (13.9%) | (70.5%)  (14.1%) 0% (15.4%) 70 (113%)  +0%
: 123 50 8 8 6 41 10 6 21 18 .
Subpubic contour o> gory | (69.4%) (11.1%)  (11.1%) 83%) | (26w (128%)  (7.7%) (26.9%) 49 (12%)  007%
128 55 7 5 5 49 8 4 17 15 .
Ventral arc (85.3%) | (76.4%)  (9.7%) (6.9%) (6.9%) (62.8%)  (10.3%) (5.1%) (21.8%) 67 (10%) 69.3%
Acetabulum 130 51 13 o 8 52 14 o 12 27 0
position (86.7%) | (70.8%)  (18.1%) 0% (11.1%) | (66.7%)  (17.9%) 0% (15.4%) 44 (18%) 68.7%
. 133 46 18 , 8 61 7 , 10 25 .
llium morphology  gg 700y | 63.9%)  (25%) 0% (11.1%) | (782%)  (9.0%) 0% (12.8%) >3 (16.7%) 3%
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Table 4.7: Continued...

Male sex classifications Female sex classifications
Total Chi- Total Combined
Skeletal trait | classified squared | . ¢ ¢
Scans | Correct | Incorrect | Ambiguous | Unobserved | Correct | Incorrect | Ambiguous | Unobserved | statistic | 'MCOTTect | correct sex
a b a b ¢
Sacrum
Sacrum 25 15 2 0 55 7 1 0 70 3 o
morphology (16.7%) | (20.8%) (2.8%) 0% (76.4%) (9%) (1.3%) 0% (89.7%) 14 (2%) 14.7%
Femur
Femoral neck 33 19 10 o 43 18 6 o 54 16 o
shaft angle (35.3%) | (26.4%) (13.9%) 0% (59.7%) (23.1%)  (7.7%) 0% (69.2%) ? (10.7%) 24.7%

a: Skeletal traits scored as 3 and therefore not classified as either ‘male’ or ‘female’.

b: Count and frequencies of not observed and/or scored traits from assessed Lodox scan, thus sex classification was not conducted.

c: Chi-squared statistics with degrees of freedom = 1, for predicted sex classifications vs documented sexes.

*: Fishers Exact statistics. Bold and underlined Chi-square/Fishers Exact statistic values indicate no statistical significance (p-value > 0.05).

Bold percentages indicate the highest accuracy amongst traits for a particular skeletal element.
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4.4.2. Sex classification accuracies per scorable skeletal traits

4.4.2.1. Skull traits

Based on the morphological sex classification of scorable skull traits from a subset of scorable
skull traits per assessed Lodox scans, a narrow range of accuracy rates were observed compared
to a range of accuracies observed in section 4.4.1.1 (Table 4.6). Overall, correct classification for
males ranged from 69.9% to 87.0%, while it ranged from 76.1% to 100% for females (Table 4.8).
The mastoid process proved to be the most accurate trait for classifying males, achieving an 87%
correct classification rate (20/23). In contrast, it was slightly less accurate for females, with an
82.4% success rate (28/34). While orbit shape was the second most accurate trait for males at
75.4% (52/69), it had the lowest accuracy for females at 76.1% (54/71) and the highest incorrect
classification rate at 23.9%. Contrarily, the frontal eminence was perfectly accurate for females
(100%, 4/4) but was the second-lowest for males at 71.4% (5/7). When considering the overall
skull morphology, females were more accurately classified at 84.4% (58/69) compared to males at
74.2% (46/72). The parietal eminence was the least reliable for males, with a 69.9% accuracy rate
(58/83), and the second-lowest for females at 82.2% (37/45). The mental eminence also showed
low accuracy, ranking as the second-lowest for both males (70.2%, 40/57) and females (77.2%,
44/57) (Table 4.8).

Overall, morphological sex estimation based on skull traits showed varying degrees of combined
correct classification accuracy. The mastoid process had the highest accuracy at 84.2% (48/57)
from a subset of scorable traits. The frontal eminence ranked second with an accuracy of 81.8%
(9/11), followed by overall skull morphology (79.4%, 104/131). In contrast, orbit shape and the
parietal eminence yielded the lowest combined accuracies for cranial traits, at 75.5% (106/140)
and 74.2% (95/128) respectively, while the mental eminence yielded the lowest combined sex

classification accuracy among all assessed traits skull traits, at 73.7% (84/114).

75



Table 4.8: Predicted sex classification counts and accuracy rates (in brackets) for sex estimation of morphologically observable and scorable skull traits

from Lodox scans.

Total sex

Male classifications*

Female classifications”

Skeletal trait classified Total male with Total female with Combined
scans® | Correct | Incorrect | Ambiguous classified scans Correct | Incorrect | Ambiguous classified scans correct sex
b c b c
Cranium
Overall skull 13 10 460 160 0% 620 5 80 1 10 0% 69 . 79.4%
morphology (87.3%) | (742%)  (25.8%) (47.3%) (84.1%)  (15.9%) (52.7%)
. 57 20 3 , 23 28 6 . 34 .
Mastoid process (38%) | (87.0%)  (13.0%) 0% (40.4%) (82.4%)  (17.6%) 0% (59.6%) 84.2%
. 11 5 2 , 7 4 , . 4 .
Frontal eminence (7.3%) | (71.4%)  (28.6%) 0% (63.6%) (100%) 0% 0% (36.4%) 81.8%
. . 128 58 25 , 83 37 8 . 45 .
Parietal eminence (85.3%) | (69.9%)  (30.1%) 0% (64.8%) (82.2%)  (17.8%) 0% (35.2%) 74.2%
. 140 52 17 , 69 54 17 . 71 .
Orbital bone shape 93.3%) | (75.4%)  (24.6%) 0% (49.3%) (76.1%)  (23.9%) 0% (50.7%) 75.7%
Mandible
. 114 40 12 5 57 44 11 2 57 .
Mental eminence (76.0%) | (702%)  (21.1%) (8.8%) (50.0%) (772%)  (19.3%)  (19.3%) (50.0%) 73.7%

*: Non-scoreable skeletal traits were excluded from these calculations.

a: Chi-squared statistics are the same as those reported in Table 4.6.

b: Skeletal traits scored as 3 and therefore not classified as either ‘male’ or ‘female’.

c: Total and accuracy of classified males/females for a particular trait from a sub-set of Lodox scans with scorable respective trait (i.e., Total sex classified scans).

Bold percentages indicate the highest accuracy amongst traits for a particular skeletal element for each sex and combined classification accuracy.
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4.4.2.2. Postcranial traits

An evaluation of morphological sex classification from scorable postcranial traits on a subset of
sex classified Lodox scans yielded a slightly different range of accuracies compared to the total
study sample data (Section 4.4.1.2, Table 4.7). For males, the range of correct classifications was
50.0% to 93.8%, although the suprascapula notch was an exception with a 0% correct male

classification rate. Female correct classification accuracies had broader ranges, ranging from

23.5% to 100% (Table 4.9).
4.4.2.2.1. Scapula

In contrast to the findings in Section 4.4.1.2, sex classification based on scapula morphology
yielded some of the highest accuracies, particularly for females, based on a subset of scorable
respective scapula traits. The infraspinous fossa’s medial border achieved a perfect 100% female
classification accuracy (14/14 classified as females), and the suprascapula notch was highly
accurate at 95.2% (40/42 classified as females). However, these same traits were notably poor for
male classification (Table 4.9). The suprascapula notch had a 0% male classification accuracy
(0/26 classified as males), while the infraspinous fossa’s medial border showed only 50.0%
accuracy (3/6 classified as males). These were the lowest and second-lowest male correct
classification accuracies observed across all postcranial traits. Contrary to the above-mentioned
scapula traits, the infraspinous fossa’s lateral border had the lowest female classification accuracy
among the scapula traits at 67.2% (43/64 classified as females), however, the highest male

classification accuracy (66.7%, 38/57 classified as males).
4.4.2.2.2. Pelvic girdle

The traits of the pelvic girdle consistently provided the highest male and female sex classification
accuracies compared to other postcranial traits, with ranges of 71.9% to 90.3% for males and
71.9% to 89.7% for females (Table 4.9). Similar to the findings in section 4.4.1.2, the obturator
foramen shape and subpubic shape yielded the highest male classification accuracies among the
pelvic traits. The obturator foramen shape was the most accurate pelvic trait for male classification
(second highest amongst postcranial traits), achieving 90.3% accuracy (56/62 classified as males)
with a low 9.7% incorrect classification rate. The subpubic shape was the second most accurate,
with 84.8% (56/66 classified as males) male classification accuracy, but had a higher incorrect
classification rate of 15.2%. In contrast to Section 4.4.1.2, the ventral arc provided a high
classification accuracy for males, reaching 82.1% (55/67 classified as males) with a 10.4%

incorrect rate. The remaining male classification accuracies for pelvic traits ranged from 71.9%
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(ilium morphology) to 79.7% (acetabular position). Incorrect classification rates for these traits
varied from 12.1% (subpubic contour) to 28.1% (ilium morphology). The subpubic contour and
ventral arc were the only pelvic traits to have ambiguous classifications for males, at 12.1% and

7.5%, respectively.

For females, ilium morphology provided the highest classification accuracy at 89.7% (61/68
classified as females), followed by the pelvic brim at 87.5% (63/72 classified as females) and the
overall pelvis morphology at 86.1% (62/72 classified as females). [lium morphology also had the
lowest incorrect classification rate at 10.3%, followed by pelvic brim morphology at 12.5%. In
contrast, the subpubic contour achieved the lowest female classification accuracy among the pelvic
traits at 71.9% (41/57), with an incorrect rate of 17.5%. The remaining female classification
accuracies ranged from 78.8% (acetabulum position) to 83.3% (obturator foramen). Like the male
classifications, the subpubic contour and ventral arc were the only traits with ambiguous female

classifications, at 10.5% and 6.6%, respectively.
4.4.2.2.3. Distal humerus

In comparison to the findings in Section 4.4.1.2, sex classification based on scorable distal
humerus traits demonstrated higher classification accuracies (Table 4.9). The trochlea constriction
and trochlea symmetry both yielded the highest male classification accuracy at 77.4% (24/31
classified as males) with 22.6% incorrect classification rates. The olecranon fossa shape followed
with a male classification accuracy of 73.9% (34/46 classified as males), accompanied by a 23.9%
incorrect and a 2.2% ambiguous classification rate. For females, the olecranon fossa shape
provided the highest accuracy at 72.6% (45/62 classified as females), with the lowest incorrect
(24.2%) and ambiguous (3.2%) classification rates among the humerus traits. In contrast, trochlea
symmetry and trochlea constriction had a lower accuracy of 65.9% for both (27/41 classified as
females), with trochlea constriction having the highest incorrect (31.0%) and ambiguous (7.1%)
classification rates. Trochlea symmetry achieved the second highest incorrect and ambiguous

classifications at 29.3% and 4.9%, respectively.
4.4.2.2.4. Remaining postcranial traits

Morphological sex classification for the remaining postcranial traits, based on a subset of scorable
traits, showed a wide range of accuracies, with ranges of 65.5% to 93.8% for males and 23.5% to
87.5% for females (Table 4.9). The olecranon-coronoid angle was the most effective single trait
for male classification, achieving the highest accuracy at 93.8% (30/32 classified as males) (the
highest amongst all postcranial traits). This was followed by the morphology of the sacrum at
88.2% (15/17 classified as males), the costal cartilage ossification pattern at 81.8% (9/11 classified
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as males), and the femoral neck shaft angle at 65.5% (19/29 classified as males). Notably, these
traits showed higher classification accuracies in this analysis compared to those in section 4.4.1.2.
For females, the sacrum provided the highest classification accuracy at 87.5% (7/8 classified as
females). The femoral neck shaft angle was the next most accurate at 75% (18/24 classified as
females). However, the costal cartilage ossification pattern yielded a much lower accuracy of
47.4% (9/19 classified as females), while the olecranon-coronoid angle performed poorly for

females, with a classification accuracy of 23.5% (8/34 classified as females).
4.4.2.2.5. Combined correct classification accuracies

Overall, the sacrum provided the highest combined sex classification accuracy among all
postcranial traits, at 88.0% (22/25 classified scan). In contrast, the olecranon-coronoid angle had
the lowest combined classification accuracy at 57.6% (38/66 classified scans). The pelvic traits
consistently yielded high combined classification accuracies, ranging from 74.0% to 86.7% (Table
4.9). In contrast to the findings in section 4.4.1.2, the obturator foramen shape achieved the highest
combined accuracy among pelvic traits and the second-highest among all postcranial traits, at
86.7% (111/128 classified scans). This was followed by the subpubic shape at 83.1% (108/130
classified scans). Similar to section 4.4.1.2, the subpubic contour yielded the lowest combined
classification accuracy for a pelvic trait, though at a slightly improved 74.0% (91/123 classified
scans). The infraspinous fossa’s medial border delivered the third-highest combined classification
accuracy at 85.0% (17/20 classified scans), representing a significant increase over the total study
sample (Table 4.7). The remaining postcranial traits had moderate combined accuracies, ranging
from 58.8% for the suprascapula notch (40/68 classified scans) to 73.1% for the olecranon fossa

shape (79/108 classified scans) (Table 4.9).
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Table 4.9: Predicted sex classification counts and accuracy rates (in brackets) for sex estimation of morphologically observable and scorable
postcranial traits from certain Lodox scans.

Male classifications*

Female classifications”

Total sex Combined
Skeletal trait classified Total males with Total females with correci sex
scans * | Correct | Incorrect | Ambiguous classified scans Correct | Incorrect | Ambiguous classified scans
b [ b [
Scapula

Suprascapula 68 0% 24 2 26 40 2 0%" 42

notch (45.3%) (92.3%) (7.7%) (38.2%) (95.2%)  (4.8%) (61.8%) 58.8%
. (1]

Infraspinous fossa 121 38 19 0% 57 43 21 0% 64

lateral border (80.7%) | (66.7%)  (33.3%) ° (47.1%) (67.2%)  (32.8%) ° (52.9%) 66.9%

Infraspinous fossa 20 3 3 0% 6 14 0% 0% 14

medial border (13.3%) | (50.0%)  (50.0%) (30.0%) (100%) (70.0%) 85.0%

Rib costal cartilage
ossincation 2| 0 ! 1 > 6 4 19 60.0%
pattern (18%) 81.8%)  (9.1%) (9.1%) (36.7%) 47.4%) (31.6%) (21.1%) (63.3%) e
Distal humerus

Olecranon fossa 108 34 11 1 46 45 15 2 62 73.1%

shape (72%) (73.9%)  (23.9%) (2.2%) (42.6%) (72.6%) (24.2%) (3.2%) (57.4%) e

Trochlea 73 24 7 0% 31 26 13 3 42 68.5%

constriction (48.7%) | (77.4%) (22.6%) ° (42.5%) (61.9%)  (31.0%) (7.1%) (57.5%) e

Trochlea 72 24 7 0% 31 27 12 2 41 70.8%

symmetry (48.0%) | (77.4%)  (22.6%) ° (43.1%) (65.9%)  (29.3%) (4.9%) (56.9%) e
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Table 4.9: Continued...

Male classifications®

Female classifications”

Total sex Combined
Skeletal trait CIsiis:lt:id Total males with Total females with correct sex
Correct | Incorrect | Ambiguous classified scans Correct | Incorrect | Ambiguous classified scans
b c b c
Proximal ulna
Olecranon-coronoid 66 30 2 o 32 8 26 o 34 o
angle 44/0%) | ©3.8)  (6.3%) 0% (48.5%) 23.5%)  (76.5%) 0% (51.5%) 57.6%
Pelvic girdle
Overall Pelvis 140 54 14 0% 68 62 10 0% 72 82 99
morphology 93.3%) | (79.4%)  (20.6%) ° (48.6%) (86.1%)  (13.9%) ° (51.4%) o7
. 139 51 16 , 67 63 . . 72 .
Pelvic brim ©2.7%) | 76.1%)  (23.9%) 0% (48.2%) 87.5%) ° (12:5%) 0% (51.8%) 82.0%
. 130 56 10 , 66 52 12 . 64 ,
Subpubic shape 86.7%) | 84.8%) (15.2%) 0% (50.8%) 813%)  (18.8%) 0% (49.2%) 83.1%
Obturator foramen 128 56 6 o 62 55 11 o 66 o
shape (85.3%) | (90.3%)  (9.7%) 0% (48.4%) (83.3%)  (16.7%) 0% (51.6%) 86.7%
. 123 50 8 8 66 41 10 6 57 .
Subpubic contour 82.0%) | 75.8%) (2.1%)  (12.1%) (53.7%) 71.9%)  (17.5%)  (10.5%) (46.3%) 74.0%
Ventral arc 128 55 7 5 67 49 8 4 61 .y
(85.3%) | (82.1%) (10.4%)  (7.5%) (52.3%) (80.3%)  (13.1%) (6.6%) (47.7%) 270
. 130 51 13 , 64 52 14 . 66 ,
Acetabulum position 50/ | (79 700)  (20.3%) 0% (49.2%) (78.8%)  (21.2%) 0% (50.8%) 79.2%
. 133 46 18 , 64 61 7 . 68 .
Tlium morphology (88.7%) | (71.9%)  (28.1%) 0% (48.5%) (89.7%)  (10.3%) 0% (51.5%) 81.1%
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Table 4.9: Continued...

Total sex

Male classifications®

Female classifications”

Skeletal trait classified . Total .males with . Total'males with Combined
scans Correct | Incorrect | Ambiguous classified scans Correct | Incorrect | Ambiguous classified scans correct sex
b [ b ¢
Sacrum
Sacrum 25 15 2 o 17 7 1 0 8 0
morphology (16.7%) | (88.2%)  (11.8%) 0% (68.0%) (87.5%)  (12.5%) 0% (32.0%) 88.0%
Femur
Femoral neck 53 19 10 o 29 18 6 0 24 0
shaft angle (353%) | (65.5%)  (34.5%) 0% (54.7%) (75.0%)  (25.0%) 0% (45.3%) 69.8%

*: Non-scoreable skeletal traits were excluded from these calculations.

a: Chi-squared statistics are the same as those reported in Table 4.6.

b: Skeletal traits scored as 3 and therefore not classified as either ‘male’ or ‘female’.

c: Total and accuracy of classified males/females for a particular trait from a sub-set of Lodox scans with scorable respective trait (i.e., Total sex classified scans).

Bold percentages indicate the highest accuracy amongst traits for a particular skeletal element for each sex and combined classification accuracy.
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4.4.3. Sex classification accuracies per skeletal element

The average sex classification accuracy of visually scorable skeletal traits, per observable skeletal
element, was calculated to identify the most accurate skeletal element for morphological sex
estimation from Lodox scans. To identify the most accurate skeletal element for sex estimation,
this evaluation used two types of calculations to compare the average sex classification accuracy
of skeletal elements, firstly compared against the total study sample (Figure 4.4) and secondly a

subset of classified Lodox scans that excluded unobservable skeletal traits (Figure 4.5)..

Morphological sex classification accuracy from assessed Lodox scans varied across assessed
skeletal elements. The pelvic girdle achieved the highest average correct sex estimation from the
total study sample compared to the other assessed skeletal elements (71.2%, 107/150), with the
mandible (56.0%, 84/150) performing slightly better than the cranium (48.3%, 72/150). Average
classification accuracies for other skeletal elements ranged from 12.0% (low rib costal cartilages,
18/150) to 40.0% (distal humerus, 40/150) (Figure 4.4). Furthermore, the proximal ulna had the
highest rate of incorrect sex classification (18.7%) from assessed Lodox scans, while other skeletal
elements ranged from 2.0% (sacrum) to 15.3% (mandible and scapula) in incorrect classification
rates (Figure 4.4). The mandible had the highest rate of ambiguous classifications at 4.7%,
followed rib costal cartilages (3.3%), pelvic girdle (1.9%), distal humerus (1.8%) and scapula
(0.4%). Average sex classification from the remaining skeletal elements; cranium, proximal ulna,
sacrum, and femur, yielded no ambiguous classification (0%) of respective skeletal traits (Figure

4.4).

Similarly, morphological sex classification accuracy from a subset of Lodox scans with scorable
skeletal traits varied among skeletal elements. However, average correct classification accuracies
from the subsets were notably higher than those observed when evaluating the total study sample
(Figurem4.5). For instance, the sacrum yielded the highest average correct classification accuracy
at 88.0% (22/25), followed by the pelvic girdle (81.3%, 107/131), and the cranium (79.9%, 74/93).
Sex classification using proximal ulna traits yielded the lowest average correct classification
accuracy (57.6%, 38/66). The average correct classification accuracies of the remain skeletal
elements ranged between 60.0% (low ribs costal cartilages) and 73.7% (mandible) (Figure 4.5).
Proximal ulna had the highest average incorrect classification accuracy (42.4%), while other
skeletal elements ranged from 12.0% (sacrum) to 30.2% (femur) (Figure 4.5). Low ribs costal
cartilages yielded the highest average ambiguous classification of 16.7%, followed by the
mandible (6.1%), distal humerus (3.2%), pelvic girdle (2.3%), and scapula (1.0%). Likewise,
average sex classification from the cranium, proximal ulna, sacrum, and femur, yielded no
ambiguous classification (0%) of respective skeletal traits (Figure 4.5).
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Figure 4.4: Visual representation of average sex classification accuracy of skeletal elements with scorable skeletal traits.
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Average Sex Classification Accuracy
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Figure 4.5: Visual representation of average sex classification accuracy of skeletal elements with

scorable skeletal traits. Non-scorable elements and traits were excluded from these calculations.

4.4.4. Skeletal traits with over 75% sex classification accuracy

Although there is no universally fixed threshold for 'acceptable’ sex classification accuracy due to
variations in population, methodology, and statistical factors, studies frequently emphasize
achieving accuracy rates above 80.0% (Mello-Gentil & Souza-Mello, 2022). Additionally,
research indicates that applying posterior probability-informed thresholds (i.e., certainty levels
between 0.75 and 0.95 before assigning sex) can yield accuracy rates significantly above chance
(>50%), exceeding 75% for correct sex classification, therefore considered adequate for sex
estimation (Jerkovi€ et al., 2020; Avent et al., 2022; Pilmann Kotérova et al., 2024). As such, a
threshold of 75.0% correct classification was deemed as an acceptable accuracy for sex
classification in the current study, as it aligns with posterior probabilities associated with accuracy

rates significantly greater than 50.0% and not due to random chance (Avent et al., 2022).

Out of the assessed skull and postcranial skeletal traits, only seven demonstrated the potential for
accurate correct sex classification, achieving over 75.0% classification accuracy for males and/or
females when evaluated from the total study sample (n =150, i.e., parietal eminence, overall pelvis
morphology, pelvic brim, subpubic shape, obturator foramen shape, ventral arc, and ilium
morphology) (Figure 4.6). Of these skeletal traits, only the overall pelvis morphology exhibited

correct sex classification accuracy exceeding 75.0% for both males and females, while the
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remaining six traits demonstrated accuracy above this threshold in at least one sex (Figure 4.6). Of

the skull traits, only parietal eminence morphology achieved a sex classification accuracy greater

than 75.0%, specifically for males (80.6%).

When morphological sex classification was evaluated from a subset of Lodox scans with scorable
skeletal traits, both skull and postcranial elements demonstrated a high potential for accurate sex
estimation. All skull traits achieved over 75.0% classification accuracy for either males, females,
or combined classifications (Table 4.8). Similarly, postcranial traits performed well, with only
three traits (infraspinous fossa's lateral border, olecranon fossa shape, and femoral neck shaft
angle) achieving below 75.0% classification accuracy for any sex or combined classifications

(Table 4.9).

Male parietal eminences were observed to be less prominent (Table 4.10 A) compared to the more
protruding female parietal eminences (Table 4.10 B). The morphologies of male pelves were larger
overall (i.e., overall pelvis morphology), characterized by a narrow ilium and minimal flair (Table
4.11 A and C), while female pelves were smaller with broader ilia (Table 4.9 B and D). Moreover,
male pelves (Table 4.11 C) had oval pelvic brims, V-shaped subpubic angles, and an ovoid
obturator foramen shape, while female pelves (Table 4.11 B) were characterized by round/elliptical
pelvic brims, U-shaped subpubic angles, and a triangular obturator foramen shape. Furthermore,
the pubic bone in male pelves (Table 4.11 C) displayed a steep, straight subpubic contour and
lacked a prominent ventral arc. Female pelves (Table 4.11 D), however, were characterized by a

concave subpubic contour and a prominent ventral arc.
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Figure 4.6: Visual representation of skeletal traits with at least over 75% correct sex classification accuracy either for males or females, or both
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Table 4.10: Lodox® Statscan™ images illustrating male and female skulls and associated morphological skeletal traits.

Skeletal Elements

Males

Females

Label descriptions

Skull

A

B

Superior

a = Parietal eminence
b = Orbit shape
¢ = Mental eminence

d = Mental tubercle
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Table 4.11: Lodox® Statscan™ images illustrating male and female pelves and associated morphological skeletal traits.

Skeletal Element Males Females Label descriptions

Pelvis A B a = [lium morphology
Superior R : . ¥ b = Sacrum morphology
; ' a ¢ = Subpubic contour

d = Overall pelvis
morphology
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Table 4.12: Continued. ..

Skeletal Element Males Females Label descriptions

Pelvis e = Acetabulum position

Superior

Superior

f = Pelvic brim

g = Ventral arc

h = Obturator foramen
shape

i = Subpubic shape
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CHAPTER 5: DISCUSSION

Technological advances in digital photography have promoted the incorporation of radiographs in
forensic anthropology to aid with the estimation of biological profile of human remains recovered
in a medico-legal context (Garvin & Stock, 2016; Krishan et al., 2016; Rowbotham & Blau, 2020;
Zhang, 2022). Computed Tomography (CT) is a commonly utilised radiographic modality in
forensic anthropology for anthropological analyses of human remains due to its detailed imaging
and provision of 3D images of skeletal remains, allowing forensic anthropologists to examine bone
structures and subtle fractures (in trauma analyses) for potential biological profile estimation
(Teodoru-Raghina et al., 2017; Rowbotham & Blau, 2020; Zhang, 2022). In addition, CT scans
have demonstrated sex classification accuracy rates that are similar to those obtained through
traditional metric and morphological dry bone analysis methods (Giurazza et al., 2013; Mehta et
al., 2015; Garvin & Stock, 2016; Bertsatos et al., 2020; Gillet et al., 2020; Setiawati et al., 2023;
Maijanen et al., 2024). However, CT scanners are expensive to obtain and maintain compared to
x-ray modalities, and they involve higher radiation exposure that may pose health risks to staff
operators (Safety, 2012; Garvin & Stock, 2016). Furthermore, CT scanners require specialized
equipment, software, and operator expertise, including training in machine operation and CT scan
interpretation (Schneider et al., 2015; Garvin & Stock, 2016; Aldoihi & Hammami, 2018), as
detailed above in the introduction/literature chapters. As such, Lodox® Systems modalities
currently represent significant alternatives to how x-ray images could be utilised for forensic
anthropological analyses of human remains, especially in South African medico-legal facilities
(Boffard et al, 2006; Evangelopoulos et al., 2009; Bernitz & Verster, 2017; du Plessis et al., 2020).
While the use of Lodox® Systems modalities (e.g., Lodox® Statscan™ and Lodox® Xmplar-dr™)
has been well documented for skeletal imaging and skeletal trauma assessment (Boffard et al.,
20006; Pitcher et al., 2008; du Plessis et al, 2020; Morele et al., 2024), their application for
morphological skeletal sex estimation has not yet been explored. Therefore, the current study
assessed the reliability and feasibility of the Lodox® Statscan™ to visualize skeletal elements and
traditional skull and postcranial morphological traits from Lodox scans of adult individuals of

European ancestry for morphological sex estimation.

Therefore, this chapter discusses the study findings, by outlining and discussing the frequencies of
skeletal elements and associated traits observable from Lodox scans, alongside the feasibility to
morphological score such traits. Following this, observer repeatability is evaluated to determine
the reliability and accuracy of Lodox scan-based skeletal trait observations, scoring and sex
estimation. Finally, the limitations of Lodox scans for morphological sex estimation are addressed,

specifically highlighting those encountered during this research.
91



5.1. Observability and Scorability of Skeletal Elements and Traits

5.1.1. Skeletal elements observability

The present study found that eight of the ten assessed skeletal elements were observable in over
88% (n =150 scans) of the assessed Lodox scans (i.e., cranium, mandible, clavicle, scapula, distal
humerus, proximal ulna, pelvis, and femur). The observability frequencies of the rib costal
cartilages (43.3%) and sacrum (28.7%) from Lodox scans were relatively poor, most likely due to
the elements being less radiopaque and being obscured by the presence of soft tissues, interfering

with their visibility on x-ray scans (Figure 5.1).

The cranium and pelvis showed the highest observability frequencies, each visible in 99.3% of the
150 scans. The 0.7% non-observability of the cranium resulted from a single scan where the
cranium was dissected cross-sectionally in a transverse section, creating a view that shows the
interior cranial base rather than the outer surface of the cranium (Figure 5.1 A). The 0.7% non-
observability of the pelvis was due to excessive soft tissue (likely fat and muscle) obscuring the
pelvic region in one scan (Figure 5.1 B). Soft tissue interference in addition to image distortion
and 2D superimposed anatomical structures hindered the observability of other skeletal elements,
including the distal humerus (98.0%), femur (96.7%), clavicle (92.0%), scapula (91.3%), proximal
ulna (90.0%), and mandible (88.0%), consequently preventing 100% observability across these
elements. Despite these limitations, the current study demonstrates that minimal soft tissue
interference, image distortion and superimposed anatomical structures can yield high observation
frequencies for skeletal elements observed from Lodox scans, especially those with high

radiopacity.
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Figure 5.1: Lodox scans that represent 1% non-observability of the cranium (A) and pelvis (B).
Evident in image A is a cross-sectionally dissected cranium, creating a view that shows the interior
cranial base. Also, evident in image B is an example of low patient contrast, extensive soft tissue
presence throughout the individual’s body and a bent knee, indicating an individual not scanned in
a standard anatomical position. Siding: Left is towards the right.

5.1.2. Skeletal traits observability

Morphological skeletal traits associated with the above-mentioned skeletal elements were assessed

for their observability in Lodox scans for potential sex estimation. Fourteen of the 32 assessed
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traits showed high frequencies of observation from assessed Lodox scans, ranging from 80%

(olecranon fossa) to 98% (pelvic brim morphology).

5.1.2.1. Skull traits

Three of the eight cranial traits (overall skull morphology, orbit shape, and parietal eminence
morphology) were consistently observable in higher frequencies (over 87.9%, n = 149) from
assessed Lodox scans. This high observability is most likely attributed to the utilisation of
anteroposterior plane of views to visualize the assessed cranial traits, which is crucial for optimal
visualisation of these traits for accurate morphological assessment from the anterior aspect of the
skull (White et al., 2011; Christensen et al., 2014d). Additionally, the mental eminence, a
mandibular trait, also demonstrated high observability from Lodox scans (91.7%), a result likely
attributed to its anterior positioning. Minimal soft tissue interference associated with the skull
regions of these traits also likely contributed to the high accuracies achieved, particularly given
that the degree of soft tissue thickness can vary across distinct skull regions (Park et al., 2023).
Contrary to the overall skull morphology, parietal eminence, and orbit shape, Lodox scans poorly
visualised the mastoid process (43.3%) and frontal eminence (7.3%), while the nuchal crest,
forehead slope, and glabella were unobservable. The achieved observability frequencies of the
mastoid process and frontal eminence were primarily limited to Lodox scans associated with a
head tilted towards the right, thus slightly exposing the lateral aspect of the cranium (or skull) and
allowing observation of the two traits although with limited assessment of associated
morphologies. This limited visibility stems from the anteroposterior imaging plane, as these traits,
particularly for sex estimation, are optimally observed from a lateral view of the cranium (or skull)
(Klales, 2020a). This indicates that the anteroposterior imaging plane of Lodox scans is insufficient
for capturing and visualising these specific cranial traits (mastoid process, frontal eminence,
nuchal crest, forehead slope, and glabella), particularly for potential morphological assessment.
As such, a lateral imaging plane of view should be explored for the assessment and morphological
sex estimation of these traits, particularly given that the Lodox® Statscan™ allows for the scanning
of individuals from the lateral aspect, as well from an oblique plane of view (Vellema, 2014;

Mamabolo ef al., 2020; Morele et al., 2024).

The current study findings are comparable to 3D CT scans studies that have demonstrated
observation and assessment of the skull and associated skull traits for various anthropological
analyses, including the orbits, parietal eminences and the mental eminence (Saitou et al., 2011;
Stull et al., 2014; Fahrni et al., 2017; Dereli et al., 2018; Abegg et al., 2021). Contrary to the
current study findings, 3D CT scans provide holistic, 3D visualisation of morphological features
in anteroposterior, lateromedial, and oblique planes of view, providing a visualisation of a
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multitude of morphological skull features, including traits that were unobservable (glabella, nuchal
crest,) or observable in poor frequencies (mastoid process, forehead) from the assessed
anteroposterior Lodox scans (Richtsmeier et al., 1995; Saitou et al., 2011; Stull et al., 2014; Braun
et al., 2022). Nevertheless, the current study provides extensive information on the frequencies of

observing various morphological skull traits from x-ray scans.

The interpretation of these findings requires consideration of the differences in observation
frequencies between the study sample (n = 150) and a subset of Lodox scans with observable
respective skull traits. This comparison is essential for ensuring that the interpretations of the
findings are not skewed by uneven data distribution but rather indicate the utility in the observation
a particular trait from a subset of Lodox scans with observable respective skeletal element.
Notably, the assessed cranial traits demonstrated relatively low differences, ranging from 0.6%
achieved by the overall skull morphology, parietal eminence, and orbit shape to 0.1% achieved by
the frontal eminence. These findings signify a relatively higher precision and consistency in the
observation of assessed cranial traits from Lodox scans, regardless of whether the traits are

observed from a total study sample or a subset of observable crania.

Contrary to cranial traits, the mental eminence morphology exhibited a comparatively high
difference in observation frequency (11.0%), demonstrating a relatively low consistency in the
observation of the mental eminence from Lodox scans that yields lower observability frequency
based on the study sample (80.7%), but higher frequency based on a subset of observable
mandibles (91.7%). These findings highlight the need for caution when generalizing subset-based
scorability of the mental eminence from Lodox scans to overall sample contexts and thus cranial
traits, particularly anteriorly observable cranial traits, should be of primary preference for
observation on Lodox scans for potential morphological sex estimation, given their low range of
observability frequencies. The current study’s findings further indicate that anteroposterior Lodox
scans, including having minimal soft tissue interference and image distortions, are suitable for
visualisation of anteriorly positioned and/or observable cranial (overall skull morphology, parietal
eminence, and orbit shape) and mandibular (mental eminence) traits. However, the inclusion of
lateromedial Lodox scans are justified, as it will most likely be suitable for visualisation of laterally
positioned observable cranial traits such as the mastoid process, nuchal crest, frontal eminence,
forehead slope, and the glabella, as these traits are optimally observed from a lateral view of the

cranium (Klales, 2020a).
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5.1.2.2. Postcranial traits

Postcranial trait observability in Lodox scans revealed that traits of the pelvic girdle, scapula, and
distal humerus exhibited the highest frequencies (over 80%). Notably, most of the traits of the
pelvic girdle were consistently observable in high frequencies, with eight of the nine assessed traits
(overall pelvis, pelvic brim, subpubic shape, obturator foramen shape, subpubic contour, ventral
arc, acetabulum, and ilium morphology) demonstrating high observation (n = 149), ranging from
87.9% (ventral arc) to 98.0% (pelvic brim). In contrast to the pelvic girdle's extensive traits
observability, the scapula and distal humerus each presented only one highly observable trait: the
infraspinous fossa’s lateral border (90.5%, n = 124) and olecranon fossa (80.3%, n = 118),
respectively. The remaining traits associated with these skeletal elements were either poorly
(below 22%) or moderately (54-57%) observable from Lodox scans. Consistent with the highly
observable skull traits, the high observation frequencies of traits of the pelvic girdle, scapula
(infraspinous fossa’s lateral border), and distal humerus (olecranon fossa) from Lodox scans are
likely attributed to minimal soft tissue interference, minimal image distortion and 2D
superimposed anatomical structures associated with the assessed Lodox scans, including optimal

visualisation of these traits from an anterior plane of view.

In contrast to the abovementioned traits, soft tissue presence around the thoracic region most likely
interfered with the effective visualisation and potential observability of the remaining postcranial
traits (Figure 5.1 B). As such, this resulted in poor (i.e., <50%) and/or moderate (i.e., 50-79%)
observability frequencies for the suprascapular notch (56.2%, n = 137), supraspinous fossa’s
superior border (21.2%, n =137), infraspinous fossa’s medial border (14.6%, n = 137), and costal
cartilage ossification patterns (55.4%, n = 65). Similarly, moderate observation frequencies were
achieved for the observations of the sacral morphology (69.8%, n = 43) most likely due to
extensive soft tissue interference in the sacral region (Figure 5.1 B). Additionally, poor and/or
moderate observation frequencies were achieved for the trochlea symmetry (55.1%, n = 147),
trochlea constriction (54.4%, n =147), femoral neck shaft angle (68.3%, n = 145) and quadriceps
angle (29.7%, n = 145). These findings are most likely because of suboptimal positioning of the
individual during the scanning processes (e.g., bent elbow or knee) (Figure 5.1 B), potentially
resulting in image distortions and overlapping skeletal structures on these skeletal regions (Figure
5.2). These factors subsequently impacted effective visualisation and accurate observation of these
traits from Lodox scans. Traits requiring observations from inferior view such as the
costoclavicular tuberosity (White et al., 2011; Ishwarkumar, 2016), distal humerus medial
epicondylar angle (White et al., 2011; Scholtz et al., 2010; Tallman & Blanton, 2020) and those

requiring observations from a posterior-oblique views such as the greater sciatic notch (White et
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al., 2011; Gomez-Valdés et al., 2012; Klales, 2020a), are subsequently less effectively visualised
from an anterior plane of view, thus they were not observed from all assessed anteroposterior

Lodox scans assessed in the current study.

As with the skull traits, accurate interpretation of the assessed postcranial trait observability from
Lodox scans requires consideration of the percentage differences between the trait observability
for the full study sample (n = 150) and the observable traits subsets. Notably, sacral morphology
demonstrated a relatively high 49.8% difference in observability, that is, 69.8% observability
within a subset of observable sacra but a 20.0% observability within the total study sample. This
was followed by the costal cartilage ossification patterns, which exhibited the largest observed
difference among postcranial traits, with a 31.4% difference in observability resulting from a
24.0% observability from a subset of observable rib costal cartilages, but 55.4% observability
within the total study sample. This indicates the inconsistency in the observation of these skeletal
traits from Lodox scans, highlighting that these traits may show higher observability frequencies
when assessed on a subset of visible respective skeletal elements, but significantly lower

observability when considering a larger sample size.

The remaining postcranial traits demonstrated relatively lower differences, below 5.7%
(olecranon-coronoid angle), with the pelvic girdle traits exhibiting minimal differences (0.6% or
0.7%) compared to the other postcranial traits. Hence, the observations of pelvic traits from Lodox
scans can be deemed the most consistent regardless of their observation from a subset of
observable pelves or total study sample. These findings indicate that the observability of a
particular skeletal trait on Lodox scans significantly depends on the visibility of its respective
skeletal element as the observability differences (from study sample versus subset) are relatively
lower for majority of the assessed postcranial traits. The findings further indicate that inherent 2D
x-ray imaging limitations can also hinder the observability of a trait even though its respective
skeletal element is observable in high frequencies from Lodox scans. For instance, the
costoclavicular tubercle was not observable in any of the visible clavicle due to the limitations of
2D x-ray scans to visualise the inferior surface of the clavicle. Nevertheless, the current study
findings indicate that similar to skull traits, the observability of postcranial traits from Lodox scans
is significantly influenced by the skeletal traits anatomical position, soft tissue interference, the
imaging plane used (anteroposterior in this case), and the interference of distortion and overlapping
anatomical structures. As such, skeletal traits within regions with minimal soft tissues and
optimally visualised from an anterior plane of view are most likely to yield higher observability
frequencies from anteroposterior Lodox scans, including minimum percentage differences for the

observability frequencies between the full study sample and observable subsets. Notably, the
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pelvic girdle stands out as a skeletal element with traits demonstrating consistently high
observability frequencies from Lodox scans compared to traits of other skeletal elements, thus

suggesting Lodox scans are effective for visualising traits of the pelvic girdle.

Figure 5.2: An example of a Lodox scan of an individual not scanned in a standard anatomical
position, exhibiting image distortion and superimposed anatomical structures on the cranial, thoracic
and pelvic regions. Left hand side is towards the right.

5.1.3. Skeletal traits scorability

When evaluating the feasibility of morphological assessment of the assessed skeletal traits for sex
estimation, pelvic traits consistently exhibited high scoring frequencies, mirroring their high
observability frequencies. Specifically, pelvic traits scored morphologically, based on their
respective ordinal or nominal scoring scales, from Lodox scans (n = 150) ranged from 82.0%

(subpubic contour) to 93.3% (overall pelvis and pelvic brim morphologies), thus surpassing the

98



scorability of traits of the skull and other postcranial skeletal elements. In addition to their high
scorability frequencies, pelvic traits also demonstrated the lowest variability in scorability when
comparing the total study sample to the subsets of scorable pelvic traits, mirroring the relatively
low differences in observability frequencies. Specifically, these differences ranged from a
minimum of 2.6% for pelvic brim morphology (study sample observability = 93.3%; subset
observability = 95.9%) to 12.4% for ventral arc (study sample observability = 85.3%; subset
observability = 97.7%; Table 4.5), further emphasizing the high chance of scoring pelvic traits

both from the total study sample and a subset of Lodox scans with observable pelves.

In contrast to the consistent scorability of pelvic traits, only a selected few skull traits—orbit shape
(93.3%), overall skull morphology (87.3%), parietal eminence morphology (85.3%), and mental
eminence (76.0%)—achieved similar high scoring frequencies from assessed Lodox scans (n =
150 scans), consistent with their high observability frequencies. Moreover, skull traits showed
considerably greater variability (compared to pelvic traits), with scorability differences between
the study sample and the scorable subsets ranging from 6.7% for the orbit shape (study sample
observability = 93.3%; subset observability = 100%) to 84.2% for the frontal eminence (study
sample observability = 6.7.0%; subset observability = 90.9%; Table 4.3). Similarly, the
infraspinous fossa lateral border (80.7%, n = 150) and olecranon fossa (72.0%, n = 150) showed
scorability frequencies comparable to pelvic and the above-mentioned skull traits, also consistent
with their high observability. However, like the aforementioned skull traits, these two postcranial
traits also exhibited significant differences in scorability between the study sample and the scorable
subsets, 16.9% for the infraspinous fossa’s lateral border (study sample observability = 80.7%;
subset observability = 97.6%) and 19.5% for the olecranon fossa (study sample observability =
72.0%; subset observability = 91.5%). These high differences, compared to pelvic traits, indicate
that the ability to score the traits of the above-mentioned skull, scapular, and distal humerus from
the total assessed Lodox scans (n = 150) was relatively low, but contrarily high when scored from
a subset of scans with observable respective trait, further indicating their high chance of scorability

from respective observable skeletal element.

The remaining assessed traits were either not morphologically scorable or exhibited relatively low
scorability frequencies with relatively high differences in frequencies of scorability. For instance,
the infraspinous fossa medial border exhibited the greatest difference in scorability frequencies
between a subset of observable scapulae and a total study sample (86.7%), followed by the sacrum
morphology (66.7%). Thus, such traits should not be of preference for morphological scoring from
Lodox scans. These study findings highlight the need for caution when generalizing subset-based

scorability of traits from Lodox scans to overall sample contexts and emphasize the superior
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reliability of pelvic traits for morphological sex estimation in such analyses, given their low range

of scorability frequencies.

5.1.4. Overall interpretation

The current study’s findings indicate a potential relationship between the observability of a trait
and how effectively it can be scored for morphological assessment from using Lodox scans. Thus,
traits with relatively high observability frequencies subsequently exhibited relatively high
scorability frequencies compared to those with relatively low or moderate observability
frequencies. As such, both observability and scorability of a skeletal trait should be considered
when using Lodox scans for morphological assessment, particularly for potential sex estimation
from such x-ray scans. The current study findings also indicate that the same factors that influence
observability; soft tissue presence, anatomical positioning of traits, anatomical plane of view,
image distortion and superimposition of anatomical features, also influence scorability of
morphological traits from Lodox scans. Skeletal traits associated with the minimum or lack of
these factors are most likely to be more effectively observed and assessed morphologically for
potential sex estimation. As a result, skull and postcranial traits with relatively high observability
frequencies (>82%, e.g., orbit shape, parietal eminences, pelvic brim, ilium, acetabulum)
subsequently exhibited relatively high scorability frequencies (>80%) from the assessed Lodox
scans (n = 150). Moreover, the pelvic girdle consistently stands out as a skeletal element with traits
that are consistently well-visualised and effectively assessed morphologically from anteroposterior
Lodox scans, making it an important skeletal element for potential morphological sex estimation
using Lodox scans. While certain non-pelvic postcranial traits exhibit moderate observability
frequencies (50-79%), they also show greater variability in their scorability frequencies compared
to skull and pelvic traits. This potentially indicate that even when these traits are observable from
Lodox scans, their morphological assessment may be poor and/or less consistent, thus their
preference for morphological assessment using Lodox scans should be tertiary to that of the pelvic

(1% preference) and skull (2™ preference) traits.

The current study findings also align with the established capability of x-ray imaging to visualize
skeletal tissue, including Lodox scans (Muehleman et al., 2006; Pitcher et al., 2008; Stull et al.,
2013b; Berger et al., 2018; Rowbotham & Blau, 2020; Morele et al., 2024). Additionally, the
current study provides information on specific skeletal elements and traits that can be observed
and assessed in high frequencies from Lodox scans. Moreover, visualisation of skeletal tissue is
particularly evident on bony regions with higher bone density, which readily absorb more x-ray
beams, producing more contrast on the x-ray detector (i.e., appears whiter than other tissues against
a black background), thus the bone and/or skeletal traits are highly radiopaque and visible on x-
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ray scans (Berger, 2002; Pitcher ef al., 2008; Franklin et al., 2016; Rowbotham & Blau, 2020; Ou
et al., 2021). As a result, pelvic traits and selected skull traits were observed and morphologically
assessed for sex estimation at higher frequencies, in addition to being positioned in a preferred
anatomical position that is optimal for visibility (i.e., anterior), compared to most postcranial traits.
In contrast, skeletal traits of the scapula, ulna, rib costal cartilages, and sacrum were observed and
morphologically assessed at low frequencies from Lodox scans. Optimal visualisation of traits
associated with the above-mentioned postcranial elements was most likely hindered by their
suboptimal anatomical positioning for visualisation. For instance, the costoclavicular tuberosity
can only be visualised from an inferior plane of view for optimum morphological assessment)
(Scholtz et al., 2010; White et al, 2011; Ishwarkumar, 2016; Tallman & Blanton, 2020).
Additionally, x-ray imaging factors, such as image distortion, 2D superimposed anatomical
structures, and soft tissue interferences (Muehleman et al., 2006; Pitcher et al., 2008; Stull et al.,
2013b; Ahern & Brygel, 2014; Franklin et al., 2016), also likely contributed to the reported low

frequencies of observability and scorability of non-pelvic postcranial traits from Lodox scans.

Furthermore, six morphological traits (nuchal crest, forehead slope, glabella, costoclavicular
tuberosity, medial epicondyle angle, and greater sciatic notch) were entirely unobserved in all the
assessed Lodox scans. This is because these skeletal traits are typically visualised from anatomical
planes other than the anteroposterior view of the assessed Lodox scans. For instance, the
morphologies of the nuchal crest and glabella are best assessed in a lateral plane of view (Klales,
2020a). These traits, including those with moderate (50-79%) and/or poor (<50%) observability
and scorability frequencies (i.e., mastoid process, frontal eminence, suprascapular notch,
supraspinous fossa medial border, rib costal cartilage ossification patterns, trochlea constriction,
trochlea symmetry, olecranon fossa, olecranon-coronoid angle, sacrum morphology, femoral NSA,
and Q angle), should not be prioritized for morphological assessment using anteroposterior Lodox
scans. In contrast, pelvic traits (pelvic brim morphology, overall pelvis morphology, obturator
foramen shape, subpubic shape, acetabulum position, subpubic contour, ilium morphology, and
ventral arc), followed by a select skull traits (overall skull morphology, parietal eminence, orbit
shape, and mental eminence), and the supraspinous fossa’s lateral border should be prioritization
for observability and morphological assessment from Lodox scans (in the provided order), due to
their relatively high frequencies of observability and scorability from the assessed Lodox scans

(>80%, n = 150).

5.2. Repeatability of Observed Skeletal Elements and Traits

Reliable data collection is fundamental to generating accurate research findings in observational

studies and for the development of methods. Assessing reliability is crucial in morphological sex
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estimation studies, where subjective observer variations and interpretations are often involved.
This involves ensuring repeatable and reproducible observations across different observers.
Observer repeatability, also known as intra-observer agreement, measures how consistent a single
observer is across repeated assessments. Therefore, high intra-observer agreements signify strong
repeatability in the assessment of observations/measurements (Blanchard, 2010; McHugh, 2012;
Popovi¢ et al., 2017). Reproducibility (i.e., inter-observer agreement) assesses the consistency of
observations between different observers; thus, high inter-observer agreements indicate good
reproducibility in the assessment of observations (Blanchard, 2010; McHugh, 2012; Popovi¢ et
al., 2017). Therefore, reliability is established when a method or assessment criteria yield
consistent results across repeated observations by the same observer and repeated observations by
distinct observers. Establishing robust repeatable and reproducible observations ensures that study
findings reflect true biological variation and not subjective, inconsistent observations amongst

distinct observers (McHugh, 2012).

In the current study, reliability in observing skeletal elements and traits, and the ability to
morphologically score such traits from Lodox scans was established in two ways. Observations
were made twice by the principal investigator and once by an independent observer, using the
same Lodox scans. Intra- and inter-observer agreements were then quantified using Cohen's Kappa
statistics, interpreted based on qualitative agreement levels (i.e., no, slight, fair, moderate,
substantial, near-perfect, and perfect agreements (Table 3.5), thus providing a measure of
repeatability, reproducibility, and subsequently, reliability in the observation and feasibility of

scoring morphological traits from anteroposterior Lodox scans.

5.2.1. Repeatability of observed skeletal elements

Most skeletal elements assessed in this study demonstrated substantial to perfect agreements
(K>0.61) for intra-observer repeatability (cranium, mandible, clavicle, rib costal cartilages, distal
humerus, proximal ulna, pelvic girdle, sacrum, and femur) and inter-observer repeatability
(cranium, clavicle, distal humerus, proximal ulna, pelvic girdle, and femur) for observation. This
strong repeatability likely correlates with the high frequency of observation (>88%) associated
with these skeletal elements, facilitated by Lodox scans' ability to effectively visualize bone
material (Stull et al.,, 2013b; Stull et al., 2017; Morele et al., 2024). These findings support the
reliability of Lodox scans to visualize skeletal elements for morphological assessments and
potential sex estimation. However, certain elements, such as the mandible, scapula, rib costal
cartilages, and sacrum, demonstrated lower inter-observer agreements compared to intra-observer
agreements for visual observability (i.e., slight to moderate inter-observer agreement). The
disagreements in repeatability agreements are likely due to the level of experience in assessing
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Lodox scans by the different observers, particularly in cases where elements are obscured by other
tissues. The principal investigator's prior experience and familiarity with Lodox scans, in addition
to their double assessment of the same scans for repeatability, likely contributed to their higher
intra-observer agreements. In contrast, the inter-observer, who only assessed the scans once and
had less familiarity, showed lower agreement on specific elements like the mandible, scapula, rib
costal cartilages, and sacrum. Furthermore, the inherent challenges of 2D imaging, including
Lodox scans, likely played a role in the differences between inter- and intra-observer agreements.
Factors such as image distortions, soft tissue interference, and overlapping anatomical structures
can make it difficult to visualise skeletal elements effectively and introduce subjectivity into the
assessments, leading to disagreements between observers (Stull et al., 2013b; Nakashima &
Duong, 2020). Nevertheless, the current study findings demonstrate the Lodox scan’s reliability in
effectively visualising the skull and various postcranial elements, especially when obscuring

factors are minimal.

5.2.2. Repeatability of observed skeletal traits

Compared to the skull and other postcranial skeletal traits, the assessed pelvic traits demonstrated
notable reliability (highly repeatable and reproducible) for observation from Lodox scans. This
reliability was evident in the perfect intra- and inter-observer repeatability agreements for several
pelvic traits, including overall pelvic morphology, pelvic brim, subpubic bone shape, subpubic
contour, ventral arc, and ilium morphology. However, exceptions were noted for the acetabular
position and obturator foramen shape which exhibited poor intra- and inter-observer repeatability
agreements for observation (respectively). This was most likely due to the traits being situated in
pelvic regions that are prone to image distortion, spatial resolution limitations, internal prosthesis,
and overlapping anatomical structures, compared to the other pelvic traits (Figure 5.3). These
factors potentially impacted their effective observations from Lodox scans, leading to increased
subjective observations/interpretations between distinct observers. Nevertheless, given the
relatively high observation frequencies associated with these pelvic traits, the achieved intra- and
inter-observer repeatability agreements are most likely reflective of the feasibility of Lodox scans
to effectively and reliably visualize these pelvic traits for observation and potential morphological

sex estimation.

Visualisation of skull traits on Lodox scans also demonstrated notable reliability, with intra- and
inter-observer repeatability agreements ranging from moderate to perfect. However, the mastoid
process exhibited the lowest Cohens Kappa repeatability coefficients for both intra- and inter-
observation (fair and slight agreements, respectively) most likely due to the trait requiring
visualisation from the lateral aspect of the cranium for optimal observation (White et al., 2011;
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Christensen et al., 2014d), especially for morphological sex estimation (Klales & Cole, 2018;
Klales, 2020a). This is also reflective of its poor observation frequency from Lodox scans, thus
further indicating that anteroposterior Lodox scans are not sufficient and reliable for optimal
visualisation of the mastoid process. In contrast, the moderate to perfect intra- and inter-observer
agreements associated with the overall skull morphology, parietal eminence, orbit shape, and
mental eminence, are most likely reflective of the reliability and sufficient capability of Lodox
scans to visualize these traits for effective observation and potential morphological assessment. In
contrast, the achieved substantial intra- and perfect inter-observer repeatability agreements
associated with the frontal eminence, as well as the perfect intra- and inter-repeatability
agreements associated with non-observable cranium traits (nuchal crest, forehead slope, and
glabella) are reflective of the reliability of anteroposterior Lodox scans to poorly and not
effectively visualize these cranial traits. This is most likely due to the traits requiring visualisation
from a lateral plane of view for optimal visualisation (White et al., 2011; Christensen et al., 2014d;
Klales & Cole, 2018; Gupta et al., 2022), thus they are less likely to be effectively visualised from

anteroposterior Lodox scans.

Similar to skull traits, observation of selected distal humerus traits (olecranon fossa, trochlea
constriction, and trochlea symmetry) from Lodox scans exhibited notable reliability, with intra-
and inter-observer repeatability agreements ranging from moderate to perfect agreements. These
intra- and inter-observer repeatability agreements are more likely reflective of the moderate
observability of the trochlea constriction and symmetry, and high observability of the olecranon
fossa on Lodox scans. Moreover, the perfect intra- and inter-observer agreements for the medial
epicondyle are reflective of the reliability of anteroposterior Lodox scans to not visualize the trait,
especially since the trait requires observation inferior to the distal humerus for optimal
morphological assessment (White ef al., 2011; Tallman & Blanton, 2020). Therefore, the use of
anteroposterior Lodox scans for observation of distal humerus traits is expected to consistently
yield reliably high observability for the olecranon fossa, moderate observability for trochlea
constriction and symmetry, and effectively no observation of the medial epicondyle, given the

limitations of this scan orientation.

The remaining non-pelvic and non-distal humerus postcranial traits (i.e., traits of the scapula, rib
costal cartilages, proximal ulna, sacrum and femur) demonstrated poor reliability for observation
on Lodox scans. These traits exhibited intra- and inter-observer repeatability agreements ranging
from no agreement to moderate agreement. Specifically, traits of the proximal ulna, sacrum, and
femur exhibited the lowest Cohens Kappa coefficients for both intra- and inter-repeatability,

ranging from no to fair observer agreements. These findings indicate the poor reliability of
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anteroposterior Lodox scans to effectively visualize traits of these skeletal elements for optimal
observation and potential morphological assessment. These findings are also reflective of the poor
and moderate observability frequencies associated with observations of the respective traits from
anteroposterior Lodox scans. This is most likely attributed to soft tissue interference, especially
for the scapula, rib costal cartilages, and sacral traits (Figure 5.1B and 5.3), Suboptimal positioning
(during scanning) that often leads to image distortion and overlapping anatomical structures
(Dorion, 1983; Boftard et al., 2006; Stull et al., 2013a), especially for traits of the proximal ulna
and femur (Figure 5.3). As such, these factors most likely limited effective and reliable
observability of these postcranial skeletal traits from Lodox scans, resulting in significant

subjective observation between observers.

Figure 5.3: An example of a Lodox scan of an individual exhibiting image distortion, superimposed
anatomical structures, and/or soft tissue interference in the thoracic, elbow, and pelvic regions, in
addition to not being scanned in a standardised anatomical position. Both hands are partially
pronated. a = internal prosthesis.
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5.2.3. Repeatability of scored skeletal traits
5.2.3.1. Skull traits

The ability to morphologically score most of the observable cranial traits from the Lodox scans
was primarily characterized by moderate and perfect intra-observer repeatability agreements and
moderate inter-observer repeatability agreements (overall skull morphology, mastoid process,
frontal eminence, and parietal eminence). The consistency in achieving moderate repeatability
agreements are reflective of the feasibility to morphologically score the overall skull morphology
and parietal eminence in relatively high frequencies (87.3% and 85.3%, respectively) from
anteroposterior Lodox scans (n = 150). In contrast, the consistency in achieving moderate
repeatability agreements for the morphologically scoring of the mastoid process and frontal
eminence is reflective of the poor scorability frequencies associated with cranial traits (38.0% and
6.7%, respectively, n = 150). Furthermore, the ability to score the morphology of the orbit from
Lodox scans demonstrated substantial intra- and inter-observer agreements, an indication of high
reliability in the feasibility of scoring the trait from anteroposterior Lodox scans. Compared to
traits of postcranial elements, particularly the pelvic traits, the achieved repeatability agreements
are comparably lower. This is most likely due to the degree of image distortion associated with the
cranium, resulting from challenges associated with aligning the cranium into anatomical position

during the scanning process (Figure 5.3).

Except for the mastoid process and the frontal eminence, the achieved intra- and inter-observer
repeatability agreements associated with overall skull morphology, parietal eminence, and orbit
shape are consistent with their respective abilities to be morphologically scored from Lodox scans
in high frequencies (> 85%, n = 150). Studies using dry bone analysis (Walker, 2008; Kriiger et
al., 2015; Lewis & Garvin, 2016) and CT scans (Dereli ef al., 2018; Braun et al., 2022; Kelley,
2022) have consistently shown moderate to near-perfect intra- and inter-observer agreement for
the scoring of similar cranial traits in morphological sex estimation studies. For instance, Kelley
(2022) utilising Cohen’s Kappa statistics reported moderate intra-observer repeatability
agreements in the morphological assessments of the mastoid process, glabella, and mental
eminence (based on Buikstra & Ubelaker (1994) and Walker (2008) methods) from 3D volume
rendered CT scans of adults from the New Mexico Decedent Imaging Database. Contrary to
assessed cranial traits, scoring of the mental eminence from anteroposterior Lodox scans
demonstrated fair intra- and inter-observer repeatability agreements. This lower agreement aligns
with numerous findings from dry bone (Walker, 2008; Kriiger ef al., 2015) and CT scan (Dereli et
al., 2018; Braun ef al., 2022) studies, which also reported fair or lower repeatability agreements

for morphoscopic sex estimation of the mental eminence, thus recommending the exclusion of the
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trait for the estimation of sex. For instance, based on the Walker (2008) traits, Klales (2020a)
investigated the feasibility of using skull morphology for sex estimation from utilising the
MorphoPASSE computer software program. Klales (2020a) recommended the exclusion of the
mental eminence for morphological sex estimation due to low observer agreements and significant
variations in the morphological expression of the trait ‘s shape, total area, and mental tubercles,
which are often not all correlated (Klales & Cole, 2018). As such, the ability to score the mental
eminence from anteroposterior Lodox scans, although scorable in relatively moderate frequencies
(76.0%), can be deemed less reliable compared to cranial traits with relatively high observer
repeatability agreements and scorability frequencies (i.e., overall skull morphology, parietal

eminence, and orbit shape).

5.2.3.2. Pelvic traits

The repeatability agreements for the ability to score observable pelvic traits from Lodox scans
were similar and/or within the same range of repeatability agreements as their respective trait
observations agreements. That is, the ability to observe and morphologically score pelvic traits
such as overall pelvis morphology, pelvic brim, and ilium was primarily characterised by perfect
intra- and inter-observer repeatability agreements. In contrast, the observability and scorability of
the acetabular position was characterized by moderate intra- and substantial inter-observer
repeatability agreements. The consistency in the perfect scorability of these pelvic traits (with
exception of the acetabulum position) between observers is most likely attributed to minimum soft
tissue interference, minimal overlapping anatomical structures, and minimal distortion associated
with the body/pelvic region. This subsequently favoured effective morphological assessment of
these pelvic traits. Similar reasons are also most likely associated with the perfect intra- and inter-
observer repeatability agreements for the scorability of the obturator foramen shape although the
trait exhibited substantial intra- and inter-observer repeatability agreements for observation.
Nevertheless, the consistency in these findings indicates the high reliability in morphologically
scoring the overall pelvis morphology, pelvic brim, ilium, and the obturator foramen shape from

anteroposterior Lodox scans.

In contrast, repeatability agreements to morphologically score the remaining pelvic traits
(subpubic shape, subpubic contour, ventral arc, and acetabulum position) were poor and lower
than those of the ability to observe these traits from Lodox scans (except for acetabulum position).
These findings are likely attributed to the presence of overlapping skeletal structures (e.g.,
articulation of femoral head with acetabulum) and the potential suboptimal or angulated
positioning of the pelvis during scanning, thus resulting in potential image distortion and 2D
superimposition of the traits (Figure 5.3). This ultimately had an impact on the effective
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morphological assessment and scoring of these pelvic traits, resulting in subjective morphological
assessments of the traits by different observers, despite being observable in high frequencies.
Nevertheless, the achieved moderate to perfect intra- and inter-observer repeatability agreements
associated with these assessed pelvic traits are consistent with the relatively high frequencies of
the ability to morphologically score the traits from Lodox scans. Moreover, the repeatability
agreements between intra- and inter-observation are consistently within the same agreement levels
or one agreement level below another, similarly indicating their reliability in their morphological
assessment (scorability) from anteroposterior Lodox scans. Overall, the consistently high intra-
and inter-observer repeatability agreements of assessed pelvic traits demonstrate the reliability in
sufficiently and effectively morphologically assessing such traits from anteroposterior Lodox
scans, in addition to their high scorability frequencies, compared to traits of the other postcranial

elements.

These findings align with numerous studies evaluating the reliability of assessing morphology of
pelvic traits for morphological sex estimation using dry bone analyses (Rogers & Saunder, 1994;
Blanchard, 2010; Small et al., 2012; Lesciotto & Doershuk, 2017), CT scan (Johnstone-Belford et
al., 2018; Setiawati et al., 2022), or geometric morphometrics (Franklin et al., 2014) approaches,
all of which similarly reported moderate to perfect intra- and inter-observer repeatability
agreements. Similar to analyses on dry bones, CT scans, and geometric morphometrics, the high
intra- and inter-observer repeatability of the assessed pelvic traits from Lodox scans supports their
reliable use in morphological assessments for sex estimation. This aligns with previous research,
including studies by Rogers and Saunders (1994), Small ef al. (2012), and Franklin ef al. (2014),
who found substantial to perfect agreement for key pelvic traits such as the ventral arc, subpubic
contour, subpubic shape/angle. Lesciotto and Doershuk (2017) similarly reported moderate to
substantial agreement. This overall consistency indicates that these traits are less challenging to

score for morphological sex assessment.

5.2.3.3. Non-pelvic postcranial traits

The skeletal traits of the remaining postcranial elements demonstrated a wide variety of intra- and
inter-observer repeatability agreements for scorability on Lodox scans, ranging from no to near-
perfect intra- and inter-observer repeatability agreements. Morphological traits of the distal
humerus consistently demonstrated moderate and substantial intra- and inter-observer repeatability
agreements, consistent with their respective observability repeatability agreements. Similarly, the
repeatability agreements to morphologically score traits of the scapula were consistent with those
of the ability to observe the traits on Lodox scans. However, unlike the distal humerus traits, the
scapula traits were primarily characterized by two to three differences in agreement levels between
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intra- and inter-observation, particularly: fair and no repeatability (suprascapular notch), near-
perfect and fair (infraspinous fossa’s lateral border), and near-perfect and substantial (infraspinous
fossa’s medial border) intra- and inter-observer repeatability agreements, respectively. Moreover,
postcranial traits of the rib costal cartilages, proximal ulna, sacrum, and femur also demonstrated
intra- and inter-observer repeatability agreements that were different by at least two or three
agreement levels. These were mainly characterized by moderate (olecranon-coronoid angle,
sacrum morphology, and femoral NSA) and substantial (costal cartilage ossification patterns)
intra-observer agreements, as well as no (sacrum morphology and femoral NSA), fair (olecranon-
coronoid angle), and moderate (costal cartilage ossification patterns) inter-observer repeatability
agreements. These findings are also reflective of the poor (< 50%) and/or moderate (50 — 79%)
scorability frequencies associated with these respective traits (except for the infraspinous fossa
lateral border) compared to the skull and pelvic traits. These findings may also be attributed to
inherent limitations of x-ray imaging, mainly soft tissue interference, traits’ suboptimal positioning
during scanning, image distortion, 2D superimposition of anatomical structures, and the use of a
suboptimal anatomical viewing plane for morphological assessment from Lodox scans. These
factors most likely limited the effective morphological scoring of these postcranial traits, thus
contributing to notable differences in repeatability agreements for scorability between observers,
compared to the assessed traits of the skull and pelvis. As such, the achieved repeatability
agreements are indicative of these postcranial traits being less reliable for morphological scoring

from Lodox scans in comparison to skull and pelvic traits.

5.2.4. Overall interpretation

Notable differences that exist between the intra- and inter-observer repeatability agreements may
also be attributed to variations in the observers' expertise with Lodox scan visualisation. That is,
the principal investigator possesses greater familiarity with Lodox® Statscan™ scans and the
associated software program to visualise Lodox scans including their application in the assessment
of human remains compared to the inter-observer. Furthermore, the exclusive use of
anteroposterior Lodox scans in the current study most likely influenced the overall reliability of
observation and scorability of certain skull and postcranial traits, particularly those that would
ideally be visualised from their preferred or optimal anatomical planes of view, consistent with
their dry bone observation and morphological assessment. For instance, morphological traits such
as the overall skull morphology, orbit shape, parietal eminence, infraspinous fossa lateral border,
olecranon fossa, pelvic brim, and subpubic contour are best visualised from an anterior plane of

view for optimum morphological assessment including morphological sex estimation (Scholtz et
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al., 2010; Iscan & Steyn, 2013; Klales, 2020a; Tallman & Blanton, 2020), thus these traits were

effectively visualised and morphologically assessed on anteroposterior Lodox scans.

Challenges like the visual observation skeletal elements, image distortions, soft tissue presence,
the skeletal trait’s anatomical plane of view, and 2D superimposition of skeletal traits (see Figures
5.1 B, 5.2, and 5.3) most likely impacted the overall reliability of observing and morphologically
scoring assessed postcranial traits from anteroposterior Lodox scans. These factors also likely
contributed to the inconsistent and unreliable observer repeatability agreements associated with
most postcranial traits, also reflecting the low accuracy associated with visualising and scoring
such traits from Lodox scans compared to the skull and pelvic traits. Moreover, skeletal traits that
were consistently unobservable from any of the assessed Lodox scans (e.g., nuchal crest, glabella,
costoclavicular tuberosity, and greater sciatic notch) demonstrated perfect intra- and inter-observer
repeatability agreements regarding their non-visibility. This consistent non-observability on
anteroposterior Lodox scans with perfect repeatability indicates the reliability of such traits not

observable from an anteroposterior plane of view of Lodox scans.

Despite these Lodox scans’ limiting factors and non-observable traits, the current study’s findings
demonstrate that observation and scoring of skull and pelvic traits are consistent within the same
observer and reproducible by a different observer, including not being overly influenced by
individual observer variations. Moreover, the study findings align with those of previous studies
that have evaluated and reported moderate to near-perfect repeatability agreement levels for
morphological sex assessment of traditional skull and pelvic traits based on traditional dry bone
assessments (Listi & Bassett, 2006; Williams & Rogers, 2006; Blanchard, 2010; Kriiger et al.,
2015; Gupta et al., 2022) and CT scans (Ramsthaler et al., 2010; Decker et al., 2011; Dereli et al.,
2018) analyses for morphological sex estimations, including those assessed in the current study. A
study by Ramsthaler and colleagues (2010) utilised 50 volume-rendered cranial 3D CT scans of
German individuals to morphologically evaluate a multitude of traditional cranial traits, including
those assessed in the current study (i.e., glabella, orbit shape, frontal eminence, mental eminence,
mastoid process, and forehead slope), morphologically assessed by two teams of two examiners
each. Although repeatability agreements were only assessed between the two teams, instead of
individual traits, a near-perfect inter-observer repeatability agreement in scoring assessed traits
was reported between the two teams. Compared to the current study findings, the inter-observer
repeatability agreement level reported by Ramsthaler and colleagues (2010) is at least different by
one, two and three agreement levels to those reported for the orbit shape (i.e., substantial
agreement), frontal eminence (i.e., moderate agreement), and mental eminence (fair agreement) in

the current study, respectively. The significant difference in observer agreement levels between the
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two studies likely stems from the focus of measurement. The Ramsthaler and colleagues (2010)
study assessed the repeatability of the overall sex classification ability of their observers from 3D
CT scans, whereas the current study measured the feasibility of classifying individual skeletal traits
from Lodox scans. This distinction is crucial as a high agreement on the final sex classification
does not necessarily indicate high agreement on each contributing trait. Moreover, the Ramsthaler
and colleagues (2010) study reported near-perfect agreement was for the teams' collective ability
to classify sex, not for the individual traits themselves. In contrast, the current study's lower
observer agreement for specific traits (orbit shape, frontal eminence, and mental eminence)
highlights the difficulty and inherent subjectivity of assessing these features in isolation, especially

from 2D anteroposterior Lodox scans.

A study by Williams and Rogers (2006) based on percentage chance repeatability agreements,
evaluated the reliability of the frontal eminence, mastoid process, orbit shape, forehead slope and
parietal eminence for morphological sex estimation (among a total of 21 morphological skull
traits), from a sample of 50 adult skulls of white European individuals. In contrast to the current
study findings, only the frontal eminence and mastoid process traits were identified as highly
reliable traits for morphological sex estimation due to exhibiting 8% intra-observer errors each,
which is comparable to substantial to near-perfect Cohens Kappa agreement levels (McHugh,
2012), whereas in the current study these traits were associated with moderate and fair intra-
observer repeatability agreements. Moreover, the orbit shape, forehead slope, and parietal
eminence were reported to exhibit 12% (comparable to moderate to substantial agreements), 16%
(comparable to fair to moderate agreements), and 20% (comparable to slight to moderate
agreements) intra-observer error rates, respectively, thus deemed less reliable. Similarly, based on
percentage chance repeatability agreements, Jilala and colleagues (2021) reported substantial
intra- and inter-observer repeatability agreements on a study sexing contemporary Tanzanian
skulls using Walker (2008) traits and dry bone assessment method, from all assessed Walker (2008)
traits. From the current study findings, it is only the orbit shape that demonstrated intra-observer
repeatability agreement (i.e., substantial intra-observer agreement) that is potentially similar to

that reported by Williams and Rogers (2006) and the Jilala et al. (2021) study’s findings.

The difference in intra-observer repeatability agreements between the current study and those by
Williams and Rogers (2006) likely reflects the use of different statistical methods for measuring
reliability in the observation of similar morphological skull traits between these studies (i.e.,
percentage agreements vs Cohens Kappa coefficients). However, it is important to note that
percentage agreement can be misleadingly high as it does not account for agreement by chance,

especially when a category is very common or rare. In contrast, the kappa statistics correct for
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chance, however, it can also yield low values despite strong observer agreement, especially in
cases where the prevalence of categories is highly skewed (Dettori & Norvell, 2020). Additionally,
the assessment of real-bone skull traits specimen by Williams and Rogers (2006) compared to
observation of similar skull traits from x-ray radiographs also likely attributed to the difference in
intra-observer repeatability agreements between the two studies. That is, real-bone specimen
provide a more comprehensive 3D of specimens as well as direct examination of morphological
traits compared to 2D x-ray radiographs, which often suffer from superimposition of anatomical
structures, obscuring subtle details and resulting in less accurate assessment of such traits (Safir et
al., 2012; DeMaio et al, 2019; Allen, 2022). Nevertheless, the intra-observer repeatability
agreements of the traits in comparison (except for the forehead slope) between the two studies are
in close proximity in terms of Cohens Kappa agreement levels. Staying consistent with the sample
of the current study findings, studies by Kriiger ef al. (2015) and Gupta et al. (2022) utilising
skeletal samples of 161 Black South Africans (from the Raymond A. Dart Collection of Modern
Human Skeletons, University of the Witwatersrand) and 245 black and white South Africans (from
the Pretoria Bone Collection, University of Pretoria), respectively also reported moderate to near-
perfect intra- and inter-observer repeatability agreements in the traditional dry bone assessments
of Walker’s (2008) traits, overall skull and frontal eminence morphologies, orbit shape, and

subpubic angle for morphological sex estimation in adult South African study samples.

Additionally, Decker and colleagues (2011) utilised 100 abdominopelvic 3D CT scans of patients
(from the University of South Florida College of Medicine) and evaluated the repeatability of
various nonmetric pelvis sex estimation methods including the Phenice (1969) pelvic traits and the
subpubic angle from CT-derived models. Contrary to the current study, inter-observer repeatability
assessment for the subpubic angle/shape was based on a landmark placement and measurement
error technique. Consistent with the current study findings, perfect repeatability agreements
between observers were reported for Phenice’s (1969) pelvic traits, with a 3.53% inter-observer
error for the subpubic angle/shape, which is comparable with a relatively high Cohens Kappa
agreement level (McHugh, 2012). The similarities and close proximity in the intra- and inter-
observer agreement levels reported in the current study’s and to those reported in CT scan (Decker
et al.,2011; Dereli ef al., 2018) and traditional dry bone (Listi & Bassett, 2006; Blanchard, 2010;
Kriiger et al., 2015) studies are indicative of the potential capabilities of Lodox scans to yield
comparably reliable morphological assessments of skull and pelvic traits for sex estimation. As
such, the observer repeatability agreements reported in the current study for the observation and
morphological scoring of the mastoid process, mental eminence, traits of the clavicle, scapula, rib

costal cartilages, ulna, sacrum, and femur, from anteroposterior Lodox scans can be deemed
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unreliable and limited, particularly for morphological sex assessment. In contrast, the current
study’s findings strongly support the use of anteroposterior Lodox scans for observation and
morphological scoring of anteriorly positioned/observable skull (i.e., overall skull morphology,
parietal eminence, and orbit shape) and pelvic traits for morphological sex estimation. This further
renders primary preference for such skull and pelvic traits that are reliably observable and scorable
in high frequencies (82-97%) for visualisation and morphological assessment on Lodox scans of
adult individuals. Among these, pelvic traits should be prioritized for morphological assessment
from Lodox scans for potential sex estimation, due to their highly reliable observer repeatability

and reproducibility.

5.3. Sex Classification Accuracies

Similar to reliability, the assessment of accuracy is important in sex estimation studies. Without
indicating how accurate (and reliable) a sex estimation method is, the method would lack validity
(Blanchard, 2010). As such, a method's utility for sex estimation often relies on both its accuracy
and reliability in estimation. A method that is reliable but inaccurate, or accurate but unreliable,
can be deemed unuseful for estimating biological sex, as it will most likely produce either

inconsistent results across researchers or yield low sex classification accuracies (Daniels, 2018).

5.3.1. Skull traits

Morphological sex estimation of traditional skull traits conducted from radiographic images
(mainly 3D CT scans) has been reported to provide similar sex classification accuracies as
traditional morphological sex estimation methods, with accuracies ranging between 81% and 95%
from various studies (Ramsthaler et al., 2010; Teodoru-Raghina et al., 2017; Dereli et al., 2018;
Bertsatos et al., 2020; Kelley, 2022; Baresa et al., 2024). The current study also demonstrates the
feasibility of morphological skull sex estimation from 2D anteroposterior Lodox scans. However,
accurate sex estimation was limited to moderate classification accuracies of a selected skull traits,
particularly when evaluated against the total study sample (overall skull morphology, mastoid
process, frontal eminence, parietal eminence, orbit shape, and mental eminence). The classification
accuracies ranged between 56.6% (overall skull morphology) and 80.6% (parietal eminence) for

males, and between 47% (parietal eminence) and 74.4% (overall skull morphology) for females.

The observed differences in classification accuracies between the sexes likely stems from the
nature of sexual dimorphism associated with the assessed morphological skull traits, with some
traits exhibiting more pronounced and consistent morphological differences in one sex than the
other (Christensen et al., 2014c; Berg, 2017). The differences in sex estimation accuracy between

males and females in the current study can be attributed to the variable expression of the assessed
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sexually dimorphic skull traits. For instance, the parietal eminence, with an 80.6% accuracy for
males, appears to be a more reliable indicator of male sex, suggesting that this trait is more
consistently and distinctly expressed in males, particularly when assessed from Lodox scans. In
contrast, the overall skull morphology demonstrated a higher accuracy for females, indicating that
the morphological features of the female skull are more reliably classified as a whole. This
difference highlights that not all morphological traits are equally accurate for sexing both sexes
from Lodox scans. This is additionally supported by the perfect intra-observer agreement in the
scorability of these traits, which confirms that the observed differences in classification accuracy
are likely not due to observation errors but rather reflect genuine biological variation in how these

traits appear on Lodox scans for males and females.

The moderate sex classification accuracies reported in the current study are primarily limited to
skull traits observable and morphologically assessed in high frequencies (>80%, n = 150) from
anteroposterior Lodox scans (i.e., overall skull morphology, parietal eminence, orbit shape, and
mental eminence) compared to cranial traits that require visualisation from a lateral plane of view
(i.e., mastoid process and frontal eminence). The low sex classification accuracies obtained for the
mastoid process (males = 27.8% and females = 36%) and frontal eminence (males = 6.9% and
females = 5%) were likely due to the use of an anteroposterior view which hindered effective
morphological assessment as the traits require visualisation from a lateral cranial view for optimal
morphological sex assessment (Klales & Cole, 2008). Additionally, the assessment of these traits
was largely restricted to scans with a right-sided head tilt, only partially revealing the lateral skull.
This limitation affected the scoring process, especially for the mastoid process, which was
primarily assessed based on size (very small to very large) rather than the full range of
recommended features (iscan & Steyn, 2013; Klales & Cole, 2018). Specifically, the anteroposterior
view hindered the observation and assessment of crucial sex characteristics of the mastoid process,
such as its projection relative to the external acoustic meatus (of the temporal bone) and the
presence (or absence) of a digastric groove, both essential for accurate sex classification (Klales
& Cole, 2018). Similarly, the use of the anteroposterior Lodox scans hindered the effective
assessment of the relative size of the frontal eminence (i.e., small or large) and subsequently
resulted in low sex classification accuracies. While anterior plane of views are preferred for
assessing overall skull morphology, parietal eminences, orbit shape, and mental eminences for
optimal sex classification (Iscan & Steyn, 2013; Klales & Cole, 2018; Gupta et al., 2022), the use
of 2D anteroposterior Lodox scans did not provide sufficient detail for highly accurate

morphological sex estimations comparable to those achieved with traditional dry bone analyses
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(Kriiger et al., 2015; Gupta et al., 2022) or CT scans (Teodoru-Raghina et al., 2017; Kelley, 2022)

when assessing similar cranial traits.

The sex classification accuracies achieved for males and females as well as the combined
classification for the assessed traits fall below the commonly reported sex classification accuracies
(80-95%) from studies employing similar assessments but utilising morphological dry bone
analysis (Kriiger et al., 2015; Gupta et al., 2022), geometric morphometric analysis (Toneva et al.,
2023), or CT scan (Teodoru-Raghina et al., 2017; Dereli et al., 2018; Gonzalez-Colmenares et al.,
2019; Kelley, 2022) approaches. For instance, Gupta et al. (2022) also assessed various traditional
skull traits for morphological sex estimation based on dry bone analyses of 161 skeletal samples
of Black South Africans. Compared to the current study findings, Gupta and colleagues (2022)
reported relatively higher classification accuracies for the glabella (males = 86.6% and females =
74.2%), frontal eminence (males = 78.1% and females = 80.6%), mastoid process (males = 73.2%
and females = 67.7%), and mental eminence (males = 69.5% and females = 60%). Contrary to
Gupta and colleagues (2022) sex classification accuracies for the overall skull morphology (males
= 88.8% and females = 69.4%) and orbit shape (males = 88.5% and females = 62.9%), the current
study achieved comparably higher female classification accuracies for these traits, 74.4% and

69.2%, respectively.

Similarly, Dereli and colleagues (2018) investigated morphological sex estimation from adult 3D
CT scans (49 males and 36 females) by three observers, using the Walker (2008) traits. The authors
reported classification accuracies ranging between 98% and 100% for males, and between 83%
and 86% for females, with the glabella being the most effective trait for morphological sex
estimation (accuracies range from 84.2-91.3% amongst observers). Similarly, Kelley (2022)
evaluated the accuracy of morphological skull sex estimation using 3D volume rendered CT scans
of adult individuals from New Mexico (242 males and 189 females), comprised of individuals of
African American, Asian American, European American, Latin American, and Native American
ancestry. The author assessed morphological skull traits based on Buikstra and Ubelaker (1994)
and the Walker (2008) sex estimation methods. Although the study findings by Kelley (2022) do
not specify classification accuracies per assessed skull traits but rather per population group, the
reported classification accuracies are relatively higher than those achieved in the current study,
particularly for individuals of European ancestry. Population-specific classification accuracies
ranged between 81% and 87%, with the classification model for European American individuals
achieving 81% combined classification accuracy (males = 80.5% and females = 81.6%). Contrary
to Dereli et al. (2018), Gupta et al. (2022), and Kelley (2022), sex classifications of the glabella

and nuchal crest traits were not possible to estimate in the current study due to the limitations of
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anteroposterior Lodox scans to visualize the traits that were not being observable from all

anteroposterior Lodox scans.

None of the other assessed Walker (2008) traits (i.e., mastoid process and mental eminence),
including the overall skull morphology, frontal eminence, parietal eminence, and orbit shape,
achieved sufficiently higher accuracy rates to be used in combination to improve the obtained
accuracy rates. These findings are most likely due to inherent limitations associated with x-ray
imaging (including Lodox scans) to distort images, superimpose anatomical structures, obscure
observation with soft tissue presence (Muehleman et al, 2006; Stull, 2013b; Ahern & Brygel,
2014; Franklin et al., 2018) as well as offer a limited anatomical plane of view compared to
traditional dry bone analyses and 3D CT scans techniques, thus inhibiting accurate morphological
assessment of skull traits from Lodox scans. Therefore, it is likely that anteroposterior Lodox®
Statscan™ scans do not provide sufficient image quality for accurate skeletal sex estimation from
skull traits, particularly given that 3D CT scans can achieve accuracy rates comparable to those

obtained through traditional dry bone analyses approaches.

While sex classification of skull traits generally yielded moderate accuracy compared to other sex
estimation approaches like dry bone or CT scan analyses, the study found that focusing on a subset
of observable and scorable traits notably improved accuracy. The assessed traits demonstrated the
potential for skull sex estimation using Lodox scans, achieving accuracies over 75.0% for male,
female, or combined classification. The mastoid process, in particular, demonstrated exceptionally
high accuracies (>82.0%) across all classifications. In contrast, the frontal eminence, parietal
eminence, orbit shape, and mental eminence were found to be reliable and accurate indicators
specifically for female classification (Table 4.9). For these traits, accuracies of over 75.0% were
achieved for either male or female or combined classification, further demonstrating the potential
for using Lodox scans for skull sex estimation, albeit with limited applicability. For instance, Th
mastoid process demonstrated particularly high accuracies (>82.0%) for male, female, and
combined classification, while the and frontal eminence, parietal eminence, orbit shape, and
mental eminence were a reliable and accurate indicators for female classification from Lodox scans
(Table 4.9). These findings suggest that while Lodox scans have limitations, specific traits can still
be used for highly accurate sex estimation, especially when the traits are clearly scorable on 2D

anteroposterior scans.

5.3.2. Postcranial traits
Numerous postcranial skeletal traits have been investigated and assessed for morphological sex

estimation, with up to 96% accuracy rates, even on studies utilising radiographic modalities
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(Krogman and Iscan, 1962; Phenice, 1969; McCormick & Stewart, 1983; Rogers, 1999; Prado et
al., 2009; Scholtz et al., 2010; Ali et al., 2020; Rogers et al., 2021). Similar to the skull,
morphological assessment of various postcranial traits for sex estimation is feasible from Lodox
scans but mainly limited to selected postcranial traits (e.g., pelvic traits), especially when evaluated
against the total study sample. Similar to skull traits, the achieved pelvic traits classification
accuracies were relatively moderate compared to those achieved in dry bone analyses (Rogers &
Saunders, 1994; Kenyhercz, 2012; Inskip et al., 2019; Gupta et al., 2022), geometric morphometric
analyses (Djorojevic et al.,2014; Cox, 2021), and CT scan (Decker et al., 2011; Colman et al.,
2019; Ali et al., 2020) approaches (80-96% classification accuracies). The moderate classification
accuracies reported in the study ranged between 63.9% (ilium morphology) and 77.8% (subpubic
angle shape and obturator foramen shape) for males, and between 52.6% (subpubic contour) and

80.8% (pelvic brim) for females.

The use of anteroposterior Lodox scans offered high observability and scorability frequencies
(>82%, n = 150) for assessed pelvic traits, they were insufficient for providing detailed
morphological assessments required for accurate sex classification when compared to dry bone
analyses (Kenyhercz et al., 2017; Inskip et al.,2019; Gupta et al., 2022) or CT scan (Ali et al.,
2020) approaches assessing similar assessed pelvic traits. The use of anteroposterior Lodox scans
hindered the effective evaluation of key sex-discriminating features of certain pelvic traits, such
as the detailed morphologies of the subpubic bone contour and ventral arc, and the orientation of
the acetabulum, which are typically assessed with direct and highly detailed observation in dry
bone sex estimation approaches (Iscan & Steyn, 2013; Klales & Cole, 2018). This subsequently
resulted in low and relatively biased sex classifications for these pelvic traits compared to other
assessed pelvic traits (i.e., subpubic contour: combined accuracy = 60.7%, males = 69.4%, and
females = 52.5%; acetabulum position: combined accuracy = 68%, males = 70.8%, and females =
66%; ventral arc: combined accuracy = 69.3%, males = 76.4%, and females = 62.8%). Moreover,
only the overall pelvis morphology yielded consistently high and acceptable classification
accuracies (>75%) for both males (75.0%) and females (79.5%), and combined sex accuracy
(77.3%). Although the pelvis is associated with high sexual dimorphism due to adaptations in
female parturition (Berg, 2017), the morphologies of the other pelvic traits proved challenging to
visualize with 2D Lodox scans to effectively yield highly accurate sex classifications. Therefore,
achieving acceptable accuracies for either males or females classification was limited to a selected
pelvic traits, further indicating that these traits, when assessed from 2D anteroposterior Lodox
scans, are more consistently and distinctly expressed in one sex or the other (i.e., pelvic brim

(females = 81%), subpubic shape (males = 78%), obturator foramen shape (males = 78%), ventral
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arc (males = 76%), and ilium morphology (females = 78%)). Furthermore, the study's finding that
the overall pelvis morphology had consistently high classification accuracy for both sexes
indicates that while individual traits might be difficult to assess in 2D, the assessment of the pelvis
as whole provides a more reliable and accurate sex classification from Lodox scans. That is, the
collective appearance of a wider, broader female pelvis and a narrower, more robust male pelvis

is easier to distinguish even with the limitations associated with a 2D anteroposterior Lodox scan.

Nevertheless, the current study findings align with those of Varzandeh et al. (2019) and Abdallah
et al. (2021), who also reported moderate sex classification accuracies (67-77% and 60-68%,
respectively) in morphometric assessment of pelvic traits assessed from anteroposterior pelvis x-
ray scans of adult individuals. Moreover, the current study’s findings are comparable with previous
studies that have reported high classification accuracy rates for morphological skeletal sex
estimation based on pelvic traits compared to traits of the skull (Inskip et al., 2019; Gupta et al.,
2022). The high sex classification accuracy of the pelvic girdle (compared to the skull and other
assessed postcranial elements) is primarily attributed to the pelvis being the most sexually
dimorphic skeletal element due to adaptations for parturition, to accommodate the passage of a
foetus in females, subsequently resulting in significant sex differences in pelvic shape and size
(Christensen et al, 2014c; Klales, 2020b). Additionally, the high sex classification accuracy
associated with the pelvis is also most likely attributed to the pelvis’ high reliability for visual
assessment and scoring for morphological sex estimation as reported in numerous study findings
that have investigated its reliability in morphological sex estimation (e.g., Blanchard, 2010; Klales
etal., 2015; Colman et al., 2019; Inskip et al., 2019; Gupta et al., 2022). Thus, the assessed pelvic
traits yielded consistently higher sex classification accuracies compared to the skull and other
postcranial traits, in addition to being reliable for observation and morphological scoring on Lodox

scans.

Although the assessed pelvic traits exhibited the highest sex classification accuracies among the
postcranial skeletal elements (61-77% combined sex classification accuracies), these accuracy
rates fall notably below the commonly reported range achieved in pelvic morphological sex
estimation studies utilising dry bone analyses (generally 85-96% combined accuracies) or CT
scans (generally 85-95% combined accuracies) (e.g., Patriquin et al., 2003; Listi & Bassett, 2006;
Bierry et al., 2010; Stull et al., 2013a; Klales et al., 2015; Kenyhercz et al., 2017; Joon & Rohatgi,
2021; Zhang, 2022, 2024). For instance, Inskip and colleagues (2019) evaluated macroscopic sex
estimation using various pelvic traits, including iliac morphology, ventral arc, subpubic angle, and
subpubic contour, from a genetically sexed medieval skeletal collection (66 individuals). Contrary

to the current study findings, Inskip and colleagues (2019) reported significantly higher
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classification accuracies for the aforementioned pelvic traits, specifically 87.5% and 77.8% for
male and female iliac morphologies (respectively), 93% and 100% accuracies for male and female
the ventral arcs (respectively), and 100% accuracies for both male and female subpubic angles and
subpubic contours. Similarly, Rogers and Saunders (1994) on a sample of 49 skeletons of Canadian
ancestry evaluated morphological sex estimation using 17 morphological pelvic traits, including
those assessed in the current study (i.e., obturator foramen shape, acetabulum position, ventral arc,
subpubic contour, pelvic brim, and ilium morphology). Rogers and Saunders (1994) reported
combined sex classification accuracies significantly higher than those reported in the current study,
specifically 93% for the obturator foramen shape, 91% for the acetabulum position, 86% for the
ventral arc, 83.8% for the subpubic contour, 83.7% for the ilium, and 80% for the pelvic brim. In
contrast, the current study achieved relatively lower classification accuracy rates for these traits

(61-77% combined accuracies).

Similarly, a multitude of dry bone pelvis morphological sex estimation studies, such as those by
Patriquin et al. (2003), Bierry et al. (2010), Small et al. (2012), Kenyhercz (2012) Kenyhercz et
al. (2017), Gupta et al. (2022), as well as Jager and Eliopoulos (2024), have reported relatively
high sex classification accuracies (over 80% combined sex accuracies), across distinct population
groups (including South Africans) in morphological sex estimations of the subpubic contour,
subpubic angle/shape, obturator foramen shape, and ventral arc morphology in adult individuals.
Similar to dry bone analyses approaches, Ali and colleagues (2020) reported a 94% combined
accuracy of subpubic angle/shape (males = 94% and females = 94%) for sex estimation from
multidetector CT scans of 100 contemporary Malaysian adult individuals. In contrast, the current
study achieved lower classification accuracies for similar assessed morphological pelvic traits (61-
77% combined accuracies). This was most likely due to limitations associated with assessing
morphological skeletal traits from anteroposterior 2D x-ray images, such as overlapping
anatomical structures and soft tissues, further masking the precise morphology of the traits and

yielding less accurate assessment for se sex estimation.

The remaining assessed postcranial traits yielded classification accuracies below 60%, thus
rendering the use of Lodox scans unsuitable and impractical for morphological sex estimation from
these postcranial traits. The relatively moderate sex estimation accuracies achieved from Lodox
scans, compared to dry bone and CT scans analyses, may be attributed to limitations in x-ray image
quality to provide reliable and accurate assessment of adult postcranial skeletal sex (Ahern &
Brygel, 2014; Huda & Abrahams, 2015; Ou et al., 2021). This further indicates the superiority of
traditional dry bone analyses (and CT scans) for accurate pelvic (and other postcranial traits)

morphological sex estimation compared to the current study’s utilisation of Lodox scans (Klales,
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2013; Zhang, 2022, 2024). While the utilisation of Lodox® Statscan™ radiographs should not be
of primary preference for morphological sex estimation of postcranial traits, particularly for the
scapula, distal humerus, sacrum, and femur, in forensic anthropological analyses, the current study
findings indicate that moderately accurate sex estimation can be achieved from anteriorly
observable pelvic traits. As such, Lodox scans may serve as a valuable preliminary tool for sex
estimation in emergencies where dry bone analyses are not immediately feasible or readily

available.

Sex classification of postcranial traits from Lodox scans yielded poor and moderate accuracies
compared to studies utilising dry bone, geometric morphometric, and CT scan analyses. However,
the study found that focusing on a subset of observable and scorable traits provides notably high
classification accuracy for majority of postcranial traits. For these traits, accuracies of over 75.0%
were achieved for either male, female or combined classification, demonstrating the potential for
using Lodox scans for sex estimation, albeit with limited applicability. For instance, postcranial
traits such as costal cartilage ossification patterns, and the olecranon-coronoid angle demonstrated
particularly high accuracies for male classification, while infraspinous fossa’s lateral border and
sacrum morphology were a reliable and accurate indicator for both sexes (Table 4.9). These
findings suggest that despise the limitations of Lodox scans, focusing on specific traits that are
clearly observable and scorable in 2D anteroposterior views significantly improves morphological

sex classifications, yielding highly accurate sex estimations.

5.4. Lodox Scans Limitations for Morphological Skeletal Sex Estimation

The capabilities of the Lodox® Statscan™ to effectively visualize skeletal elements and locating
foreign metal objects in medico-legal cases while also providing rapid full-body imaging have
been well documented (Knobel ef al.,2006; Evangelopoulos ef al., 2009; Mamabolo ef al., 2020;
Morele et al., 2024). The current study’s findings support the established capabilities of the Lodox®
Statscan™ to reliably visualize human skeletal elements. However, the utilisation of Lodox scans
to visualize morphological skeletal traits for sex estimation proved to be challenging, resulting in
comparatively low to moderate sex classification accuracies. This is notable considering that the
assessed traits have been previously validated based on dry bone analysis for application in South
African individuals of European ancestry (Scholtz et al., 2010; Klales et al., 2012; Small et al.,
2012; Stull et al., 2013a; Kriiger et al., 2015; Ishwarkumar et al., 2016; Kenyhercz et al., 2017,
Gupta et al., 2022).

These findings are most likely attributed to inherent limitations in x-ray radiography, which may

not always provide sufficient detail for visualisation of intricate anatomical structures such as
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morphological skeletal traits (Williams et al., 2007; Franklin et al., 2016; DeMaio et al., 2019;
Allen, 2022). Moreover, certain assessed Lodox scans exhibited distortions (non-proportional
scaling of the radiographed object) at certain skeletal regions of interest, effectively contributing
to less accurate assessment of such skeletal regions (e.g. elbow and knee regions). However, the
linear-slot scanning design and the use of collimated fan beam geometry by the Lodox® Statscan™
in addition to placing the body table to the lowest position (approximately 6 cm) from the detector
significantly minimises image distortion by employing a greater SID and low OID (Pitcher et al.,
2008; Stull et al, 2013b; Chimhundu et al., 2014). In contrast, traditional conventional x-ray
modalities typically utilise cone beam geometry which produces distortion in both x- and y-axis
(Stull et al., 2013b; Pauwels et al.,2015). As such, these Lodox® Statscan™ features collectively
contribute to reducing image distortion, especially along the scan-axis (y-axis) and on individuals
placed in a supine anatomical position (Boffard et al., 2006; Stull et al., 2013b). As such, image
distortion was extensive on body regions (and skeletal elements and traits) that were not positioned
in an optimal anatomical position during the scanning process, such as a tilted head, bent elbow or

knee (Figures 5.2 and 5.3).

Similarly, certain Lodox scans exhibited 2D superimposition of skeletal elements and traits
because of the overlapping nature of internal body structures to be compressed onto a single 2D
plane by x-ray modalities (Dorion, 1983), in addition to the scanned individual not being placed
in an optimal anatomical position (Figure 5.2). Moreover, the contrast resolution of the
radiographs, defined as the degree of greyscale differentiation between anatomical structures
(Clark, 2018), also likely influenced the accurate assessment of morphological traits for sex
estimation. This is because regions with low contrast (many shades of grey) or high contrast (few
shades of grey) may have hindered the observer's ability to accurately assess the morphology of
certain traits, potentially impacting the sex classification accuracy of associated traits. Although
the Lodox® Statscan™ imaging software (©OLodox™ 2005 Application Version 2.9.0.0) offers
digital image contrast adjustment postprocessing, the patient contrast cannot be manipulated
digitally postprocessing as it is determined by how effectively the patients’ anatomical structures
absorb x-ray beams and how the corresponding energy is transferred to the image receptor
(DeMaio et al., 2019). Consequently, Lodox scans with very low or high subject contrast in skeletal
elements or traits (Figure 5.1 A) likely resulted in a less accurate visual assessment of such skeletal

traits even though the digital contrast could be manipulated.

Consequently, these limiting factors (image distortion, 2D superimposed anatomical structures,
patient contrast) hindered accurate visualisation and morphological assessment of affected skeletal

elements and traits of interest, evident in the difficulty in assessing distorted and overlapping
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observable skeletal traits. This likely led to inaccurate visual morphological assessment and
potential misclassification of skeletal sex, particularly for traits like mental eminence,
suprascapular notch, costal cartilage ossification patterns, olecranon-coronoid angle, femoral neck
shaft angle, and quadriceps angle. Consequently, observation and morphological scoring
frequencies for these skeletal traits were notably moderate and lower than their respective
traditional dry bone methods. Additionally, these factors ultimately impacted the overall sex
classification accuracy of such skeletal traits (if not all), resulting in higher misclassification and
low accuracy rates, even though the traits were observable and scorable in high frequencies. As
such, this study's findings highlight that while Lodox® Statscan™ scans are reliable for
documenting and identifying skeletal elements and traits, their utility for morphological sex
estimation is limited compared to alternative approaches of morphological sex estimation,
particularly those that offer minimum to no obscuration of assessed morphological skeletal traits

(e.g., traditional dry bone morphological assessment).

5.5. Study Limitations and Recommendations for Future Research

5.5.1. Limitations

The visibility of soft tissues, including external reproductive organs in Lodox scans, presented
challenges that could potentially have biased the assessment of morphological traits for sex
estimation (Figure 5.4). To maintain professionalism and research integrity, biased assessment was
minimised by assessing skeletal traits scientifically based on their visibility on Lodox scans and
according to their respective established criteria of morphological assessment, independent of the
visibility of external reproductive organs. This approach was reflected in the relatively similar and
comparable reliability agreements for both observation and scorability and significant statistical
differences between the predicted sexes and documented sexes. These findings suggest an
independent observation and assessment of skeletal traits, demonstrating the genuine applicability

of Lodox scans for morphological sex estimation of skull and postcranial skeletal traits.

The presence of extensive soft tissue interference (Figure 5.1) and internal prostheses (Figure 5.3)
on certain Lodox scans obscured and limited the potential visualisation and assessment of
respective traits of interest (e.g., rib costal cartilages, scapula traits, sacrum, and femur).
Additionally, the Lodox® Statscan™ is an outdated x-ray modality, no longer manufactured by the
Lodox® Systems (Pty) Ltd company. As such, it is most likely to yield inferior image quality
(compared latest Lodox® Systems modalities) that can compromise accurate visualisation and
assessment of morphological skeletal traits of interest, especially when obscured by soft tissue

interference and internal prostheses. These factors further reduced the number of skeletal elements
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and traits that could be assessed on the Lodox scans, thereby limiting the accuracy of

morphological sex estimation.

Another factor which posed as a study limitation is that the utilised Lodox scans were of
individuals scanned only in an anteroposterior plane of view. The reliance on a single anatomical
plane of view (i.e., anterior) restricted a comprehensive visualisation of the skull and postcranial
skeletal elements and their associated traits. This limitation more often hinders the accurate
assessment of traits of interest, as a holistic perspective consisting of multiple anatomical planes
(i.e., anterior, lateral, oblique) is often crucial for a thorough assessment of morphological skeletal
traits. Hence, skeletal traits mainly visible from lateral and/or oblique plane of views (e.g., nuchal
crest, forchead slope, glabella, medial epicondyle angle, and greater sciatic notch) were not
observable from any of the assessed Lodox scans, inhibiting their assessment for morphological
sex estimation. As such, a standard procedure for Lodox scanning that includes multiple
anatomical viewing planes that comes with the Lodox® Statscan™ functionality is warranted to

accommodate visualisation of such traits (i.e., i.e., anterior, lateral, and oblique scans).

Additionally, the assessed Lodox scans are of individuals who were not all taken in a typical
standardised anatomical position during the scanning process due to individual body variations
including challenges of positioning individuals due to rigor mortis that occurs in the body after
death, in addition to formalin embalming for tissue preservation. That is, certain scans were
characterized by individuals who were not lying supine, facing directly anteriorly, upper limbs
positioned naturally at the sides of the body, palms of the hands facing anteriorly, and the feet lying
parallel to each other facing anteriorly (Christensen et al., 2014d) on the Lodox® Statscan™
machine body table during the scanning process (Figures 5.1, 5.2, and 5.3). Nevertheless, the
results of the current study do demonstrate the utility of Lodox® Statscan™ radiographs to
visualise skeletal elements and traits as well as morphological sex estimation of certain sexually

dimorphic traits, particularly those of the pelvis.

A limited sample size of Lodox scans (150 scans) and restricted demographic information of the
sample (individuals of European ancestry with average age-at-death of 76.5 = 12.94 years) also
posed as a limitation to the current study, as compared to other morphological sex estimation
studies that utilised relatively larger sample sizes (i.e., over 300 scans/skeletal remains) and diverse
population groups (e.g., black and white South Africans) (Rogers et al., 2000; Bruzek, 2002; Vance
et al., 2011; Klales et al., 2012; Kriiger et al., 2015).
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5.5.2. Recommendations for future research

Given that the utilised x-ray scans are from an outdated x-ray modality (i.e., Lodox® Statscan™),
the current study’s methodology should be re-assessed using the Lodox Systems’ latest x-ray
modality for forensic imaging, the Lodox® eXero-dr™ (LODOX®, 2023a). Moreover, all
anatomical viewing planes (anteroposterior, lateral, oblique) should be explored and utilised to
enhance visualisation and assessment of skeletal elements and traits to potentially improve
classification accuracy rates. Given that calibrated measurements of skeletal elements can be
obtained from Lodox scans (using ©Lodox™ 2005 Application Version 2.9.0.0), the investigation
of metric sex estimation of the observable skeletal elements from the current study should be
explored for skeletal sex estimation. This would allow for the comparison of the best application
of Lodox® Statscan™ for skeletal sex estimation of adult human remains, and subsequent

biological profile estimation.

A B

Figure 5.4: Examples of Lodox scans showing soft tissues of external reproductive organs. Image
A is a Lodox scan of a male individual and image B is a Lodox scan of a female individual. a =

male penis; b = breast. Left hand side is towards the right.
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CHAPTER 6: CONCLUSION

The following conclusions can be drawn from the data presented in this study:

Objective 1: Determine which skeletal elements (i.e., cranium, mandible, clavicle, scapula, rib

costal cartilage, humerus, ulna, pelvic girdle, sacrum and femur) are observable on Lodox scans.

1.

For observation of skeletal elements from Lodox scans:

a)

b)

c)

d)

Eight out of ten of the assessed skeletal elements (cranium, mandible, clavicle, scapula,
distal humerus, proximal ulna, pelvic girdle, and femur) were observable in over 88% of
the assessed Lodox scans.

The cranium and pelvic bones were the most observable skeletal elements, each observable
in 99.3% of the assessed Lodox scans.

The rib costal cartilages and sacrum were observed in lower frequencies (<43%), thus not
preferable for visualisation from Lodox scans for morphological sex estimation.

Soft tissue interference, image distortion and 2D superimposition of anatomical structures

hindered the 100% observability of all assessed skeletal elements from Lodox scans

Objectives 2: Determine which skull and postcranial sexually dimorphic traits are observable

and scorable from Lodox scans.

1.

For observation and morphological scoring of skull traits (n = 150):

a)

b)

d)

Four skull traits (overall skull morphology, parietal eminence, orbit shape and mental
eminence) were observed and scored in over 89% and 76% of the assessed Lodox scans,
respectively.

The mastoid process and frontal eminence were observed and scored in less than 44% and
38% of the assessed Lodox scans.

The nuchal crest, forehead slope, and glabella were not observable from all assessed Lodox
scans.

The utilisation of anteroposterior Lodox scans significantly impact the effective
visualisation of the mastoid process, frontal eminence, nuchal crest, forehead slope, and
glabella from Lodox scans as these traits are optimally visualised from the lateral aspect of

the cranium.

For observation and morphological scoring of postcranial traits (n = 150):

a)

Pelvic traits were the most frequently observed and scored postcranial traits, observable

and scorable in over 87% and 82% of assessed Lodox scans, respectively.

125



b)

d)

Selected traits of the scapula (infraspinous fossa’s lateral border) and the distal humerus
(olecranon fossa) were the second and third most observed and scored postcranial traits,
observable in 82.7% and 78.7% respectively, and scorable in 80.7% and 72% respectively.
The observations of the remaining postcranial traits were poor, ranging from 20% (sacrum)
to 66% (femoral neck shaft angle), with scorability frequencies ranging from 17% (sacrum)
to 48% (trochlea symmetry) of the assessed Lodox scans.

The costoclavicular tuberosity, medial epicondyle angle, and greater sciatic notch were not
observable nor scorable in the assessed Lodox scans, due to the traits being optimally
visible from lateral and/or oblique planes of view.

Interference of soft tissues, image distortion, and superimposed anatomical structures
significantly impacted the effective visualisations of non-pelvic postcranial traits from

assessed Lodox scans.

Objective 3: Assess the intra- and inter-observer repeatability of the observable skeletal

elements and associated sexually dimorphic skeletal traits from Lodox scans.

1.

For the reliability of observable skull and postcranial elements:

a)

b)

Observation of seven skeletal elements (cranium, clavicle, distal humerus, proximal ulna,
pelvis, & femur) from Lodox scans demonstrated perfect intra- and inter-observer
repeatability, and were most reliable for visualisation on Lodox scans.

The remaining skeletal elements (mandible, scapula, rib costal cartilage, and sacrum) had

lower and dissimilar intra- and inter-observer repeatability agreements.

For the reliability of observation and scoring of skull traits:

a)

b)

¢)

d)

Only overall skull morphology exhibited perfect intra- and inter-observer repeatability for
observations and achieved perfect intra-observer and moderate inter-observer agreement
for scorability.

The mastoid process exhibited the lowest repeatability agreements; fair intra- and slight
inter-observer agreements for observation, and moderate intra- and slight inter-observer
agreements for scorability.

The nuchal crest, forehead slope, and glabella morphologies exhibited perfect repeatability
agreements for non-visualisation from any of the assessed Lodox scans.

The remaining skull traits had lower and dissimilar intra- and inter-observer repeatability

agreements for observation and scorability.

For reliability of observation and scoring of postcranial traits:

a)

Observations of all assessed pelvic traits, except the obturator foramen shape (substantial

repeatability) and acetabulum position (moderate intra- and substantial inter-observer

126



repeatability), exhibited perfect intra- and inter-observer repeatability. Scorability for
assessed pelvic traits demonstrated intra- and inter-observer repeatability ranging from
moderate to perfect agreement.

b) The remaining assessed postcranial skeletal traits demonstrated a range of intra- and inter-
observer repeatability for both visual observability and scorability, consisting of slight, fair,
moderate, and substantial levels of repeatability agreements.

¢) The costoclavicular tuberosity, medial epicondyle angle, and greater sciatic notch had
perfect repeatability agreements for non-visualisation from all assessed Lodox scans.

Objective 5: Assess the sex classification accuracies of the scorable sexually dimorphic traits for

the estimation of morphological skeletal sex from Lodox scans.

1. For sex classification accuracy of scorable skull and postcranial traits:

a) Moderate accuracy for skeletal sex classification was primarily achieved using pelvic traits
(61-77% combined accuracy) and a selected few skull trait (63-71% combined accuracy).

b) The remaining postcranial traits primarily achieved lower sex classification accuracies
(<54% combined sex accuracies) compared to the skull and pelvic traits.

¢) The reported accuracy rates (61-78% for pelvic traits and 63-71% for selected skull traits)
are relatively lower than the reported range of accuracies (80% to 95%) achieved by
alternative traditional and CT scan morphological sex estimation approaches, thus
indicating the limitations for high accuracy of morphological sex estimation of skull and

pelvic traits from Lodox scans.

This study indicated that Lodox scans are moderately accurate and reliable in visualising skeletal
elements, including pelvic traits, and selected skull and postcranial traits. However, using Lodox
scans for morphological sex estimation yielded low to moderate sex classification accuracies
compared to alternative approaches (i.e., dry bone analysis, CT scans). This finding indicates that
the use of Lodox® Statscan™ scans may not be a highly accurate and reliable approach for
estimating the morphological skeletal sex of adult individuals from x-ray radiographs, but rather a
reliable tool for observing skeletal elements and some of their associated traits. Given the
limitations of morphological assessment for sex estimation from Lodox scans, alternative
approaches, such as metric methods, should be explored for sex estimation using the highly
observable skeletal traits identified in the current study. In addition, the current applicability of
Lodox® Statscan™ for sex estimation requires refinement to optimize its accuracy for
morphological sex estimation of human remains, especially where the identity of the remains is

unknown and required for estimation of other biological profile parameters. It is assumed the
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current utilisation of Lodox® Statscan™ for morphological sex estimation can yield moderate sex
classification accuracies for morphological skull and pelvis traits and poor accuracies for other

morphological postcranial traits.
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