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ABSTRACT

Forensic anthropologists are often required to establish a biological profile from skeletal
remains, which includes the estimation of biological sex. The Walker and Phenice traits are
morphoscopic methods frequently utilised to estimate sex from unknown skeletal remains. The
methods employ five traits located on the skull and three on the os coxae and are considered
the classic morphological skeletal sex indicators. Previous literature has stated that the growth
and deterioration related to aging that occurs throughout an individual’s life may affect the
classic morphological skeletal sex indicators and therefore the estimation of sex. More
specifically, females are reported to become more robust with older age, while younger males
appear more gracile. This overlap in sexual dimorphism leads to greater misclassification and
decreased accuracy in medicolegal casework. The aim of this study was to assess if age needs

to be considered when attempting to classify sex using the classic morphological sex indicators.

The sex indicators were scored on a sample of 453 skulls and 429 os coxae of modern South
Africans. The scores were then compared among ten different age cohorts. Separate age-
specific classification models were created to assess if age affects the positive predictive
performance of the sample. Significant differences were identified for the nuchal crest between
age cohorts younger and older than forty years of age with the sample pooled. None of the
other cranial traits demonstrated any significant differences. Regarding the classification
models, accuracies increased for the younger group when separated from the older group, but
the opposite was shown to be true for the older group. The os coxae did not show significant
differences between the ten age cohorts. However, when separated into three large cohorts
(younger, middle-aged, older) differences in accuracy was apparent between the cohorts. The
results indicate that preselection of age prior to sex estimation is not necessary in a South
African population. Further research is required to identify additional explanations for
misclassification with sex estimation, as age does not appear to be a major influential factor for

the classic morphoscopic sex indicators.
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CHAPTER 1: INTRODUCTION

Forensic anthropologists are required to estimate the biological profile from unknown skeletal
remains in the interest of finding a connection to national missing persons records. The
parameters of the biological profile include estimates of sex, population affinity, age-at-death,
and stature. Each parameter of the biological profile is important as it contributes to the
identification of unknown skeletal remains and are estimated using numerous techniques and

methods.

Sex estimation is considered one of the most important aspects of the biological profile, as
accurate sex estimation has been shown to decrease the list of possible matches to the missing
persons list by 50% (Kriiger ef al., 2015). Additionally, the other parameters of the biological
profile are reliant on the correct estimation and preselection of sex in pursuance of high
accuracy age and stature estimation. A myriad of sex estimation methods exists, with
morphoscopic methods arguably being the most popular. Currently, two major morphoscopic
methods are employed to estimate sex using the skull and os coxae, which are considered the

classic morphological sex indicators (Walker, 2008; Klales ef al., 2012).

The majority of anthropological methods for sex estimation originated in other countries
across the globe and were then validated on local skeletal collections to ascertain whether the
methods were viable for use on the South African population. Where necessary, the methods
were altered to be population-specific, and different classification formulae were created in
favour of increased accuracy. In particular, the Walker (2008) method, which applies traits from
the skull, was validated on the South African population and recalibrated by Kriiger and
colleagues (2015) to increase accuracy when applied on South Africans. The recalibration by
Kriiger and colleagues (2015) requires the estimation and preselection of population affinity
from the unknown skeletal remains so that the relevant standards can be applied for the
estimation of sex. This is important as the various population groups in South Africa display
varying levels of sexual dimorphism. Sexual dimorphism is typically expressed as size and/or
shape differences between males and females. Similarly, the Phenice (1969) traits found on the
pubic bone of the os coxa were first codified and paired with simple line drawings and statistics
by Klales and colleagues (2012). The updated methodology and definitions were then validated
on numerous diverse global populations and recalibrated by Kenyhercz and colleagues (2017).
South African individuals were included in the global sample which resulted in increased

accuracies when applying the recalibrated formulae in South Africa. For simplification, the
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skull and pubic traits will hereafter be referred to as the Walker (2008) traits and Phenice (1969)

traits, respectively.

Numerous factors have been noted to influence the expression of sexual dimorphism, and
thus the accuracy of sex estimates (Cabo et al., 2012). Some examples include the population
affinity of the individual, hormonal influences during the individual’s life, pregnancy (and
number of pregnancies), robust muscle attachments due to physical activity, as well as the age

of the individual (Albert et al., 2007).

In terms of the aging process, previous studies have observed changes in the craniofacial
complex that occur throughout adulthood, such as an increase in the anterior facial height,
increased mandibular length, and horizontal expansion of the craniofacial skeleton (Walker,
1995; Albert et al., 2007; Kriiger et al., 2015). Moreover, Walker (1995) reported that older
females tend to display more masculine traits as compared to younger females. This was
supported by Kriiger and colleagues (2015), who found that older South African females tended
to misclassify more frequently, leading to lower classification accuracies. Walker (1995) also
noted that younger males tend to display more feminine traits in comparison to older males.
Similarly, age-related changes have been observed in the pelvis, with Waltenberger and
colleagues (2022) stating that the shape of the pelvis changes throughout an adult’s lifetime but
that the changes are expressed more in females than in males. This was supported by Auerbach
et al. (2017) who reported that younger females display narrower pelvic inlets than older
females. Despite documented changes, the current standards for morphoscopic sex estimation
do not consider the potential implications of age on the positive predictive performance of the

methods.

The age changes are a matter of concern given the demographics of skeletal collections as
well as the increasing age-at-death of the living population. The increasing age-at death in the
living population may allow for continued, unaccounted for changes to the skeleton. The above
methods were validated on the various available bone collections that exist in South Africa
(such as the Pretoria Bone Collection, Raymond A. Dart Collection of Modern Human
Skeletons, and the Kirsten Skeletal Collection), all of which largely consist of older individuals
who were unclaimed or donated their bodies to the collections (L’Abbé¢ et al., 2005; Dayal et
al.,2009; Alblas et al., 2018). Although the collections are ultimately made up of mostly older
individuals, this is particularly true for white South Africans, for whom the mean age-at-death
1s much greater compared to the mean age-at-death of the black South Africans (L’ Abbé ef al.,

2005). The discrepancy in the mean age-at-death between groups is likely due to the differences

4
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in socioeconomic status (SES) and, therefore, life-expectancy as well as different cultural
beliefs of the different groups that make up the South African population (L’ Abbé¢ et al., 2021).
Subsequently, the mean age-at-death of the individuals in the skeletal collections may differ
from the mean age-at-death of individuals seen in forensic casework, more specifically older
individuals in the collections versus younger individuals in casework. It is imperative to further
explore potential skeletal differences that may exist as a result of age and assess how these

differences influence our ability to estimate sex.

While previous studies have noted significant skeletal differences between varying age
cohorts (Rogers, 1982; Walker, 1995; van Wyk and van Wyk, 2004; Albert et al., 2007; Ross
and Williams, 2010; Gapert et al., 2013; Small et al., 2016; Waltenberger et al., 2021), few
studies have looked specifically at how these differences will influence morphoscopic methods.
Therefore, the current study focused on the application of scores of the Walker (2008) and
Phenice (1969) traits to South African individuals across various adult age cohorts to ascertain
if and to what degree age affects the classification accuracy of the sex estimate. In order to
achieve this, the objectives of the current study included testing the inter- and intra-observer
repeatability of the traits to test if the traits were scored consistently by the principal
investigator; the comparison of the frequency distribution of each of the five Walker (2008)
traits found on the skull and the three Phenice (1969) traits found on the os coxa among the ten
age cohorts to test for significant differences attributable to age; and the analysis and
comparison of the obtained accuracies when the existing South African formulae for the Walker
(2008) and Phenice (1969) traits were used as well as when additional statistical analyses were

implemented
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CHAPTER 2: LITERATURE REVIEW

2.1 Sex estimation and the classic sex indicators

Sex estimation quantifies any sexual dimorphism evident on the skeleton; this is typically
expressed as size and/or shape differences between males and females. Sexual dimorphism is
present on the skeleton due to hormonal differences (oestrogen versus testosterone), functional
reproductive differences (i.e. females being able to give birth), as well as differences in muscle
robusticity (Cox et al., 2000). The goal of sex estimation from skeletal remains is to assess
whether an individual was a biological male or female. While a spectrum of genders exists
(Tallman et al., 2021; Flaherty et al., 2023) and an individual may personally identify as either
one of the sexes or even neither, skeletal morphology will express the phenotype determined
by genetic material (Krlger et al., 2015). The sex of the individual is defined as anatomical or
chromosomal and is determined by the sex chromosomes (XX or XY) prior to birth. Gender
on the other hand is considered a social construct that is expressed by the individual and is not
always aligned with biological sex and can generally not be estimated from the skeleton.
Unfortunately, forensic anthropologists are still not able to determine the sex of an individual
with 100% certainty and rely on the metric and morphoscopic evaluation of the skeleton to
produce a sex estimate. The individual can be estimated to be male or female with certain

probabilities, but the possibility of an error can never be completely excluded.

South African biological and forensic anthropologists currently use three main methods to
facilitate the estimation of sex from skeletal remains, which includes one metric method and
two morphoscopic methods. Metric methods measure the distances between various landmarks
as well as maximum and minimum diameters of bones, and generally achieve greater levels of
repeatability when compared to morphoscopic methods as there is minimal subjectivity
involved (Dirkmaat ef al., 2012). Morphoscopic methods involve visual assessment of the
degree of expression as well as the absence or presence of certain traits which is assigned a
numerical value. Many forensic practitioners prefer non-metric or morphoscopic techniques as
they do not require any equipment and are relatively quick and straight-forward. Although
morphoscopic methods have been critiqued for its reliance on observer experience, the
methodology has been made more repeatable and accurate through the introduction of line
drawings and statistics. For both morphoscopic methods commonly used for sex estimation the

traits are scored on an ordinal scale from 1 to 5, with 1 depicting more feminine traits and 5

6
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depicting more masculine traits. (Phenice, 1969; Walker, 2008; Klales ef al., 2012; Kriiger et
al., 2015; Kenyhercz et al., 2017).

The pelvis is known to be the most sexually dimorphic skeletal element due to its direct
involvement in human reproduction (Phenice, 1969; Stewart, 1979; Krogman and Iscan, 1986;
Spradley and Jantz, 2011; Betti, 2014). Despite this, metric assessment of the pelvis is difficult,
tedious and unfavoured for sex estimation as the definitions are confusing and non-specific
(Steyn et al., 2012). The cranium is the most commonly retrieved element in forensic cases and
is often the only skeletal element available for analysis and as such is still frequently used for
sex estimation even though long bones have shown higher sex estimation accuracies (Spradley
and Jantz, 2011; Kriiger ef al., 2015). The current study focused on the assessment of the two
morphoscopic methods most frequently used for sex estimation in South Africa which utilise

the Walker (2008) traits on the skull and the Phenice (1969) traits on the os coxa.

The Walker (2008) traits include the nuchal crest, mastoid process, supra-orbital margin,
and glabella on the cranium, as well as the mental eminence on the mandible. The method was
originally proposed and developed in North America by Acsadi and Nemeskéri (1970) and
entailed the morphological analysis of the above traits and scoring them from hyperfeminine
(score of -2) to hypermasculine (score of 2), with a score of zero demonstrating intermediate
sexual features or androgyny. The initial method was subsequently improved by Walker (2008)
by adding statistics and simple line drawings to improve repeatability. Walker (2008) also
altered the scoring system to score the traits from 1 to 5. When the Walker (2008) method was
applied to a South African sample, low accuracies were noted, indicating differences in cranial
morphology between South Africans and North Americans. South Africans demonstrated lower
levels of sexual dimorphism and tend to produce more intermediate scores when using the
original formulae (Kriiger et al., 2015). In 2015, Kriiger and colleagues recalibrated the
regression formulae to account for the variation that is present in the South African population.
Different combinations of the Walker (2008) traits were noted to provide higher accuracy levels
for each population group and therefore the combinations with the highest accuracy levels for
each population group were incorporated into the logistic regression formulae (Kriiger ef al.,
2015). The Kriiger et al. (2015) method displays cross validated accuracies ranging from 73%
to 93% depending on the population affinity and the combination of variables employed. As a
result, South African forensic anthropologists are now able to estimate the sex of unknown
skeletal remains with high accuracy using the skull with adapted formulae (Kriiger et al., 2015).

The recalibration of the Walker (2008) method for the South African population was imperative
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as the degree of sexual dimorphism also varies depending on the population and population
groups, necessitating the development and validation of population and population affinity-

specific standards (Kriiger et al., 2015; Caple and Stephan, 2017).

The Phenice (1969) traits include the medial aspect of the ischiopubic ramus, the subpubic
concavity, and the ventral arc located on the pubic bone of the os coxa. Although first described
by Phenice (1969), Klales and colleagues (2012) were responsible for the codification and
creation of line drawings (Figure A2 in APPENDIX A: SCORING SHEETS) to create a
comparable method to the one published by Walker (2008). The modified methodology utilises
the three traits in order to estimate sex with greater repeatability and published accuracy rates,
which was lacking with Phenice’s description of the traits. In 2017, a global recalibration was
conducted to modify the Klales et al. (2012) standards, making it possible to successfully apply
the method to numerous different populations, including South Africans (Kenyhercz et al.,
2017). A global recalibration entails the validation of methodology, which was previously
based on a single population, on numerous diverse geographic populations. Following the
validation, the original equations are recalibrated to improve low resultant accuracies identified
in validation studies on other populations. With the prior knowledge of population affinity, the
recalibrated equations can then be applied to pooled diverse population groups with high
accuracy levels (Kenyhercz et al., 2017). The Kenyhercz et al. (2017) method demonstrated a

cross validated accuracy of 95.9%.

2.2 Factors affecting sex estimation

Numerous factors can influence the robusticity and thickness of bones and the expression of
the classic sex indicators. As a result, sex estimation and the accuracy with which sex can be
estimated may be affected. Influential factors include population affinity, hormonal influences,

physical activity, pathological conditions/diseases and age.

2.2.1 Population affinity

Differences are known to exist between males and females, but the extent of these differences
is dependent on the population the individual originates from (Kriiger et al., 2015). While the
general trend of sexual dimorphism is that males tend to be more robust than females and
females tend to be more gracile than males; this does not exclude the fact that males from one
population can be equally or even more gracile than females from another population

(Dirkmaat et al., 2012). For example, if we take into consideration the comparison between the

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Korean and Maori (New Zealand) populations. Korean males and females tend to be smaller
and more gracile than Maori males and females, who tend to be larger and more robust. Sex
estimation of Korean individuals using Maori standards would most likely result in the
misclassification of Korean males as females due to their gracile features (which are more
similar to Maori females’ features) when compared to Maori males. Similarly, sex estimation
of Maori individuals using Korean standards would most likely result in the misclassification
of Maori females as males due to their larger and more robust features (L’ Abbé et al., 2013).
Additionally, research by Kriiger ez al. (2017) found that South Africans tend to be less sexually

dimorphic than other populations particularly when comparing the skull.

Variation in sexual dimorphism is present not only among global populations, but also
among different South African population groups. For example, white South Africans have
been shown to be more sexually dimorphic than black South Africans when analysing the
cranial traits (Kriiger et al, 2015). When exploring the Walker (2008) traits, Kriiger and
colleagues (2015) noted that white South African males more frequently tend to produce scores
of 5, black South African females tend to produce scores of 1, and both black South African
males and white South African females tend to produce more intermediate scores. The study
also found that greater accuracies were obtained for white South Africans when the glabella
and nuchal crest were used in conjunction and for black South Africans when the glabella,
mastoid process and supra-orbital margin were used in conjunction (Kriiger et al., 2015). The
study indicated the overlap of males and females between different populations, and how
different combinations of traits work better to classify sex for the different populations (Kriiger
et al., 2015). Thus, certain sex estimation methods, such as using the Walker (2008) traits in
South African individuals as well as metric methods, such as metric methods using FD3, rely
on the population affinity to be preselected to increase the accuracy of the sex estimate (Kriiger

et al., 2015).

2.2.2 Hormonal influences and the implications of physical activity

One of the main drivers of sexual dimorphism in human adults is differences in hormone
production (i.e., testosterone and oestrogen) during puberty. The male sex hormone,
testosterone, promotes the activity and longevity of osteoblasts (cells that deposit bone), and
promotes periosteal bone apposition. Both testosterone and oestrogen work collectively in
males to promote periosteal bone apposition and cortical bone growth during puberty allowing

men to build wider and stronger bones with higher resistance to bending (Callewaert et al.,
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2010). This allows males to have a greater periosteal diameter than females from mid-puberty
(Veldhuis et al., 2005; Callewaert et al., 2010). The female sex hormone, oestrogen, has a
multitude of effects on bone growth depending on its concentration: low concentrations of
oestrogen promote the secretion of growth hormone which stimulates chondrocyte growth in
the proliferation zone of the growth plate. High concentrations of oestrogen, however,
stimulates osteoclast invasion of the growth plate and induces apoptosis of the chondrocytes
which collectively halts growth (Juul, 2001). Stimulation of endosteal and trabecular bone
formation, promotion of epiphyseal maturation and an increase in tensile bone strength are
included in the function of oestrogen (Veldhuis et al., 2005). Inevitably oestrogen stimulates
endocortical apposition but limits bone expansion in females (Callewaert ef al., 2010). The sex
hormones are known to fluctuate with aging, as is evident with menopause, thus the fluctuation
of hormone levels with increasing age will have an influence on bone structure and skeletal

trait expression (Veldhuis et al., 2005; Callewaert et al., 2010; Kriiger et al., 2015).

Similarly, physical activity can have implications on the skeletal muscles and the muscle
attachment sites. More robust muscle attachments may result from overworking of the muscles
and pressure on the muscle tendons in individuals who do a lot of physical labour in their day
to day lives and/or individuals who over exercise and apply a lot of pressure on their muscles,
tendons, and the insertion points (Cabo et al., 2012). Hypertrophied muscles result in the
production of additional bone in the form of spurs, eminences or bony thickenings which may
influence the sex estimate. Thus, due to their increased physical activity levels males tend to

exhibit more rugose muscle attachments (Greene, 2022).

2.2.3 Pathological conditions/diseases

There are numerous conditions/diseases that alter bone density and robusticity that should be
considered. These include, but are not limited to, diseases such as osteoporosis and -petrosis,
endocrine disorders such as hyperparathyroidism, hyperthyroidism, acromegaly and pituitary
gigantism and metabolic disorders such as osteomalacia and scurvy that alter bone density,
shape and size (Buikstra, 2019). Although most conditions are not frequently encountered, one

should be knowledgeable about its potential occurrence.

2.2.4 Age-at-death and the effects on the classic sex indictors

The fundamental principle that allows the estimation of age from skeletal remains is the growth

and subsequent deterioration of the human skeleton throughout an individual’s life (Garvin et
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© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

al., 2012). The early years (from infancy to adolescence) involves the constant growth of the
skeletal system based on a relatively predictable pattern which simplifies the estimation of age
in younger individuals. For example, certain elements are present or absent and/or fused or
unfused at certain stages of growth. Later in life, the skeletal system begins to deteriorate due
to the movement and pressure on the skeletal elements over time as well as changes in hormone
levels and/or the decline in nutrients and osteoblast production. Age estimation in adults is

based on the deterioration of the skeletal elements due to these factors (Garvin et al., 2012).

The individual cranial skeletal elements grow and change at different rates during the
postnatal developmental years, and it is likely that subtle morphological changes may continue
to occur throughout adulthood in response to further growth and environmental factors (Ross
and Williams, 2010). Certain age-related changes have been exhibited on the skull and these
changes are present in numerous different forms. The changes may be observed as tooth loss
leading to alveolar bone resorption, rougher granulation at muscle attachment sites, and
weakening of the masticatory muscles leading to vault structure changes, as well as thickening

or thinning of the cranial bones (Rogers, 1982).

Walker (1995) suggested that males younger than 30 years of age tend to have more
feminine cranial features, such as sharper supra-orbital margins. In the same study,
postmenopausal women were observed to appear more masculine in the same cranial regions
indicating that there is continual change in the cranium throughout adult life (Walker, 1995).
Additionally, Albert et al. (2007) noted that the greatest morphological modifications in the
head, neck and face occur around 50 years of age in both males and females. Gapert and
colleagues (2013) studied the effects of age on the metric sexual dimorphism of the foramen
magnum on The Saint Bride’s collection in London. Their findings indicated that the foramen
magnum is sexually dimorphic, and that the accuracy of sex estimation is not affected by age
when the sample was distributed into two groups (<50 and >50 years of age). However, an

increase in sexual dimorphism was clearly visible in the >50 years group (Gapert ef al., 2013).

Ross and Williams (2010) conducted a geometric morphometric evaluation of 24 individuals
ranging from 14 to 40 years of age and noted that significant shape differences were only
present between the individuals aged 20 to 25 years. Significant size differences, however, were
found between all the younger age groups and the 25-year-old age group (Ross and Williams,
2010). Furthermore, they observed significant differences between the 25-to-40-year age group
and the younger age groups indicating that an expansion in cranial base, facial breadth and

facial width occurs with increasing age in adults (Ross and Williams, 2010). The cause for
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these changes is predicted to be multifactorial following an increase in the size of the paranasal
sinuses and eruption of the third molars and/or alveolar remodelling (Ross and Williams, 2010).
Additionally, the findings also suggested that individuals reach cranio-facial maturity from 14
years of age and that adult standards and methods can be applied on adolescents from 14 years

and older (Ross and Williams, 2010).

Studies have also found dramatic changes in the shape and size of the facial region with age
and subsequent edentulism (Small ef al., 2016) which may affect not only metric methods of
sex estimation but also morphoscopic methods. In a survey of South African individuals, van
Wyk and van Wyk (2004) noted that 12.6% of individuals between the ages of 35 and 44 years
of age were completely edentulous (van Wyk and van Wyk, 2004). Coloured South Africans
were identified to exhibit the largest percentage of edentulism (51.6%), and it was shown to be
more common in female individuals than male individuals across population groups (van Wyk

and van Wyk, 2004).

Alterations in the number of teeth present in the mouth as well as tooth loss directly affects
the shape of the face (Ross and Williams, 2010). Small and colleagues (2016) noted that
following tooth loss and edentulism, the maxillary and mandibular alveolar bone was
significantly affected, and that this loss of dentition resulted in an impact to the upper facial
height and the shape of the palate. The results further indicated that edentulism and tooth loss
may influence important measurements and morphoscopic traits used for sex and population
affinity estimation (Small et al., 2016). Their study on white South Africans showed that
edentulous individuals displayed inferior and anterior flexion of the basicranium resulting in
inferior movement of the external occipital protuberance (nuchal crest) and anterior and
inferior movement of the mastoid processes. Edentate individuals were also identified to
display a marginally larger basicranium (Small et al., 2016). Additionally, tooth loss will
inevitably result in the loss (or loss of prominence) of the mental eminence due to mandibular

alveolar bone resorption.

All of the above factors demonstrate how the cranial elements continue to change in shape
and size throughout adulthood, possibly affecting surrounding structures. While these factors
have been widely discussed, the potential effect on the skeletal elements utilised in the
estimation of sex from the skull, more specifically Walker (2008) traits has not been

established.
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As a central element of the human skeleton, the shape and size of the pelvis is directly
affected by biomechanical forces that act on the acetabula from the legs and on the sacroiliac
joint from the spine (Waltenberger et al., 2021). Several studies have found that despite the
cessation of overall growth, remodelling occurs, and certain pelvic dimensions increase into
adulthood (Tague, 1994; Berger et al., 2011; Huseynov et al., 2016; Mitteroecker and Fischer,
2016; Sharma et al., 2016; Auerbach et al., 2018).

Pelvic shape is known to change throughout an individual’s life, with greater changes
reported for females than males. The changes in shape are estimated to be due to endocrine
factors (the induction of hormones) as well as mechanical factors, such as parturition, which
explains the greater magnitude of change seen in females (Waltenberger er al., 2021).
Waltenberger and colleagues (2021) reported that females displayed three phases of change,
namely: (1) during the parturition period, (2) pre-menopause and post-parturition, and (3) post-
menopause, whereas males were identified to have only two phases of change, with the split
occurring around 45 years of age. The same study also identified that the first phase of change
seen in females was mainly due to childbirth and the degree of change increased proportionally
to in the number of times a woman has given birth (Waltenberger et al., 2021). Thus, the
increased weight and pressure of the uterus and foetus resting on the pelvic girdle has a direct
effect on the underlying bone. Additionally, the increased oestrogen during pregnancy and the
premenopausal phase likely results in oestrogen-induced bone remodelling which explains the
widening of the pelvic inlet during the first phase. Pregnancy and parturition not only alter the
shape and size of the pelvis but may also cause damage to the pelvis, especially the pubic
symphysis. Although not necessarily a common occurrence, Waltenberger and colleagues
(2021) found pelvic fractures were still observed to increase in females until 40 years of age
and were identified to correlate to the process of birth. The obstetric dilemma is well known in
humans as a difficult birthing process which consists of long and painful labours (Wells et al.,
2012). The hormones produced during late pregnancy allow certain pelvic ligaments to relax
during the birthing process. However, damage to or tearing of these ligaments has been reported
leading to the subsequent deterioration of the pubic symphysis and ventral arc (Wells et al.,

2012; Waltenberger et al., 2021).

The postmenopausal phase of females was shown to parallel the secondary phases seen in
males. In males the two phases of change are relatively similar and mostly differ in magnitude
of change. In the first phase, which occurs from 20 to 40 years of age, the pelvic inlet becomes

more heart-shaped, the greater sciatic notch becomes narrower and the subpubic angle and iliac
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height decreases (Waltenberger et al., 2021). The second phase occurs from 45 years of age
and mirrors the first phase, except the anterior-posterior diameter as well as the coxal height
decreases to a greater degree (Waltenberger et al., 2021). The alteration of shape and size in
these later phases, seen in both males and females, are correlated to mechanical factors, such
as continued strain, ultimately resulting in bone loss. This loss can be amplified even further in
individuals with vitamin and mineral deficiencies (Waltenberger et al., 2021). While
dimensional changes in the pelvis have been widely discussed in the literature, no existing
published research that has explored these changes in relation to morphoscopic methods or the

Phenice (1969) traits and how it may affect sex estimation accuracies has been identified.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Sample

The sample consisted of 712 individuals (453 skulls and 439 left os coxae), inclusive of black,
white, and coloured South African males and females. The specimens were obtained from the
Pretoria Bone Collection (University of Pretoria) as well as the Raymond A Dart Collection of
Modern Human Skeletons, commonly known as the Dart Collection (University of the
Witwatersrand). Ethical approval was obtained (Reference number 588/2022) from the
University of Pretoria Ethics Committee and the University of the Witwatersrand Ethics

Committee (APPENDIX C: ETHICAL APPROVAL; Figure C1).

3.2 Methodology

The age for the study sample ranged from 14 to 108 years of age. The lower end of the age
range was selected based on findings of previous studies. Corron and colleagues (2021) studied
the maturation scores of immature subadult os coxae and identified that at around 13-14 years
of age subadults have a maturity score of around 15 or higher. A maturation score of 15 involves
the fusion of particular epiphyses located on the os coxa as well as partial or complete fusion
of the ischial tuberosity and, at minimum, the presence of the anterior-superior iliac spine if
unfused (Corron et al., 2021). These results indicate that pelvic adult sex estimation
methodologies can be used on subadults around 13-14 years of age. Ross and Williams (2012)
also reported that the cranium reaches adult maturity around 14 years of age. Furthermore,
Klales and Burns (2017) stated that sex could accurately be estimated in subadults in the early
adolescent cohort (12.6-15.5 years) using adult standards. No upper age limit was selected.
Any individuals with visible pathology, ante-mortem trauma, and/or post-mortem damage that
affected the accurate scoring of traits were excluded. Individuals with edentulism (loss of six
or less teeth in one quadrant) were included in the sample as this is a contributing factor to age-
related changes and a large number of individuals in the sample (and in the South African
population) demonstrate ante-mortem tooth loss and edentulism. The sample was subdivided
into ten age cohorts for comparative purposes to test whether significant differences existed in
the traits between the cohorts (Table 3.1). The current study made use of convenience sampling
(i.e., the inclusion of individuals into the sample was non-probabilistic and was rather based
on accessibility and availability) and therefore the number of individuals per cohort as well as
the demographic distribution within each cohort varies as a result of availability of specimens

that met the inclusion criteria. The resultant sample distribution of the study contains an uneven
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distribution of individuals throughout the age cohorts which is due to the constitution of the

skeletal collections and the exclusion and inclusion criteria of the study.

Table 3.1 Sex distribution and population affinity distribution of the sample.

Age Cohort Females Males BSA WSA CSA N
<20 5 4 6 1 2 9
20-29 38 40 70 3 5 78
30-39 40 50 86 1 3 90
40-49 47 55 88 12 2 102
50-59 40 59 79 19 1 99
60-69 48 57 70 34 1 105
70-79 50 59 55 54 0 109
80-89 45 51 25 71 0 96
90-99 9 13 5 17 0 22
>99 0 2 1 0 1 2
TOTAL 322 390 485 212 15 712

Only the left os coxa and left side of the cranium was analysed and scored. This is also in
line with common practice in forensic anthropology case analyses (Langley et al., 2016).
Previous studies have shown that differences may exist between the left and right os coxa and
left and right sides of the cranium (Cole et al., 2020; Houston, 2021). However, it was beyond
the scope of the current study to assess and establish whether asymmetry between the left and
right sides may influence the accuracy of the sex estimate when the individuals are divided into

age cohorts.

The five Walker (2008) traits on the skull and three Phenice (1969) traits on the os coxa
were visually assessed and scored for each of the available specimens in the sample that met
the inclusion criteria (Table 3.2). Each trait was scored using the definitions and line drawings
as by Walker (2008) and Klales et al. (2012). The line drawings and definitions can be seen in
APPENDIX A: SCORING SHEETS and APPENDIX B: TRAIT DEFINITIONS, Figure Al and
Figure A2 and Table B1 respectively. The allotted score for each trait was entered into the data

collection sheet and edentulism, if present, was noted for future reference.
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Table 3.2 List of sex estimation traits, the abbreviations and scoring range.

Traits Abbreviation Scoring*

Walker (2008) Traits (skull)

1  Glabella Gla 1-5
2 Mastoid Process Ma 1-5
3 Mental Eminence Me 1-5
4 Nuchal Crest Nu 1-5
5  Supra-orbital Margin Or 1-5

Phenice (1969) Traits (0s coxa)

1 Sub-pubic Contour SPC 1-5
2  Medial Aspect of the Ischiopubic Ramus MIR 1-5
3 Ventral Arc VA 1-5

*A score of 1 demonstrates a feminine expression, and a score of 5 a masculine expression.

3.3 Statistical analyses

Inter- and intra-observer error was tested to assess the repeatability of the traits. The Walker
(2008) and Phenice (1969) traits were scored on 10 randomly selected individuals from the
sample by the principal investigator on separate occasions and a second observer. A series of
analyses was completed in order to test the inter-and intra-observer error. Additionally, it was
important to quantify whether differences existed due to score differences between
observations or due to age-related changes. The repeatability of the traits was assessed with
Cohen’s Kappa. The Landis and Koch scale was then used to better describe the level of

agreement between observers (Table 3.3).
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Table 3.3 Landis and Koch scale (Landis and Koch, 1977).

Kappa statistic Strength of Agreement

0.00 Agreement equivalent to chance
0.01-0.20 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
1.00 Perfect agreement

Given the uneven distribution of the sample, a Kruskal-Wallis test was conducted in
combination with a post-hoc Dunn’s test to establish if the scores assigned for each trait differed
among the age cohorts. The Kruskal-Wallis test is a non-parametric test used to compare ordinal
data (trait scores) for two or more categorical groups (age cohorts). The Dunn’s test is an
extension that is applied to further interpret the results and was calculated with a Bonferroni
correction. The Kruskal-Wallis test is an omnibus technique that is only capable of indicating
if there are any significant differences when comparing multiple groups, while the Dunn’s test
indicates more specifically which groups differ from one another. The Bonferroni correction is
used in conjunction with the Dunn’s test to avoid the incremental risk of a type 1 error when

conducting a post-hoc analysis for multiple comparisons.

Preprocessing of the data as well as normality testing was completed prior to statistical
analyses. Thereafter, logistic regression (LR) and discriminant function analysis (DFA)
formulae were used to estimate the sex for each individual and the percent correct was
calculated (e.g., if the individual was recorded as female and the formula correctly classified
the individual as a female). LR and DFA were selected as it corresponds to the Walker (2008)
and Klales ef al. (2012) studies which is important for comparative analyses with these studies.
This was first done for the entire sample with all of the age cohorts pooled together in order to
get the accuracies with which the sample is classifying irrespective of age. Next, the results of
the Kruskal Wallis test were used to modify the formulae for both the Walker (2008) and
Phenice (1969) traits. More specifically, if significant differences were noted between cohorts,
the cohorts that differed were separated to create reference groups based on age to see if the
accuracy increased or decreased when estimating sex for the different age groups and how this

accuracy compares to that obtained with the pooled sample. Finally, Random Forest models
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(RFMs) were also implemented to further test the accuracy, since RFM has been recommended
as a more suitable machine learning method that is not restricted by statistical assumptions
(Klales, 2021). An interactive program called MorphoPASSE (Klales, 2020) which utilises
RFMs recently emerged as a new, easily accessible means to estimate sex. With the introduction
of MorphoPASSE (Klales, 2020), it is important that both the LR and DFA as well as the RFMs
are tested in order to stay up to date with the current methodology and standards. Additionally,

it is important to note that variation in statistical tests may give different results.
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CHAPTER 4: THE EFFECTS OF AGE ON THE ACCURACY
OF SEX ESTIMATION USING THE SKULL

4.1 Introduction

The purpose of this chapter is to evaluate the effects of age on the estimation of sex based on
the classic cranial and mandibular sex indicators. Furthermore, this chapter identifies the
presence of significant differences between the age cohorts and then compares the accuracy

percentages in a pooled and divided sample.

4.2 Manuscript to be submitted

The impact of age-related changes in the skull on sex estimation
S. HOUSTON, D. BRITS, J. MYBURGH, L. LIEBENBERG

Manuscript to be submitted for publication to the International Journal of
Legal Medicine.

Please note this chapter has been formatted based on the submission requirements of the

International Journal of Legal Medicine.
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Abstract

The sexually dimorphic traits on the skull described by Walker [3] are frequently employed in
skeletal analyses for sex estimation. Previous research has highlighted various changes in the
craniofacial complex associated with advancing age, as cranial remodelling persists into
adulthood. Age has been recognised as a potential factor contributing to misclassification when
using the Walker [3] traits. This study aimed to evaluate the positive predictive performance of
these traits among individuals subdivided into different age cohorts. The traits were scored on
a sample of 453 South African skulls. Only the nuchal crest exhibited statistically significant
results, indicating differences between individuals younger than 40 years and those older than
40 years. Classification models showed a slight increase in accuracy for younger individuals
when age-specific standards were applied, while accuracy for older individuals decreased
slightly. However, the difference in accuracy with age-specific standards was negligible
compared to accuracies obtained with all ages pooled. The results suggest that age did not have
a substantial impact on the traits, and prior knowledge of age did not significantly influence

the accuracy of the method.

KEYWORDS: Forensic anthropology, Cranium, Morphoscopic, Sexual dimorphism, Walker
method, South Africa
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INTRODUCTION

Sexual dimorphism, referring to the size and shape differences between males and females, has
been observed throughout the human skeleton [1,2]. Various osteometric and morphoscopic
techniques exist to quantify sexual dimorphism. Among these methods the Walker [3] method
is considered one of the most preferred techniques to estimate sex when the skull is available
for analyses. The Walker [3] method involves the examination of five morphoscopic traits on
the cranium and mandible, name the glabella, supra-orbital margins, nuchal crest, mastoid
processes, and the mental eminence. The methodology has been validated through numerous
studies worldwide, with several authors noting population-specific variations among the traits
[4,5,8]. Notably, the South African population exhibited differences compared to the North
American reference sample used in the development of the method. In addition to population
affinity, age has been recognised as a significant factor influencing sexual dimorphism,

potentially impacting the accuracy of sex estimated [7,8].

Throughout adulthood factors such as decreased hormone levels, mechanical stress,
remodelling, and a decline in nutrient availability and osteoblast production can contribute to
changes in the skeleton [9]. In particular, changes in the craniofacial skeleton have been
extensively documented in the literature [8, 10-15]. Age-related changes on the skull typically
manifest in the form of tooth loss leading to alveolar bone resorption, rougher granulation at
muscle attachment sites, structural alterations in the vault due to weakening of the masticatory
muscles, as well as differential thickening or thinning of the cranial bones [11]. Albert and
colleagues [8] described craniofacial aging continuing until the third decade of life; however,
bony alterations may persist further into the fifth and sixth decades. Horizontal enlargement
was reported between the third and eighth decades of life, with most craniofacial dimensions
increasing in small increments. Moreover, anterior facial height, as well as mandibular length,
was shown to also increase with age [4,7,8]. While differences are frequently observed when
comparing the crania of young and old adults, some differences have also been noted among
younger groups. More specifically, Ross and Williams [10] found significant shape differences
among individuals aged between 20 to 25 years. Significant size differences were also
identified around the 25-year mark [10]. These changes have been attributed to an increase in

the size of the paranasal sinuses, eruption of the third molars and/or alveolar remodelling [10].

Indeed, the presence or absence of dentition can play a significant role in the morphology of
the face [10]. Albert and colleagues [8] describe a dramatic increase in the lower anterior facial

height with the continued eruption of the lower incisors, with the greatest increase in lower
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anterior facial height occurring in the early twenties. Similarly, Similarly, Small et al. [16]
found that tooth loss and edentulism affect the maxillary and mandibular alveolar bone, leading
to changes in upper facial height and the shape of the palate. Mandibular alveolar resorption
further contributes to the loss or reduction in prominence of the mental eminence. However,
edentulism has far-reaching implications that can affect more than just the facial skeleton. A
sample of edentulous South Africans exhibited inferior and anterior flexion of the basicranium,
resulting in inferior movement of the external occipital protuberance (nuchal crest) and anterior
and inferior movement of the mastoid processes when compared to their counterparts that did

not suffer tooth loss [16].

The majority of previous studies have assessed age-related changes using geometric
morphometric techniques or standard cranial measurements. But few studies have discussed
the implications of aging on morphoscopic techniques applied to the skull [17]. Walker [18]
indicated that cranial features associated with sex may differ throughout adult life. Males tend
to see a shift from gracile to more robust during puberty; however, males younger than 30 years
of age have been noted to exhibit more feminine cranial features [17,18]. The opposite is
suggested to occur with females, where post-menopausal females tend to exhibit more
masculine features [18]. It has actually been suggested that sex estimation using the cranium
not be attempted in females older than 55 years of age, as misclassification is likely to occur
[17,19]. More recent studies have indicated that a weak correlation exists, but that age did not

have a large impact on the Walker [3] traits [9,15,17]. However, further research is required.

The South African-specific standards created by Kruger et al. [4] made use of the Pretoria Bone
Collection (PBC). As is the case with numerous skeletal collections across the globe, the
individuals that are accessioned often tend be of more advanced ages [20,21,22,23]. Notably,
the sample used by Kruger et al. [4] demonstrate a disparity between the groups, with the mean
age for the white South Africans being nearly 20 years older than the black South Africans.
Thus, should age be an issue it could lead to greater misclassifications for one group if the same
standards are applied regardless of age. Furthermore, the age distribution of individuals in
skeletal collections may not align with that of individuals encountered in forensic casework,
where younger adults are more prevalent. The present study aimed to explore the application
of Walker [3] trait scores among South African individuals across different adult age cohorts
with the objective of ascertaining if, and to what degree age-at-death is associated with the

classification accuracy of sex estimates. By exploring the relationship between age-at-death
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and sex estimation accuracies, this research seeks to enhance our understanding of the effects

of age on the reliability of forensic anthropological methods.

MATERIALS AND METHODS

Sample

The sample comprised of the skulls of 453 black, white, and coloured South African males and
females (Table 4.1) from the Pretoria Bone Collection (University of Pretoria) and the
Raymond A. Dart Collection of Modern Human Skeletons (University of the Witwatersrand)
in South Africa. Ethical approval was obtained to conduct this research (Reference number

588/2022).

The cranium has previously been reported to reach its adult size around 14 years of age [10];
thus, a lower age limit of 14 years was selected to maximise the sample size. No upper age
limit was selected. The overall age range for the individuals included in the sample was
between 14 and 108. The sample was then subdivided into ten age cohorts at 10-year
increments (Table 4.1). As this study made use of convenience sampling, the number of
individuals per cohort, as well as the demographic distribution within each cohort varies. As is
often the case with cohort studies, the youngest and oldest cohorts consist of very few
individuals; thus, sample size should be taken into consideration when interpreting the results.
Individuals with visible pathology, ante-mortem trauma, and/or post-mortem damage that
affected the accurate scoring of the traits were excluded. Individuals with partial or complete
edentulism were included in the sample as a large number of individuals in skeletal collections
(and in the South African population) demonstrate edentulism to some degree. The frequency
of edentulism (partial and complete) for each age cohort of the sample is represented
graphically in Figure 4.1. The frequency distribution shows that the percentage of individuals
with edentulism is shown to increase with age, with the greatest percentage of individuals with
edentulism concentrated in the older cohorts. Furthermore, partial edentulism is shown to be
more concentrated in the middle-aged cohorts (40-69 years). This supports the inclusion of

edentulism as a variable of aging.

24

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

W YUNIBESITHI YA PRETORIA

Table 4.1 Total number of individuals in each age cohort and the sex and population affinity
distribution of the sample.

Sex Population affinity Total
Age Cohort Females Males BSA WSA CSA n
<20 5 4 6 1 2 9
20-29 30 30 53 2 5 60
30-39 30 30 57 0 3 60
40-49 30 31 54 6 1 61
50-59 30 31 50 10 1 61
60-69 30 30 40 19 1 60
70-79 30 30 36 24 0 60
80-89 30 30 17 43 0 60
90-99 9 11 4 16 0 20
>99 0 2 1 0 1 2
TOTAL 224 229 318 121 14 453

Frequency of edentulism in sample

100%
80% I
60%
40%
20%
0%

<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Age Cohort

Perentage of Sample

® Partial Edentulism = Complete Edentulism = No Edentulism

Figure 4.1 Frequency of partial and complete edentulism of the sample
Method

The five Walker [3] traits were visually assessed and scored for each skull in the sample (Table
4.2). Each trait was scored on an ordinal scale ranging between 1 and 5 using the definitions
and line drawings as described in the methodology of the original paper [3]. In the case of

bilateral traits, only the left side was scored.
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Table 4.2 List of the Walker [3] traits on the skull and their abbreviations.

Traits Abbreviation Scoring*
1 Glabella Gla 1-5
2 Mastoid Process Ma 1-5
3 Mental Eminence Me 1-5
4 Nuchal Crest Nu 1-5
5 Supra-orbital Margin Or 1-5

*a score of 1 demonstrates a feminine expression, and a score of 5 a masculine expression.

Statistical analyses

All statistical analysis were completed with R (version 4.0.5) and the RStudio environment

(version v1.4.1106) [24].

Observer agreement was tested on 10 skulls randomly selected from the sample. The sample
included a combination of black and white South African males and females to encompass a
range of trait expressions. The first author (SKH) underwent a training period to become
proficient with the method and rescored the skulls two weeks apart to gauge the intra-observer
repeatability. For the inter-observer agreement, an additional observer (LL) with more than 10
years of experience with the method also scored the skulls. Both observers engaged in multiple
discussion sessions to resolve any discrepancies in scoring before the commencement of data
collection; all of the data collection was performed by the first author (SKH). A quadratic
weighted Cohen’s Kappa was calculated for each trait using the irr package in R [25]. The
calculated values were then interpreted using the descriptions by Landis and Koch [26] to show

the strength of agreement between the scores.

Frequency distributions were calculated for each of the traits to analyse the distribution of
scores within the sample. A Kruskal Wallis test was used to compare the scores for each trait
among the different cohort. A post hoc Dunn’s test was then calculated with a Bonferroni
correction to further explore the results obtained with the Kruskal Wallis test. The Kruskal
Wallis test is a non-parametric test suitable for ordinal data and is not subject to assumptions
such as normality or homogeneity of variance. Results obtained with Kruskal Wallis is

considered significant when p<0.05. The Dunn's test is required to determine which groups in
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a multiple comparison demonstrates significant differences. The Bonferroni correction
counteracts the effects of multiple comparisons and prevents increased probability of Type 1
errors occurring [27]. Multiple iterations were conducted: first the entire sample (sexes and
populations) was pooled together; next the sample was separated according to sex to assess if
there are different sex-specific trends among the age cohorts; finally, the sample was separated
according to population affinity to identify population-specific trends among the age cohorts.
Since the sample was extremely limited, the coloured South Africans were removed for the

population analysis and only the black and white South Africans were compared.

Classification models were then created to establish the accuracy of the traits when the ages
are pooled together, and when the ages are divided according to the Kruskal Wallis results (i.e.,
age-specific standards). To achieve this, multiple classification methods were employed.
Firstly, ordinal logistic regression (LR) was selected to test the sex estimation accuracy of the
model as this is the method used in the original paper [3] as well as the South African-specific
standards [4]. The LR indicates the probability of correctly classifying sex based on the

different expressions of the traits.

Secondly, random forest models (RFMs) were also implemented to further test the accuracy.
RFM was selected as an additional method as it is used in MorphoPASSE, which is a computer
program whereby trait scores from the skull and os coxa can be entered in statistical analyses
to produce sex estimates with associated probabilities for unknown individuals [28]. The RFMs
were set up so that 75% of the sample was used to train the model and the remaining 25% was
used as a hold-out sample to test the model, providing an independent validation of the model
performance. The randomForest package in R was used to conduct the RFM classifications
[29]. In instances of missing values, the mode of the trait for the sex and population group that
the skull belongs to was used as a data imputation technique. Data imputation was only
conducted when less than 10% of the values were missing. Additionally, sex bias was
calculated for the LR and RFMs by subtracting the female accuracy from the male accuracy.
Sex bias indicates whether a certain sex group is classifying more accurately than the other and

is useful for identifying trends in the scores that may lead to misclassification.
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Inter- and intra-observer agreement

Inter- and intra-observer agreement was tested to confirm the repeatability and accuracy of the
study to ensure that observer differences could be excluded as a variable and all significant
differences identified could be attributed to age-related changes. Table 4.3 presents the Kappa
values. The intra-observer agreement ranged from “No agreement” (0.00) to ‘“Perfect
agreement” (1.00), with the mental eminence and nuchal crest performing the worst and best,
respectively. When comparing the results for the inter-observer agreement, the Kappa values
were slightly lower, ranging from “Agreement equivalent to chance” (0.00) to “Near perfect”

(0.87). Once again, the mental eminence performed the worst, and the nuchal crest performed

the best.

Table 4.3 Quadratic-weighted Cohen’s Kappa and values for the inter- and intra-

observer agreement with the associated description following Landis and Koch [26].

Intra-observer

Inter-observer

Trait Kappa Description Kappa Description

Gla 0.83 Near perfect 0.84 Near perfect

Ma 0.76 Substantial 0.77 Substantial

Or 0.68 Substantial 0.46 Moderate

Nu 1.00 Perfect 0.87 Near perfect

Me -0.13 None 0.00 Equivalent to chance
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Exploratory analyses: Pooled sample

Table 4.4 indicates the frequencies for each trait score per age cohort with the sexes and population groups pooled. The frequency distribution
shows that the greatest frequency of scores is concentrated around the intermediate scores (scores 2 to 4). The older cohorts demonstrated a greater
frequency for a score of 5 (2.64% vs 0.95%), whereas the younger cohorts demonstrated a greater frequency for a score of 1 (6.51% vs 2.25%).
The older and younger cohorts were divided based on the 40-year sectioning point identified in the Kruskal Wallis tests (Table 4.5). The frequency
percentage of a score was calculated by adding all the percentages up and dividing by the number of age cohorts multiplied by the number of traits.

For example, the frequency percentage of a score of 5 for the younger age cohort was calculated as follows:
Frequency of score 5 for younger age cohort = [(Gla <20 score 5 %) + (Ma <20 score 5 %) + (Or <20 score 5 %) + (Nu <20 score 5 %) +
(Me <20 score 5 %) + (Gla 20-29 score 5 %) + (Ma 20-29 score 5 %) + (Or 20-29 score 5 %)
+ (Nu 20-29 score 5 %) + (Me 20-29 score 5 %) + (Gla 30-39 score 5 %) + (Ma 30-39 score

5 %) + (Or 30-39 score 5 %) + (Nu 30-39 score 5 %) + (Me 30-39 score 5 %)] + (3 x 5)

Frequency of score 5 for younger age cohort = [0.00 + 0.00 + 0.00 + 0.00 + 5.00 + 1.67 + 0.00 + 3.39 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 +
1.96 +2.22] + (3x 5)

Frequency of score 5 for younger age cohort = 0.95%
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Table 4.4 Trait frequencies for each age cohort in the pooled sample.

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait n % n % n % n % n % n % n % n % n % n %
Scores

Gla (n=9) (n=60) (n=60) (n=61) (n=61) (n=58) (n=60) (n=60) (n=20) (n=2)
1 1 1111 (6 1000| 5 833 |8 1311]| 3 492 |0 000 |2 333 |0 000 (1 500 |0 0.0
2 6 66.67 |26 4333 |26 4333 |24 39.34| 28 4590 |27 46.55 |28 46.67 (24 40.00 | 7 3500 (0 0.00
3 2 2222 |18 30.00 |21 35.00 |14 229520 3279 (20 34.48 |24 40.00 (19 3167 | 3 15.00 (1 50.00
4 0O 000 |10 16.67 | 8 1333 |12 1967 |10 1639 (10 1724 | 6 10.00 (14 2333 | 9 4500 (1 50.00
5 0O 000 |0 000 |0 000 |3 492]| 0 000 (1 172 |0 000 (3 500 0 000 |0 o0.00

Ma (n=9) (n =60) (n=60) (n=61) (n=61) (n=60) (n=60) (n=59) (n=20) (n=2)
1 0O 000 |O 000 |1 167 |2 328 | O 000 |O 000 (O 000 | O 000 [O 000 |0 0.00
2 3 3333 |26 4333 |30 50.00 |17 27.87| 26 4262 |20 33.33 |22 36.67 (13 2203 | 6 30.00 (0 0.00
3 3 3333 |21 3500 |17 2833 |28 459021 3443 (19 31.67 |26 4333 (31 5254 |10 50.00 [ 1 50.00
4 3 3333 |10 16.67 |11 1833 |12 1967 8 13.11 (17 2833 | 9 1500 (13 2203 | 4 20.00 (1 50.00
5 0O 000 |3 500 |1 167 |2 328 | 6 492 |4 667 |3 500 |2 339 (0 000 |0 0.00

Or (n=9) (n=59) (n=60) (n=60) (n=61) (n=59) (n =58) (n=59) (n=20) (n=2)
1 0O 000 |6 1017|5 833 |4 667 | 3 492 |4 678 |3 517 |0 000 (O 000 |0 0.00
2 2 2222 |17 2881 |19 3167 |11 1833 |16 26.23 |17 28.81 |14 2414 (12 2034 | 3 1500 (0 0.00
3 4 4444 121 3559 [21 3500 |30 50.00 (|27 4426 |25 4237 |26 4483 |29 49.15 |13 65.00 | 1 50.00
4 3 3333 |13 2203 |15 25.00 |13 2167 |14 2295 (10 16.95 |14 2414 (18 3051 | 4 20.00 (1 50.00
5 0O 000 |2 339 |0 000 |2 333 |1 164 |3 508 (1 172 |0 000 |0 0.00 |0 0.00
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Table 4.4 (continued)

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait n % n % n % n % n % n % n % n % n % (n %
Scores
Nu (n=9) (n =60) (n=60) (n=61) (n=61) (n=59) (n=60) (n=60) (n=20) (n=2)
1 2 2222 |6 1000 |7 1167 |1 164 | 1 164 (0 000 |1 167 [2 333 |0 000 |0 0.00
2 5 5556 |30 50.00 [26 4333 |28 4590 (20 3279 |17 2881 |17 2833 |17 2833 | 7 3500 (0 0.00
3 2 2222 |18 30.00 [20 3333 |20 327920 3279 |25 4237 (29 4833 |18 30.00 | 6 30.00| 1 50.00
4 0O 000 |6 1000 | 7 1167 |10 16.39| 17 2787 |16 27.12 (10 16.67 |15 25.00 | 6 30.00 | 1 50.00
5 0O 000 |O 000 [O 000 |2 328]{ 3 492 |1 169 |3 500 |8 13331 500 (0 0.00
Me (n=9) (n=51) (n=45) (n=42) (n=41) (n=34) (n=24) (n=21) (n=2) (n=2)
1 0O 000 |1 19 |1 222 |1 238 |1 244 |1 294 (0 000 |2 952 (0 000 |0 0.00
2 1 1111 |19 3725 |19 4222 |10 2381| 8 1951 |6 17657 2917 | 4 1905( 1 50.00| 1 50.00
3 3 3333 |23 451018 4000 |15 3571|116 39.02 |9 26476 2500| 6 2857 |1 50.00 |1 50.00
4 3 3333 |7 1373 |6 1333 |15 357115 3659 [17 50.00 {11 4583 |8 3810| 0 0.00 [0 0.00
5 0O 000 |1 19 |1 222 |1 238 |1 244 |1 294 (0 000 |1 476 [0 0.00 |0 0.00

The results of the Kruskal Wallis test showed that significant differences existed only for the nuchal crest between some of the cohort groups (Table

4.5). More specifically, the Dunn's test showed that the younger cohorts (especially the 20-29-year-olds) differed the most from the older cohorts.

The results indicate that significant differences exist between those younger than 40 years of age and those older than 40 years of age; thus a 40-

year sectioning point was implemented and analysed for comparisons of accuracy between older and younger cohorts. Table 4.5 shows only the

cohorts where significant differences were present, for a more detailed table representing all the age cohorts refer to APPENDIX E: EXTENDED

TABLES (Table E1).
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Table 4.5 Significant differences present in the nuchal crest of
different age cohorts for the pooled sample.

Cohort comparison P-value

<20 | 80-89 <0.05
20-29 | 50-59 <0.05
20-29 | 60-69 <0.01
20-29|70-79 <0.05
20-29 | 80-89 <0.01
30-39 | 60-69 <0.05
30-39 | 80-89 <0.01

Exploratory analyses: Sex differences

Table 4.6 indicates the frequencies for each trait score for each age cohort for the females in the sample. The frequency distribution shows that the
greatest frequency (92.38%) of scores is still concentrated around the intermediate scores (scores 2 to 4) for all of the traits. The older cohorts
demonstrated a slightly greater frequency for a score of 4 or 5 (13.12% versus 11.20%), whereas the younger cohorts demonstrated a greater
frequency for a score of 1 or 2 (59.67% versus 46.08%). Females younger than 40 years of age are more likely to be scored a 2 for the glabella,
mastoid process, nuchal crest, and the mental eminence, whereas females older than 60 years of age are more likely to be scored a 3 for the mastoid

process, supra-orbital margin, nuchal crest, and the mental eminence.
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Table 4.6 Trait frequencies for each age cohort for females.

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait Scores | n % n % n % n % n % n % n % n % |n % n %
Gla (n=5) (n=230) (n=30) (n=30) (n=230) (n=30) (n=30) (n=30) (n=9) (n=0)
1 1 20006 2000| 4 13337 2333|3 1000(0 0002 667 (0 000]1 1111 |0 0.00
2 3 60.00|18 60.00 (16 53.33|16 533320 66.67 |19 63.33 |13 4333 |15 50.00|5 5556 [0 0.00
3 1 20005 1667| 8 26676 2000| 6 20008 26.67|15 50.00 (11 36.67|2 2222 |0 0.00
4 0 000 |1 333 |2 667 |1 333|1 3333 10000 000 (4 1333|1 11.11 |0 0.00
5 0 000 |0 o0OO|O OOO|O OOO|O O0OO|O O0OOO|0O o00OO(fO 0000 o0.00 |0 0.00
Ma (n=5) (n=30) (n=30) (n=30) (n=30) (n=30) (n=30) (n=29) (n=9) (n=0)
1 0 000 |0 O00O0|O O0O0O|2 667 |0 0000 O00O0O|0O0O O00O0(fO 0000 o0.00 |0 0.00
2 2 40.00|19 63.33|21 70.00|15 50.00|20 66.67 |12 40.00|13 43338 27594 4444 |0 0.00
3 1 2000|8 2667|4 1333(10 333310 333311 36.67 |15 50.00 15 51.72|5 5556 |0 0.00
4 2 4000| 2 667 |5 1667 3 1000| 0 000 |5 1667| 2 667 [ 6 2069|0 0.00 |0 0.00
5 0 000 |1 333|0 000|O0 OOO|O O00OO|2 667 |0 O000(O0C 0000 0.00 |0 0.00
Or (n=5) (n=29) (n=30) (n=30) (n=30) (n=30) (n=29) (n=30) (n=9) (n=0)
1 0 000 | 6 2069|5 1667| 3 1000| 2 667 |2 667 |2 690 (0 000 |0 0.00 |0 0.00
2 1 200010 3448 |11 36.67| 8 26.67| 8 26.67 |10 3333 | 7 2414 7 23332 2222 |0 0.00
3 3 600011 3793 (12 40.00|18 60.00 (19 63.33|15 50.00 15 51.72 |15 50.00|5 5556 [0 0.00
4 1 20002 69 |2 6671 333 |1 3332 667 |5 17248 26672 2222 |0 0.00
5 0 000 |0 o0O0O|O OOO|O OOO|O OOO|1 333|0 0000 0000 o0.00 |0 0.00
33

© University of Pretoria



Table 4.6 (continued)

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait Scores | n % n % n % n % n % n % n % n % |[n % n %
Nu (n=5) (n=230) (n=30) (n=30) (n=230) (n=29) (n=30) (n=30) (n=9) (n=0)
1 2 4000| 5 16675 16671 333 |1 333 |0 0001 3332 667 (0 000 [0 0.00
2 2 40.00 |18 60.00 16 53.33 |16 5333 |13 4333| 7 2414| 8 26.67 |11 36.67 |5 5556 |0 0.00
3 1 2000(|7 2333|9 30.00(10 3333|112 40.00 (|14 4828 |15 50.00 (10 33.33|3 3333 |0 0.00
4 0 000 | O 000 |0 000 |3 1000|2 667 |7 24143 10006 2000|1 1111 |0 o0.00
5 0 000 | O 000|0O0 000 |0 000|2 6671 345|3 10001 333 |0 000 |0 o0.00
Me (n=4) (n=28) (n=24) (n=18) (n=17) (n=18) (n=28) (n=28) (n=1) (n=0)
1 0 000 |1 357 |1 417 | 0 o000|1 58 |1 556 |0 0001 1250{0 0.00 |0 o0.00
2 1 250016 5714|112 50005 2778 6 35295 2778| 3 3750( 2 2500|1 100.00(0 0.00
3 1 250010 35.71|10 4167 |10 5556 | 7 4118 4 2222| 3 37505 62500 0.00 [0 0.00
4 2 5000|1 357 |1 417 |3 1667| 3 1765| 7 38892 2500|0 0.00 (0 000 |[O 0.00
5 0 000 |0 O0O0O|O OOO|O OOO|O O0OO|1 55 |0 000 (0 0000 o0.00 |0 0.00

Table 4.7 indicates the frequencies for each trait score for each age cohort for the males in the sample. The frequency distribution again shows
that the greatest frequency (94.45%) of scores is concentrated around the intermediate scores (scores 2 to 4). The younger cohorts demonstrated a
greater frequency for a score of 1 or 2 (33.31%) compared to the older cohorts (20.36%). Whereas the older cohorts demonstrated a greater
frequency for a score of 4 or 5 (40.83%) than the younger cohorts (26.93%).
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Table 4.7 Frequencies for each trait score in each age cohort for males.

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait n % n % n % n % n % n % n % n % n % n %
Scores

Gla (n=4) (n=30) (n=30) (n=30) (n=30) (n =28) (n=30) (n=30) (n=11) (n=2)
1 0O o0O(O OOOf1 33| 1 333(0 o000|0 000fO o00OO| O 000fO o000/ 0 o0.00
2 3 7500 8 2667|110 3333| 7 2333 7 2333| 8 2857|115 5000| 9 3000| 2 18.18| O 0.00
3 1 25.00| 13 4333| 13 4333| 8 26.67| 14 46.67| 12 4286 9 3000 8 2667 1 9.09 | 1 50.00
4 0O 0009 3000 6 2000|111 3667 9 3000| 7 2500| 6 20.00| 10 3333| 8 7273 1 50.00
5 0O o00OfO OOO|fO o00OO| 3 1000f0 000} 1 357(0 o000| 3 1000 0 o0.007]| O o0.00

Ma (n=4) (n=30) (n=30) (n=30) (n=30) (n=30) (n=30) (n=30) (n=11) (n=2)
1 0O o00O(O OOOf1 33| 0 00O0OfO o00O0O| 0 O00OOfO o0OCO| O 000fO o000/ 0 o0.00
2 1 2500| 7 2333| 9 3000 2 667 |5 1667 8 2667 9 3000 5 16.67| 2 1818| 0O 0.00
3 2 50.00| 13 4333 13 4333| 17 56.67| 11 36.67| 8 26.67| 11 36.67| 16 53.33| 5 4545( 1 50.00
4 1 2500| 8 2667| 6 2000 9 3000| 8 26.67|12 40.00| 7 2333 7 2333| 4 36.36| 1 50.00
5 0O 000|2 667|121 33| 2 6676 2000| 2 667 | 3 1000| 2 667 | 0O 000 | O 0.00

Or (n=4) (n=30) (n=30) (n=30) (n=30) (n=29) (n=29) (n=29) (n=11) (n=2)
1 0O 00O O OOOf(O O0OO| 1 333(1 33| 2 691 345 0 0000 o000/ 0 0.00
2 1 2500| 7 2333| 8 2667 3 1000| 7 2333 7 2414| 7 2414| 5 1724 1 909 | 0 0.00
3 1 250010 3333| 9 30.00| 12 40.00| 8 26.67| 10 34.48| 11 3793 14 4828| 8 7273| 1 50.00
4 2 50.00| 11 36.67| 13 43.33| 12 40.00| 13 4333 8 2759| 9 31.03| 10 34.48| 2 1818 1 50.00
5 0O 0002 6670 O000| 2 6671 33| 2 691 345| 0 0000 000/ O 0.00
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Table 4.7 (continued)

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait n % n % n % n % n % n % n % n % n % n %
Scores
Nu (n=4) (n=30) (n=30) (n=30) (n=30) (n=30) (n=30) (n=30) (n=11) (n=2)
1 0O 00O|1 333(2 667| 0 00O0(O o00OCO| 0O O00OOfO o00OCO| O 000fO o000/ 0 o0.00
2 3 750012 40.00| 10 33.33| 11 36.67| 7 2333|10 3333| 9 3000| 6 2000| 2 1818| O 0.00
3 1 2500| 11 36.67| 11 36.67| 10 3333| 7 233311 36.67| 14 4667 8 26.67| 3 27.27| 1 50.00
4 0O 000| 6 2000| 7 2333| 7 2333|115 5000| 9 3000| 7 2333 9 3000| 5 4545( 1 50.00
5 0O o00O0O|O O0OO|O O00O0|2 6671 33| 0 000|O0 000| 7 2333| 1 90| 0 0.00
Me (n=3) (n=23) (n=21) (n=23) (n=24) (n=16) (n=16) (n=13) (n=1) (n=2)
1 O o00O0O|O OOO|O O0O0O0|1 43|(0 000|0 O00O0O|O O0OO|1 769| 0 0.00]| 0O 0.00
2 0O 000 | 3 1304 7 3333| 4 1739 2 833 |1 625| 4 2500| 2 1538| 0O 0.00 [ 1 50.00
3 2 666713 5652 8 3810 5 2174 9 3750 5 3125 3 1875 1 769 | 1 50.00( 1 50.00
4 1 3333| 6 2609| 5 238112 5217| 12 500010 6250| 9 56.25| 8 6154 0 000 | O 0.00
5 0O 0001 435|1 476 | 1 435|(1 417 0 000 O 000|121 769| 0 0.00| O 0.00

The results of the Kruskal Wallis test showed that significant differences exist between some of the cohort groups for the nuchal crest and the
supra-orbital margin when comparing females. The Dunn’s test highlighted that the younger cohorts (especially the 20-29- and 30-39-year-olds)
differed the most from the older cohorts (Table 4.8). The results of the Kruskal Wallis test on cohort differences between males for each trait

showed that no significant differences were present between any of the cohort groups for any of the traits.
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Table 4.8 Significant differences present in females of different age cohorts
using the Kruskal Wallis test with a post hoc Dunn’s test.

Trait Cohort comparison P-value

Or 20-29 | 80-89 <0.05
20-29 | 60-69 <0.01
30-39 | 60-69 <0.01

N 20-29|70-79 <0.01
30-39 | 70-79 <0.05

Exploratory analyses: Population differences

When the sample was tested for population differences, significant differences were identified
between black and white South Africans for the nuchal crest and the mental eminence (Table

E3, APPENDIX E: EXTENDED TABLES).

Classification models

Four different classification iterations were conducted to assess if age impacted the
classification of sex for both the LR and the RFM; this included (1) the pooled sample (with
all of the variables included and all of the age cohorts combined); (2) the younger sample
(including only the individuals younger than 40 years of age); (3) the older sample (including
only the individuals older than 40 years of age); and (4) excluding the mental eminence
(including all the of the age cohorts combined and all of the variables but excluding the mental
eminence). The 40-year sectioning point was selected based on the results of the Kruskal-
Wallis test that indicated significant differences from 40 years onwards. The mental eminence
was excluded due to the results of the Kappa tests which indicated a low level of repeatability
as well as the extremely small sample size and thus lack of data on the trait. Also, the high rate

of edentulism in the sample has an effect on the normal size and shape of the mental eminence.

The pooled sample (1)

The accuracy of the pooled sample LR function (75.00%) and the RFM (87.61%) are beyond
what would be expected by random chance. The correct classification for the LR function was
73.39% for females and 76.43% for males (Table 4.9). The RFM testing model, which was the

25% of the data that was not utilised to build the model, gave a correct classification accuracy

37

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02;&

of 89.29% for females and 85.97% for males (Table 4.9). Thereafter, sex bias was calculated
to indicate whether a certain sex group was classifying more accurately than the other. A large
sex bias indicates that the accuracy of one of the sex groups is much lower than the other and
is dramatically bringing down the overall accuracy of the model. The sex bias for the pooled

sample LR was 3.04% which minor.

The LR function showed that the two traits that were not significant were the mastoid
process and nuchal crest which means that they did not have high variable importance in the
model. The RFM variable importance scale illustrated that the mental eminence showed the
greatest level of importance, followed by the glabella, the supra-orbital margin, the mastoid

process, and then lastly the nuchal crest (Figure 4.2 (a)).

When referring to Table 4.9, it is evident throughout the classification iterations that the

RFMs are outperforming the LR functions.

Table 4.9 Detailed accuracies of each of the iteration types for the LR and RFM.

Iteration
Age-specific
Without
Pooled Younger Older
Model Total** Mental
Sample Sample Sample )
Eminence
Combined 75.00 78.43 72.22 75.33 70.65
v Females 73.39 80.00 68.18 74.09 75.00
- Males 76.43 76.60 75.00 75.80 66.37
Sex bias* 3.04 -3.40 6.82 1.71 -8.63
Combined 87.61 87.50 78.75 83.13 71.68
§ Females 89.29 81.25 74.36 77.81 75.00
& Males 85.97 93.75 82.93 88.34 68.42
Sex bias* -3.32 12.50 8.57 10.53 -6.58

*Sex bias = Male percent correct — female percent correct x 100

**Total = (accuracy of the younger sample + accuracy of the older sample) + 2
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The age-specific samples (2 and 3)

The younger sample RFM (87.50%) had a greater accuracy than the younger sample LR
function (78.43%); however, both are beyond what would be expected by random chance
(Table 4.9). The younger sample RFM model indicated a higher accuracy percentage when
compared to the pooled sample LR model but not to the pooled sample RFM. The younger
sample LR function achieved a correct classification percentage of 80.00% for females and
76.60% for males (Table 4.9), while the RFM testing model gave a correct classification
accuracy of 81.25% for females and 93.75% for males (Table 4.9). For the younger sample LR
function the glabella, supra-orbital margin and mental eminence were shown to be statistically
significant and have a high variable importance; however, for the younger sample RFM the
variable importance scale illustrated that the mental eminence showed the greatest level of
importance, followed by the supra-orbital margin, the mastoid process, the nuchal crest, and

then lastly the glabella (Figure 4.3 (a)).

The older sample models returned lower accuracies than the above with the LR function
achieving 72.22% and the RFM achieving 78.75%. Both accuracies are still beyond what
would be expected from random chance. Despite the separation into cohorts, the older sample
RFM model demonstrated a lower accuracy percentage when compared to the pooled sample
RFM, however, the accuracy is greater than the pooled sample LR accuracy. Furthermore, the
older sample RFM demonstrated a much lower accuracy than the younger sample RFM. A
correct classification percentage of 68.18% was obtained for females and 75.00% for males
from the LR function, whereas the RFM testing model gave a correct classification accuracy
of 74.36% for females and 82.93% for males (Table 4.9). Once again, the LR function indicated
that the glabella, left orbit and mental eminence were statistically significant. The older sample
RFM model variable importance scale illustrated that the mental eminence showed the greatest
level of importance, followed by the supra-orbital margin, the mastoid process, the glabella,

and then lastly the nuchal crest (Figure 4.3 (b)).

The sample without the mental eminence (4)

The accuracy of the LR function, excluding the mental eminence was 70.65% which is
beyond what would be expected by random chance. From the function a correct classification
percentage of 75.00% was obtained for females and of 66.37% for males (Table 4.9). The
glabella, mastoid process and supra-orbital margin were shown to be statistically significant

and therefore have high variable importance for the LR function. Alternatively, the RFM
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excluding the mental eminence achieved a 71.68% classification accuracy. The testing model
gave a correct classification accuracy of 75.00% for females and 68.42% for males. The female
accuracy is shown to stay the same between the LR model and the RFM, however the male
accuracy increases with the RFM. The model’s the variable importance scale displayed the
glabella with the greatest level of importance, followed by the supra-orbital margin, the mastoid

process, and then lastly the nuchal crest (Figure 4.2 (b)).
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Figure 4.2 Visualisation and comparison of the variable importance in (a) the pooled sample RFM and (b) the without mental eminence RFM

(a) riModel (b) riModel

me G me SRS

or_l © or_l ©

mas_| mas_|

nu gla o

gla ° nu
T T T T T T T T T T T T 1
0 2 4 6 8 10 12 0 10 20 30 40 50

MeanDecreaseGini MeanDecreaseGini

Figure 4.3 Visualisation and comparison of the variable importance in (a) the younger sample RFM and (b) the older sample RFM
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DISCUSSION & CONCLUSION

Previous research has ascribed misclassification in sex estimation using the Walker [2] traits
as the result of changes that occur with advancing age [8,10-15]. The current study explored
potential trends in the trait scores that may be attributable to age, and assessed how age can

affect the positive predictive performance of the method when estimating sex.

Overall, very few statistically significant differences were observed in the trait scores among
the age cohorts. More specifically, the nuchal crest was the only trait to demonstrate any
significant differences in the pooled sample, where individuals younger than forty years of age
were noted to differ from individuals older than forty years of age. The nuchal crest is a major
attachment site for the nuchal ligament and the superior portion of the trapezius muscle. The
nuchal ligament assists in the attachment of the superior portion of the trapezius muscle to the
cranium, but in most individuals the trapezius muscle also attaches to the occipital bone as an
extension of itself [30]. De La Paz and colleagues [30] analysed the muscle structures and
attachment sites of the head and neck for sex, population, and age-related differences [30]. The
study focused on the anatomical relation of the muscles and subsequent attachment sites to the
morphology of the nuchal crest [30]. Typically, nuchal crests that are considered to be more
robust (i.e., that would be given a score of 5) include both a prominent, often hooked nuchal
crest paired with rough nuchal lines. In their results, De La Paz and colleagues [30] did not find
significant sex or age-related differences in the muscle attachment site itself; however, the
authors did identify variation in the types of attachments. The results demonstrated the variable
attachment of the nuchal ligament and trapezius muscle as a greater percentage of individuals
exhibit no proximal cranial attachment by the superior portion of the trapezius muscle. Thus,
the appearance of the nuchal crest as employed by forensic anthropologists may be influenced
by the type of muscle attachment so that the nuchal area appears more robust. However, this
apparent robusticity is not necessarily the result of sexual dimorphism and does not appear to
be the result of aging. When the sample is divided so that males and females are assessed
separately the results revealed that the males did not demonstrate any significant differences
for the nuchal crest, and all significant differences were only observed with the females in the
sample. More specifically, younger females (between 20-39 years) differed from the older
females (between 60-79 years), while females that fall within the middle-aged cohort do not
differ significantly from either the younger or older cohorts. Thus, the significant differences
noted for the nuchal crest in the pooled sample was most likely due to significant differences

between the cohorts of female individuals, and thereby emphasises the importance of exploring
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the sexes separately to more effectively identify trends in craniofacial changes as each sex
appears to be undergoing changes differently. Changes in the nuchal crest are assumed to be
the result of continued and increasing strain of the nuchal ligament and trapezius muscle
throughout an individual’s lifespan. Additionally, any stress experienced by the vertebral
column as the result of morphological changes, such as vertebral wedging that may occur with
osteoporosis or general vertebral body compression that occurs with age, would also have an
effect on the nuchal ligament as it is a superior and posterior extension of the supraspinous
ligament [31,32]. However, it is unclear why the females in the sample presented with changes
in the nuchal region while the males did not. Sex differences in musculoskeletal markers are
typically attributed to differences in activity patterns or sexual division of labour, with males
frequently engaging in harder physical labour resulting in increased hypertrophy of muscles
and muscle attachment sites [33, 34]. By extension, males are expected to demonstrate greater
differences at muscle attachment sites as these changes tend to be accumulative and have been
correlated with age [33,34]. Weiss [33] noted that both sex and age play a role in the robusticity
of muscle markers of the humerus, where females demonstrated slighter entheseal changes
compared to their male counterparts. Yet the results from the current study did not follow this
trend with the nuchal crest. It should be acknowledged that the majority of studies that have
explored musculoskeletal stress markers and age have looked at postcranial skeletal elements,
and changes on muscle markers of the cranium are incompletely described in the literature.
However, further factors that should be considered to better understand age-related changes to
the nuchal crest (in addition to sexual dimorphism) include body size, muscle size, muscle
attachment size, and population affinity [30,33,34]. Weiss [33] also argues that aggregate
muscle marker analyses (i.e., from more than one muscle attachment site) be conducted to gain
a better understanding of the effects that the above factors have on the muscle attachments sites

of individuals.

In addition to the nuchal crest, the females also demonstrated some significant differences
(between the 20-year-old and 80-year-old cohorts) for the super-orbital margin when assessing
the sexes separately. Once again, the males did not present with any differences, nor were the
differences observed with the pooled sample. Many other studies have analysed age changes
to the orbit, however these studies mainly focused on metric changes. Kahn and Shaw [35]
noted significant changes to the orbital width and area with age in both males and females and
suggested that dramatic changes occur to the entire bony orbit throughout an individual’s life.

Ozer and colleagues [36] found slight correlations between changes in the width and height of
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the orbital aperture and increasing age in females but not in males. Additionally, Ugradar and
Lambros [37] identified a relationship between increasing orbital volume and increasing age
in females. However, as the current study only identifies significant differences between two
of the cohorts there is a distinct possibility that it is an artefact from the sample. Therefore, it
is imperative that further studies be conducted to better explore sex differences in the aging of
the orbit, especially with regards to morphoscopic methods. Another aspect that should be
considered is secular trends. While it was not within the scope of the study to explore Secular
trends, it should be considered that secular changes in the cranium may affect the traits. Goode
[38] studied individuals from the Hamann-Todd and William M. Bass Skeletal Collections and
identified the presence of some secular trends in the cranial morphoscopic traits in North
America males and females from 1849-1960. Jantz and Jantz [39] and Grine et al. [40]
identified metric secular trends that affect the cranial morphology in 19 to 20" century North
Americans and South Africans respectively. Majority of the literature focuses on metric
changes and there has been little to no focus on whether (and to what extent) the morphoscopic
traits are affected. Further research should be conducted to determine if secular trends are still
present in the morphoscopic traits and whether such trends are occurring in the South African

population.

The results of the current study produced only a few significant differences between the age
cohorts, however, this does not negate the existence of age-related differences. It is likely that
morphoscopic methods may be unable to quantify the small differences caused by age-related
changes between the cohorts. For example, it is unlikely that a female’s score would change so
drastically (such as from a score of 1 to a score of 3) in one lifespan. The shift from a score of
a very gracile 1 to a score of an intermediate 3 would be radical and would require a large
amount stress for the bone to alter so significantly. As was noted in previous literature [8,10-
15] that was carried out on different populations, significant differences were present between
the age cohorts, but they were slight and did not have a considerable effect on the sex estimate
(Combined accuracy of 71.90%; <50 cohort accuracy of 69.10%; and >50 cohort accuracy of
81.30%) [3,15]. Thus, to account for the more subtle changes, metric methods and geometric
morphometrics may be better able to quantify the more nuanced changes to the skeleton that

occur from age.

Significant differences were also identified between the population groups, specifically
between black and white South Africans, for the nuchal crest and mental eminence. However,

the results differ from that of Kriiger and colleagues [4] where significant differences between
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all traits, with the exception of the supra-orbital margin and the mental eminence for males,
were observed. The results of the Kriiger ef al. [4] study demonstrated that the sexual
dimorphism of all the cranial traits is population-specific and population-specific formulae
should be applied. The current study only observed significant population specificity for the
mental eminence and nuchal crest between black and white South Africans. The difference in
the results between the studies is unexpected as they were completed on similar samples. The
study completed by Kriiger et al. [4] also did not include coloured SAs in their sample and
therefore additional assessment may be necessary to establish whether significant differences
exist between coloured SAs and the other SA population groups. Furthermore, the presence of
significant differences in the nuchal crest for both the age-cohorts and the population groups
may possibly indicate that it may be more attributed to population influences rather than age-
related changes. In such instances, it is important to always corroborate results with multiple
skeletal elements and methodology. For this reason, multivariate analysis, and software such
as MorphoPASSE [28] are advantageous since multiple skeletal elements and methods are run

simultaneously.

Despite limited significant differences, the sample was subdivided into two broad groups
(younger versus older) to see if there would be any difference in classification accuracy that
could possibly justify prior knowledge of age to estimate sex. The results from the classification
models indicated a slight increase in accuracy in the younger sample, which showed that the
younger age cohorts classify more accurately when separated from the older age cohorts. The
increase in accuracy in the younger sample is largely due to a substantial increase in the
accuracy of the younger females, with the younger males only showing a slight improvement.
The removal of the older, more masculine-presenting, females increased the accuracy of the
sex estimate. In contrast, the older sample produced a decrease in accuracy when compared to
the pooled model. The decrease in accuracy can potentially be attributed to the greater sex bias
(6.82%) seen in the older group with a large decrease in accuracy for the females and only a
slight decrease in accuracy for males. These results are consistent with the literature that states
that females become more robust with age [18] resulting in a decrease in their sexual
dimorphism where their traits appear more masculine. However, the changes are slight and
given the amount of overlap that naturally occurs with the traits, the accuracy is not greatly
affected when age-specific standards are used. Furthermore, as seen in the variable importance
scale for the younger and older sample RFMs, the younger sample lists the nuchal crest as more

important than the glabella and the older sample lists the glabella as more important than the
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nuchal crest. The alteration in the variable importance between the younger and older sample
is most likely attributed to the continued and increasing strain of the nuchal ligament and
trapezius muscle during a females lifespan. Krogman and Iscan [19] stated that, due to the
effects of age on the skeleton, sex should only be estimated from the cranium for individuals
between the ages of twenty and fifty-five years due to the increasing robusticity of females in
older age cohorts. However, the classification accuracy observed with the older cohort
classification model contests this, as the accuracy was not substantially lower the either the
combined or younger models. Thus, sex estimation can be performed with high accuracy
regardless of age. This supports other studies, such as the one completed by Garvin and
colleagues in 2014 [9] or the study done by Lesciotto and Doershuk in 2018 [15], which stated
that even though they found significant differences between age and the Walker [2] traits the
correlation was weak and did not influence the accuracy of the sex estimate or the traits enough

to validate the creation of new standards for medicolegal contexts.

The mental eminence posed numerous problems throughout the current study. Firstly, the
mental eminence demonstrated the lowest level of agreement between the observers. The
mental eminence is known by forensic anthropologists as a trait that commonly does not
provide high levels of repeatability [41]. Studies done by Kriiger and colleagues [4], Braun and
colleagues [42] and Klales [17] further confirm the lack of repeatability of the menton (mental
eminence) and the MorphoPASSE manual [28] recommends completely excluding the mental
eminence due to its poor repeatability. Secondly, the alveolar resorption that occurs with ante-
mortem tooth loss greatly affected the scoring of the mental eminence, and thus limited the
sample. Previous literature [8,10,16] has noted the influence of edentulism of facial
remodelling and although not proportionally linked to age, there was a large percentage of
individuals in the sample with edentulism, particularly in the older age cohorts. Since there
were so many individuals that could not be scored, data imputation was used to supplement the
sample in order to run the RFM; however, it should be acknowledged that the magnitude of
data imputation that was performed essentially nullifies any potential variation in the sample
regarding the mental eminence and thus the model that includes the mental eminence is not
statistically valid or reliable. The high variable importance that the RFM assigned to the mental
eminence is likely a consequence of the mental eminence introducing a large amount of
statistical noise into the model. The accuracy of the model is shown to decrease with the
exclusion of the mental eminence, but it also produces a more accurate depiction of the true

accuracy of the model with more realistic results due to the mental eminence’s unreliability.
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In conclusion, the findings of the study indicate that while there are some statistically
significant differences in the sex-specific traits on the cranium and that the positive predictive
performance of the models may be affected it may not be necessary to preselect age prior to
the estimation of sex. The presence of significant differences may not necessarily just be
attributed to age-related changes since population specific differences, edentulism, as well as
the quasi-continuous nature of the morphoscopic methods may have had an impact on the
results. The older sample experienced a decrease in accuracy while the accuracy increases when
the younger individuals are isolated. However, this increase in accuracy for the younger sample
wasn’t extreme enough to warrant the pre-selection and isolation of the younger age cohorts.
Therefore, the preselection of age before the estimation of sex using the Walker [3] method is

not currently necessary in a medicolegal context.
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CHAPTER 5: ASSOCIATION BETWEEN AGE AND THE
ACCURACY OF SEX ESTIMATION USING THE PUBIC
BONE

4.1 Introduction

The purpose of this chapter is to assess the implications of age on accurate scoring of the
Phenice (1969) traits in a South African sample. Furthermore, this chapter identifies the lack
of significant differences that exist in the traits between the age cohorts. However, previous
research utilising similar methodology and alternate aspects of the os coxa noted significant
differences between age cohorts. Thus, based on previous research as well as the average age
of menopause in South Africa, age cohorts that symbolise ‘younger, middle-aged and older

adult’ were utilised to compare the accuracy percentage in a pooled and divided sample.

4.2 Manuscript to be submitted

Assessing the implications of age on accurately scoring the Phenice (1969)
traits in a South African sample

S. HOUSTON, J. MYBURGH, D. BRITS, L. LIEBENBERG

Manuscript to be submitted for publication to the Forensic Science
International Journal.
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Abstract

Forensic anthropologists consider the pelvis to be the most accurate skeletal element for sex
estimation in medicolegal casework. Three morphoscopic traits on the pubic bone are
frequently utilised to assess sexual dimorphism. Previous literature has indicated that the
growth and deterioration related to aging that occurs throughout an individual’s life may affect
the classic skeletal sex indicators used for sex estimation. The study thus aimed to assess the
association of age-related changes with the positive predictive performance of the classic

skeletal sex indicators found on the pelvis.

The os coxae of 429 modern black, white, and coloured South Africans between the ages of
16 and 108 were scored using the pubic traits. The inter- and intra-observer agreement ranged
from moderate to near perfect. Few significant differences were identified between age cohorts,
with only males and black South Africans demonstrating some variation. Slight increases were
noted in the classification accuracy when the sample was separated into three age cohorts
(younger, middle-aged, and older adults). However, the increased accuracies were
accompanied by a greater sex bias observed with the older age cohorts, mainly due to a decrease
in accuracy among females. Any changes attributed to age were minor and the age-related
variation did not greatly influence the presentation of the traits. While the preselection of age
prior to the estimation of sex using the pubic traits is not necessary in a South African
population the effects of age on the classic skeletal indicators may be population specific.

KEYWORDS: Forensic anthropology, Pubic bone, Pelvis, Morphoscopic, Sexual
dimorphism
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INTRODUCTION

Forensic anthropologists consider the pelvis to be the skeletal element that provides the
greatest accuracies for sex estimation due to the direct role that it plays in sexual reproduction
and parturition (Klales et al., 2012). Phenice (1969) identified three traits on the pubic bone
that could be used to differentiate between the sexes, namely the medial aspect of the
ischiopubic ramus, the subpubic concavity, and the ventral arc. The traits were initially
described as being present or absent in one sex or the other; however, greater variation was
later recognised to be present in the traits. Thereafter, Klales and colleagues (2012) utilised the
Phenice (1969) traits in a new modified method. The modified methodology involved the
codification of the traits into an ordinal scale with five trait states. The method, which was
paired with comparative line drawings, made use of robust classification statistics to allow for
a repeatable and scientifically valid method that takes into account a wider range of variation
(Klales et al., 2012). Furthermore, the modification allowed the new methodology to satisfy
the Daubert criteria (Dirkmaat et al., 2008). Subsequent validation studies have been performed
using the Klales et al. (2012) methodology on different populations (Gémez-Valdés et al.,
2017; Kenyhercz et al., 2017; Lesciotto and Doershuk, 2018; Klales, 2020). In 2017, a global
recalibration of the method was published that enables the application of the method to diverse
populations across the globe while achieving high accuracies (Kenyhercz et al., 2017). The
recalibration was conducted since the application of the Klales et al. (2012) method on other
populations produced accuracies that were much lower than the original study done using a
North American sample. One of the most recent developments in sex estimation is the program
MorphoPASSE, which recently emerged as a multivariate technique to estimate sex using the
scores of the Walker (2008) and the Phenice (1969) traits in conjunction. MorphoPASSE
utilises Random Forest Models (RFMs) and a database of numerous diverse population groups
to estimate sex of unknown individuals with high accuracies (Klales, 2020). Additional benefits
of MorphoPASSE include that it is easily accessible, user-friendly, freely available, is able to
incorporate missing data, and it uses the existing Walker (2008) and Klales et al. (2012)

methods with updated definitions and alternative statistical techniques.

Numerous factors have been reported to influence sexual dimorphism of the skeleton and,
consequently, the accuracy with which sex can be estimated (Cabo et al., 2012). Examples of
these factors include population affinity, hormonal influences during an individual's lifetime,
pregnancy (including the number of pregnancies), robust muscle attachments resulting from

physical activity, and the age of the individual (Albert ef al., 2007; Waltenberger et al., 2021).
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The current study specifically focusses on the association between age and the accuracy of sex

estimation.

Due to age-associated extrinsic and intrinsic factors, the human skeleton experiences growth
and deterioration throughout an individual’s life (Garvin et al., 2012). Forensic anthropologists
estimate age from the skeleton through the analysis of these age-related changes and the link
between the timeline within which they occur. A number of the methods commonly employed
for age estimation involve the pelvis, suggesting that age may play a role in the morphology of

the pelvis.

As the central element of the human skeleton, the shape and size of the pelvis are directly
influenced by biomechanical forces acting on the acetabula from the legs and on the sacroiliac
joint from the spine (Waltenberger ef al., 2021). Several studies have confirmed that despite
the cessation of overall growth, remodelling occurs in certain pelvic dimensions throughout
adulthood making the pelvis a target bone for age estimation methods (Tague, 1994; Berger et
al., 2011; Huseynov et al., 2016; Mitteroecker and Fischer, 2016; Sharma et al., 2016;
Auerbach et al., 2018). Two landmarks used for the estimation of age are located on the pelvis,
namely the pubic symphysis and the auricular surface. Meindl and colleagues (1985) suggest
that the pubic symphysis is the most reliable skeletal indicator for age estimation (Garvin et
al., 2012). Brooks and Suchey (1990) refined the original Todd (1920) and Acsadi-Nemeskéri
(1970) methods of age estimation from the pubic symphysis into two (male and female) six
phase systems that encompasses more variation identified in modern humans. The Suchey-
Brooks (1990) method utilises robust statistics with clear descriptions, images, and casts of
each phase to provide age-ranges that are repeatable and accurate (Franklin, 2010). Their
method involves separate methodology and related casts for each of the sexes as the age-related
changes that occur differ between males and females. The Phenice (1969) method also uses
traits that are located on the pubic symphysis for sex estimation. Therefore, any degenerative
changes to the pelvis which are associated with age may possibly also affect sex estimates.
Thus, it is important to consider whether these sex-specific age-related changes may have an

effect on the accuracy of the sex estimate.

The shape of the pelvis, particularly the shape and size of the pelvic inlet, undergoes changes
throughout an individual's life with more pronounced changes occurring in females compared
to males (Waltenberger et al., 2021). These changes are influenced by endocrine factors
(hormonal induction) and mechanical factors (e.g., childbirth) which explains the greater

magnitude of change that is observed in females (Waltenberger et al., 2021). Waltenberger and
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colleagues (2021) reported that females displayed three phases of change: (1) during the
parturition period; (2) pre-menopause and post-parturition; and (3) post-menopause. Males
were reported to only display two phases of change, with the split occurring around 45 years
of age. The first phase in females is primarily attributed to childbirth, with the degree of change
increasing with the number of childbirths. The increased weight and pressure of the uterus and
foetus on the pelvic girdle directly affects the underlying bone, namely the os coxae and the
sacrum. Additionally, increased oestrogen production during pregnancy and the premenopausal
phase likely leads to oestrogen-induced bone remodelling, resulting in the widening of the
pelvic inlet during the first phase. Thus, the pelvic widening is likely to change due to the
obstetric needs during a female’s lifetime in order to ease cephalo-pelvic disproportion
(Waltenberger et al., 2021). Although not a common occurrence, pregnancy and childbirth can
also result in damage to the pelvis, particularly the pubic symphysis. Waltenberger and
colleagues (2021) found that the recurrence of pelvic fractures in females continues to increase
until the age of 40, which is correlated to the birthing process. These pelvic fractures can also
affect the shape, size, and functionality of the pelvis. The obstetric dilemma, which is
characterized by difficult and prolonged labours, is well-known in human females (Wells ef al.,
2012). The body naturally produces hormones during the late stages of pregnancy to relax
certain pelvic ligaments to facilitate childbirth. However, these ligaments can still become
damaged or torn resulting in damage to the pubic symphysis and ventral arc (Wells et al., 2012;
Waltenberger et al., 2021). The two phases of change in males are relatively similar but differ
in the extent of change. The first phase, which occurs between 20 and 40 years of age, involves
the pelvis becoming more heart-shaped, with narrowing of the greater sciatic notch, and a
decrease in the subpubic angle and iliac height (Waltenberger et al., 2021). The second phase
in males, which parallels the postmenopausal phase observed in females, begins around 45
years of age, and mirrors the first phase but with a greater reduction in the anterior-posterior
diameter and coxal height (Waltenberger et al., 2021). The change in size and shape that is
observed in the later phases of both males and females (postmenopausal phase) are attributed
to mechanical factors, such as the continued strain (by muscles on the pelvis as well as forces
caused by bipedal locomotion) throughout an individual’s life, which ultimately results in bone
loss. The bone loss observed can be further exacerbated in individuals who suffer from vitamin

and mineral deficiencies (Waltenberger et al., 2021).

Few studies have attempted to assess age-related changes using non-metric or morphoscopic

methods. DesMarais and colleagues (2023) assessed the effect of age on sex estimation of the
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greater sciatic notch (GSN) in an Australian population using Multidetector Computed
Tomography (MDCT) scans. The sample age ranged from 18 to 96 years of age; based on the
average age of menopause in Australian females. The sample was divided into three age cohorts
(18-49 years, 50-69 years, and 70+ years). When comparing the sex estimation accuracy of the
18-49 years age group and the 70+ years age group, the estimation accuracy was shown to
decrease in older females but increase in older males. The results of the study demonstrate the
effect of age on the morphology of the GSN (DesMarais et al., 2023). Despite the depth of
information available on skeletal changes that may occur with age, it is unclear if any
substantial changes occur to the Phenice (1969) traits and the potential impact thereof on the

positive predictive performance of these methods.

While previous studies have identified significant differences among different age cohorts
(Tague, 1994; Albert et al., 2007; Berger et al., 2011; Huseynov et al., 2016; Mitteroecker and
Fischer, 2016; Sharma ef al., 2016; Auerbach ef al., 2018; Waltenberger et al., 2021; DesMarais
et al., 2023), limited research has specifically examined the influence of these differences on
the Phenice (1969) traits. Therefore, the current study aims to evaluate the possible association
between age-at-death and the classic sex indicators on the pubic bone and, if present, the extent
to which age-at-death affects the classification accuracy of the sex estimate in the South African

population.

MATERIALS AND METHODS

Sample

The sample consisted of the left os coxae of 429 black (BSA), white (WSA) and coloured
(CSA) male and female South Africans (Table 5.1 ) from the Pretoria Bone Collection
(University of Pretoria) and the Raymond A Dart Collection of Modern Human Skeletons
(University of the Witwatersrand) in South Africa. The individuals in the sample ranged from
16 to 108 years of age. The lower limit was selected as previous studies have demonstrated that
subadults in early adolescence (from 13 years and older) could be accurately sexed using adult
standards of the pelvis (Klales and Burns, 2017; Corron ef al., 2021). No upper age limit was
selected in order to maximise the sample size. Any individuals with visible pathology, ante-
mortem trauma, and/or post-mortem damage that affected the accurate scoring of traits were
excluded. The sample was subdivided into ten age cohorts in increments of 10 years (Table
5.1) Since the current study made use of convenience sampling, the number of individuals per

cohort as well as the demographic distribution within each cohort varied depending on the
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availability of specimens that met the inclusion criteria. Notably, the sample for the youngest
and oldest cohorts, as well as the coloured South Africans, are limited and thus the effect of
sample size on statistical results should be taken into consideration. Ethical approval to conduct

this research was obtained (Reference number 588/2022).

Table 5.1 Sample distribution.

Sex Population affinity Total
Age Cohort Females Males BSA WSA CSA n
<20 3 0 1 1 1 3
20-29 30 30 52 3 5 60
30-39 30 29 58 0 1 59
40-49 29 29 50 7 1 58
50-59 30 29 43 15 1 59
60-69 28 31 36 23 0 59
70-79 29 30 22 37 0 59
80-89 29 29 10 48 0 58
90-99 4 9 3 10 0 13
>99 0 1 1 0 0 1
TOTAL 212 217 276 150 9 429

Method

The three Phenice (1969) traits on the os coxae were visually assessed and scored for each
of the 429 individuals in the sample (Table 5.2). Each trait was scored on an ordinal scale
ranging between 1 and 5 using the definitions and line drawings as described by Klales et al.
(2012). In order for consistency throughout global studies, the use of the left side for estimation
of the biological profile is standardised (Langley et al., 2016); thus, the current study scored

and analysed only the left os coxa unless it was not available in which case it was excluded.
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Table 5.2 List of the Phenice (1969) traits on the os coxae and their associated
abbreviations.

Traits Abbreviation Scoring*
1  Sub-pubic contour SPC 1-5
2 Medial aspect of the ischiopubic ramus MIR 1-5
3 Ventral arc VA 1-5

*A score of 1 demonstrates feminine expression, and a score of 5 masculine expression.

Statistical analyses

All statistical analysis were run using R (version 4.0.5) and the RStudio environment (version

v1.4.1106).

Observer agreement testing involved the examination of 10 randomly selected os coxa from
the sample, which comprised of black and white South African males and females, to ensure a
range of trait expressions. To ensure proficiency with the method, the first author (SKH)
underwent a training period to master the methodology and reevaluated the os coxa two weeks
later to assess intra-observer repeatability. To ascertain inter-observer agreement, an additional
observer (LL) with over a decade of experience in the methodology scored the os coxa. Prior
to data collection, both observers participated in multiple discussion sessions to reconcile any
scoring discrepancies. Thereafter, all data collection was carried out exclusively by the first
author (SKH). Quadratic-weighted Cohen’s Kappa values for each trait were calculated using
the irr package in R (Gamer et al., 2019), and the strength of agreement between the scores

was interpreted based on the descriptions by Landis and Koch (1977).

Frequency distributions were computed to assess the distribution of scores for each trait
within the sample. Thereafter, Kruskal-Wallis tests were employed to compare trait scores
across the different age cohorts. Post hoc analysis using Dunn’s test with a Bonferroni
correction was then conducted to further elucidate the findings derived from the Kruskal-Wallis
test. The Kruskal-Wallis test is a non-parametric method that is not subject to assumptions such
as normality or homogeneity of variance which makes it well-suited for ordinal data. Statistical
significance in Kruskal-Wallis results was determined at a threshold of p<0.05. The Dunn’s test
allowed for the identification of which cohort comparisons contained significant differences in

the multiple comparisons. Application of the Bonferroni correction aimed to alleviate the
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ramifications of multiple comparisons, mitigating the likelihood of Type I errors (Ali and
Bhaskar, 2016). Several analytical iterations were conducted: initially the entire sample (which
encompassed both sexes and all population groups) was pooled together; subsequently, the
sample was divided by sex to assess the presence of sex-specific trends within age cohorts;
finally, the sample was partitioned based on population affinity to discern population-specific
trends across age cohorts. Due to the constrained sample size, the population analysis excluded

CSAs, and only the black and white South Africans were compared.

Subsequent to obtaining the Kruskal-Wallis results, preprocessing the data and assuring the
data was normally distributed, classification models were developed to assess trait accuracy in
two scenarios. The scenarios consisted of when the cohorts were pooled together and when the
cohorts were divided based on significant differences present (age-specific standards). This
involved the application of multiple classification methods. Initially discriminant function
analyses (DFA) were employed to evaluate the sex estimation accuracy, aligning with the
methodology utilised in the original study (Klales et al., 2012) and the global recalibration
(Kenyhercz et al., 2017). DFA provides probabilities for correctly classifying sex based on the

different trait expressions.

Subsequently, random forest models (RFMs) were incorporated as a secondary measure to
enhance the accuracy assessment. The choice of RFM as an additional method was motivated
by its integration into MorphoPASSE, a computer program enabling the input of trait scores
from the skull and os coxa into statistical analyses. This process generates sex estimates
alongside associated probabilities for unknown individuals (Klales, 2020). The RFMs were
configured to use 75% of the dataset for model training and the remaining 25% for independent
validation, assessing model performance. The randomForest package in R facilitated the RFM
classifications (Liaw and Wiener, 2002). In cases of missing values, data imputation involved
utilising the mode of the trait within the corresponding sex and population group, restricted to
instances where less than 10% of values were missing. Moreover, sex bias calculations for DFA
and RFMs, derived from the subtraction of the male accuracy from female accuracy. The sex
bias served as a valuable tool for indicting sex classification trends and identifying potential

patterns in scores that might lead to misclassification.
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RESULTS
Inter- and intra-observer agreement

Inter- and intra-observer agreement was tested to confirm the repeatability of the traits. The
Kappa values for intra-observer error ranged from “Substantial” to “Near perfect agreement”,
with the VA (0.80) performing the best and the SPC (0.67) performing worst (Table 5.3).
Similarly, when comparing the results for the inter-observer agreement, the Kappa values
ranged from “Substantial” to “Near perfect agreement” (Table 5.3) with the MIR (0.83)
performing the best and the VA (0.71) performing the worst.

Table 5.3 Quadratic-weighted Cohen’s Kappa values for the inter- and intra-observer

agreement with the associated description following Landis and Koch (1977).

Intra-observer Inter-observer
Trait Kappa Description Kappa Description
VA 0.80 Near perfect 0.71 Substantial
SPC 0.67 Substantial 0.75 Substantial
MIR 0.75 Substantial 0.83 Near perfect
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Descriptive Statistics

Table 5.4 displays the frequency distribution of the score for each trait in the age cohorts. The frequency distribution shows that the greatest
frequency (88.74%) of scores is concentrated in the middle of the score range (scores 2-4). Concentration of the scores in the centre range with
limited extremes (11.26%) is not out of the ordinary. The frequency percentage of a score was calculated by summing up the percentages and

dividing by the number of age cohorts multiplied by the number of traits.

For example, the frequency percentage of a score of 1 or 5 for the sample was calculated as follows:

Frequency of score 1/5 for sample = [[(VA <20 score 1 %) + (MIR <20 score 1 %) + (SPC <20 score 1 %) + (VA 20-29 score 1 %) + (MIR
20-29 score 1 %) + (SPC 20-29 score 1 %) + (VA 30-39 score 1 %) + (MIR 30-39 score 1 %) + (SPC
30-39 score 1 %) + (VA 40-49 score 1 %) + (MIR 40-49 score 1 %) + (SPC 40-49 score 1 %) + (VA
50-59 score 1 %) + (MIR 50-59 score 1 %) + (SPC 50-59 score 1 %) + (VA 60-69 score 1 %) + (MIR
60-69 score 1 %) + (SPC 60-69 score 1 %) + (VA 70-79 score 1 %) + (MIR 70-79 score 1 %) + (SPC
70-79 score 1 %) + (VA 80-89 score 1 %) + (MIR 80-89 score 1 %) + (SPC 80-89 score 1 %) + (VA
90-99 score 1 %) + (MIR 90-99 score 1 %) + (SPC 90-99 score 1 %) + (VA 99< score 1 %) + (MIR 99<
score 1 %) + (SPC 99< score 1 %) + (VA <20 score 5 %) + (MIR <20 score 5 %) + (SPC <20 score 5
%) + (VA 20-29 score 5 %) + (MIR 20-29 score 5 %) + (SPC 20-29 score 5 %) + (VA 30-39 score 5 %)
+ (MIR 30-39 score 5 %) + (SPC 30-39 score 5 %) + (VA 40-49 score 5 %) + (MIR 40-49 score 5 %)
+ (SPC 40-49 score 5 %) + (VA 50-59 score 5 %) + (MIR 50-59 score 5 %) + (SPC 50-59 score 5 %) +
(VA 60-69 score 5 %) + (MIR 60-69 score 5 %) + (SPC 60-69 score 5 %) + (VA 70-79 score 5 %) +
(MIR 70-79 score 5 %) + (SPC 70-79 score 5 %) + (VA 80-89 score 5 %) + (MIR 80-89 score 5 %) +
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Frequency of score 1/5 for sample =

Frequency of score 1/5 for sample =

(SPC 80-89 score 5 %) + (VA 90-99 score 5 %) + (MIR 90-99 score 5 %) + (SPC 90-99 score 5 %) +
(VA 99< score 5 %) + (MIR 99< score 5 %) + (SPC 99< score 5 %)] + (10 x 3)

[0.00 + 0.00 + 0.00 + 3.33 + 3.33 +5.00 + 5.26 + 5.08 + 5.17 + 13.79 + 1.72 + 6.90 + 10.17 + 6.78 +
13.56 + 10.34 + 10.17 + 11.86 + 11.86 + 5.08 + 15.25 + 12.07 + 6.90 + 15.52 + 12.07 + 6.90 + 15.52 +
7.69 +0.00 + 15.38 + 0.00 + 0.00 + 0.00 + 1.67 + 3.33 +8.33 +12.28 + 5.08 + 5.17 + 3.45 + 6.90 +
1.72+5.08+3.39+5.08+6.90+8.47 +10.17 + 10.17 847 +6.78 +5.17 +1.72 + 6.90 + 0.00 + 0.00
+7.69] + (10 x 3)

11.26%
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Table 5.4 Trait frequencies for each age cohort in the pooled sample. Refer to Table 5.2 for trait abbreviations.

Age Cohort
<20 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 99<
Trait n % n % n % n % n % n % n % n % n % n %
Scores
VA (n=3) (n=60) (n=57) (n=58) (n=59) (n =58) (n=59) (n=58) (n=13) (n=1)
1 0O 0002 333 |3 52 |8 13796 1017| 6 1034| 7 1186 7 12071 769 | O 0,00
2 1 333320 3333 |12 2105|112 206920 339012 2069| 12 20,3418 3103 3 2308 | 0 0,00
3 2 66,67|18 30,00 |19 3333|15 258610 1695|115 2586| 9 1525 7 12,07| 3 23,08 | O 0,00
4 0 000 |19 3167 |16 28,0721 36,2120 3390| 21 36,21 |25 4237|23 3966| 6 46,15 | 1 100,00
5 0 0,00 ] 1 167 (7 1228 2 3453 508| 4 69 |6 1017 3 517 0 000 [ O 0,00
MIR (n=3) (n=60) (n=59) (n=58) (n=59) (n=59) (n=59) (n=58) (n=13) (n=1)
1 0O 0002 333 |3 508|121 1724 678 6 1017 3 508 (|4 69| 0 000 | 0 0,00
2 0O 000 |11 1833 |13 22,03| 14 24,1417 2881| 10 16,95| 11 1864 13 2241| 3 2308 | 0O 0,00
3 2 66,6719 3167 |20 3390| 25 43,1021 3559|20 339019 322023 3966| 3 2308| 0 0,00
4 1 3333(26 4333 (20 3390| 14 241415 254218 3051|21 3559|17 29,31 7 5385 | 1 100,00
5 0O 0002 333 |3 508|4 69|2 339|5 847 |5 847 |1 172 |0 000 | 0O 0,00
SPC (n=3) (n=59) (n=58) (n=58) (n=59) (n=59) (n=59) (n=58) (n=13) (n=1)
1 0O 0003 500 |3 5174 69 (8 1356| 7 1186| 9 1525 9 1552| 2 1538 | O 0,00
2 2 66,67|16 2667 |15 2586| 17 29,3118 3051| 14 23,73|13 2203|119 32,76| 2 1538 0O 0,00
3 1 3333(20 3333 |15 2586|116 2759| 11 1864 14 23,73|10 1695| 6 10,34 2 1538 | 0 0,00
4 0 0,00 |15 2500 |22 3793|20 344819 3220|118 3051|23 3898 |20 3448| 6 46,15 | 1 100,00
5 0O 000|5 833 |3 5171 1723 508| 6 1017 4 678 4 69| 1 769 | 0 0,00
65

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02&

Inferential Statistics

The results of the Kruskal Wallis test on cohort differences showed that no significant
differences were present between any of the cohort groups for any of the traits. The results also
did not reveal any significant cohort differences between females for each of the traits.
However, when the males were compared, the results of the Kruskal Wallis test showed that
significant differences exist between the 20-29 and 70-79 cohorts for the left ventral arc. A
detailed table representing all the age cohorts is available in APPENDIX E: EXTENDED
TABLES (Table E2).

When the sample was analysed for population differences, significant differences were
noted between black and white South Africans for all of the traits (Table 5.5). Analysis of the
trait scores revealed a greater frequency of lower scores (2 and 3) for the WSAs whereas the
BSAs displayed a greater frequency of higher scores (3 and 4). Unfortunately, as the CSAs
were not a valid sample due to small sample size, they were not included in population
comparisons. Refer to APPENDIX F: ADDITIONAL TESTS for additional studies performed

on the population differences.

Table 5.5 Significant differences present between the Phenice (1969) traits of the
different population affinities using the Kruskal Wallis test with a post hoc Dunn’s test.

Bold indicates significant differences.

Trait Population comparison P-value
VA BSA | WSA <0.01
SPC BSA | WSA <0.05
MIR BSA | WSA <0.01

Classification models were created using DFA to analyse the positive predictive
performance of the sample and various models. As no significant differences were identified
for the pooled results the individuals were not divided into variable cohort groups based on
those results. The sample was divided into three larger groups that roughly correlates with
younger adults (14-50 years of age), middle-aged adults 50-69 years of age), and older adults
(70+ years of age) based on the results of previous literature (DesMarais et al., 2023). Four
different models were created to assess if age influenced the accuracy with which sex can be

classified; more specifically the same tests were run using (1) the pooled sample; (2) the
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younger sample; (3) the middle-aged sample; and (4) the older sample. RFMs were additionally

utilised to further analyse the classification accuracy for the sample.

The accuracy of the (1) Pooled Sample DFA was 90.33% with a correct classification of
89.37% for females and 91.24% for males (Table 5.6). When stepwise variable selection was
applied the accuracy decreased slightly to 90.07%. The pooled RFM yielded an accuracy of
88.99 while the testing model (which was the 25% of the data that was not utilised to build the
model) achieved a correct classification rate of 83.33% for the females and 94.55% for the
males (Table 5.6). For the pooled sample DFA the variable importance indicated that the VA
displayed the highest variable importance, followed by the SPC and then lastly the MIR which
is consistent throughout the models. However, throughout the RFMs it was indicated that the
SPC had the highest variable importance followed by the VA and then the MIR (Table 5.7;
Figure F1-Figure F4 in APPENDIX F: ADDITIONAL TESTS).

Table 5.6 Summary of accuracies for each of the models using DFA and RFM.

Model
Age-specific
Middle-
_ Pooled Younger Older
Function aged Total**
Sample Sample Sample
Sample
Combined 90.33 90.34 91.45 92.37 91.39
< Females 89.37 89.77 85.96 87.10 87.61
a Males 91.24 90.91 96.67 97.10 94.89
Sex bias* 1.87 1.14 10.71 10.00 7.28
Combined 88.99 91.11 90.00 87.88 89.66
2 Females 83.33 86.96 80.00 87.50 84.82
e Males 94.55 95.46 100.00 88.24 94.57
Sex bias* 11.22 8.50 20.00 0.74 9.75

*Sex bias = Male percent correct — females percent correct x 100
**Total = (accuracy of the younger sample + accuracy of the middle-aged sample + accuracy of the older

sample) + 2
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The (2) Younger Sample DFA yielded an accuracy of 90.33% while the younger sample
RFM yielded an accuracy of 91.11%. From the DFA function a correct classification percentage
of 89.37% was obtained for females and of 91.24% for males (Table 5.6). Stepwise variable
selection was applied, and the accuracy decreased slightly to 89.80%. The RFM testing model
gave a correct classification accuracy of 81.25% for females and 93.75% for males (Table 5.6).
Both the younger sample DFA and RFM show higher accuracies when compared to both the
pooled sample DFA and the pooled sample RFM. The younger sample RFM is slightly higher
than the younger sample DFA (91.11% versus 90.33%) however there is a much larger sex bias

(8.50% versus 1.14%)

The accuracy of the (3) Middle-aged Sample DFA was 91.45%. When stepwise variable
selection was applied, MIR was removed from the model and the accuracy increased slightly
to 93.18%. An accuracy of 85.96% was obtained for females and of 96.67% for males for the
DFA function (Table 5.6). The RFM testing model gave a correct classification accuracy of
80.00% for females and 100.00% for males with a total accuracy of 90.00% (Table 5.6). The
middle-aged DFA indicated a higher accuracy when compared to the pooled sample DFA,
furthermore, the middle-aged sample RFM showed a higher accuracy percentage when

compared to the pooled sample RFM but not to the pooled sample DFA.

The (4) Older Sample iteration achieved a 92.37% accuracy and obtained an 87.10%
accuracy for females and 97.10% for males (Table 5.6). With stepwise variable selection, the
accuracy decreased slightly to 92.31%. The RFM for the older sample yielded an accuracy of
87.88% and the testing model gave a correct classification accuracy of 87.50% for females and
88.24% for males (Table 5.6). The older sample DFA also showed a higher accuracy when
compared to the pooled sample DFA, but the older sample RFM showed a lower accuracy

percentage when compared to both the pooled sample DFA and the pooled sample RFM.
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Table 5.7 Variable importance for the different RFMs.
Model

Pooled Younger Middle-aged Older Sample
Sample Sample Sample

Phenice (1969
( ) Variable Importance

Trait

VA 44.29 15.43 11.74 14.68

MIR 28.49 13.02 8.28 8.68

SPC 46.62 16.69 16.71 16.75
DISCUSSION

The primary aim of the study was to investigate the associations of age-related changes with
the classic skeletal sex indicators located on the pubic bone and the subsequent effect on the
accuracy of morphoscopic sex estimation methods used by forensic anthropologists. Previous
research (Tague, 1994; Albert et al., 2007; Berger et al., 2011; Huseynov et al., 2016;
Mitteroecker and Fischer, 2016; Sharma et al., 2016; Auerbach et al., 2018; Waltenberger et
al., 2021; DesMarais et al., 2023) has acknowledged this relationship, but a comprehensive

examination of the potential implications has not yet been undertaken.

Numerous studies have discussed the age-related changes that occur to the pelvis throughout
an individual’s lifetime. For example, Lovell (1989) noted that the accuracy of the sex estimate
decreased with increasing age and Rogers and Saunders (1994) observed that age may
influence the sex estimation accuracy. Studies have observed differences between the various
age cohorts in the shape and size of the pelvic inlet (Waltenberger ef al., 2021), in the pelvic
dimensions (Tague, 1994; Berger et al., 2011; Huseynov et al., 2016; Mitteroecker and Fischer,
2016; Sharma et al., 2016; Auerbach et al., 2018) and when using Geometric Morphometrics
(GMM; DesMarais et al., 2023).

DesMarais and colleagues (2023) utilised the same methodology as the current study on the
greater sciatic notch (GSN) in an Australian population. DesMarais and colleagues (2023)
observed that the mean score for each sex increased with age; however, only the increase in
scores in females was statistically significant. The resultant logistic regression (LR) accuracy
decreased for females when comparing the youngest and oldest cohorts (99% and 91%

respectively) but increased for males when comparing the above cohorts (79.4% and 87.3%
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respectively); however, the study demonstrated a relatively large sex bias. The study agreed
with Walker (2005) who observed that the morphology pattern of the greater sciatic notch
changes with age and due to this, older females are more likely to be misclassified than males.
Therefore, DesMarais and colleagues (2023) results showed that age affects GSN morphology,
particularly in older, postmenopausal females as on average the GSN becomes narrower with
increasing age and thus they recommend that when conducting sex estimation using the GSN
morphology in forensic casework that age is considered. This demonstrates that age-related
differences can be quantified using a quasi-continuous scoring system; however, the current
study was not able to identify any significant differences when using the Phenice (1969) traits.
This suggests that the pubic bone does not experience substantial age-related changes like the
ilium. However, other factors, such as observer error, population variation and/or the lack of
malleability of the pubic bone should also be considered. Despite the lack of significant
differences observed among the cohorts, the current study employed the same age divisions as
DesMarais and colleagues (2023) to explore whether any differences in classification accuracy
could be detected. The average age of menopause in South African females is around 49.5
years of age (Benjamin, 1960; Frere, 1971; Walker et al., 1984) and therefore the cohort
groupings were kept the same for ease and comparability between the two studies. Regardless
of the lack of significant differences between the cohorts, the division resulted in slight
improvements in the accuracies of the models when compared to the pooled sample. However,
with the exception of the younger sample, an increased sex bias accompanied the accuracy
increases which can be attributed to an improvement in the male accuracies along with a
reduction in the female accuracies. The improvement in males and reduction in female
accuracies can be potentially related to the increasing robusticity of the skeleton with increasing
age. Separating the age cohorts in this manner, allows the younger and more gracile males to
not be confused with the older and more robust females thereby dramatically increasing the
older male predictive performance. The pooled sample of the current study achieved a sex
estimation classification accuracy of 90.57%. The aforementioned classification accuracy
obtained is slightly lower but still in line with the original classification accuracy (95%)
obtained by Klales et al. (2012) on the Hamman-Todd Osteological Collection. The current
study also achieved similar accuracies to Kelley (1979), McBride et al. (2001) and Ubelaker
and Volk (2002) while achieving greater accuracies than Lovell (1989) and MacLaughlin and
Bruce (1990). The DFA model of the current study also achieved high accuracies for both
males and females with a low sex bias which is in agreement with Klales ef al. (2012) as well.

A low sex bias is a good indicator as it demonstrates that problems or variations in one of the
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sexes does not lower the overall accuracy percentage of the model. For example, if a large
percentage of females were misclassifying as males, the female positive predictive
performance would be much lower than the males and ultimately the accuracy of the entire

model would be affected.

RFMs were also implemented to classify the individuals and test the accuracy percentages
as an auxiliary analysis. For the majority of the samples, the testing model achieved a lower
accuracy than the DFA model as well as a much greater sex bias. The above may be due to a
number of factors, such as the data imputation method chosen, the sample size, and the variable
importance of the model. The variable importance of the model stated that the subpubic contour
and the ventral arc have the greatest variable importance and the medial aspect of the
ischiopubic ramus has the lowest variable importance with one of the models even opting to
exclude the trait completely. Rogers and Saunders (1994) and Johnstone-Belford and
colleagues (2018) reported that the MIR displayed the lowest classification accuracy and was
the most variable between the sexes, therefore, low variable importance for medial aspect of

the ischiopubic ramus is not unexpected.

Sutherland and Suchey (1987) proposed that some features, such as the ventral arc for
example, do not become prominent until an individual reaches the third decade of life while
Kelley (1979) and Tague (1989) proposed that other features such as the preauricular sulcus,
subpubic contour, and dorsal pitting diminish in their characteristic appearance with increasing
age. The accuracies achieved by Rogers and Saunders (1994) in the three age cohorts did not
show any significant differences, despite the 25-to-44-year cohort showing a perceived pattern
of increased accuracy. Despite the in-depth research into the precision and accuracy of
seventeen sexually dimorphic traits, Rogers and Saunders (1994) found no indication of an
effect of age but related the lack of significant differences to potentially be due to the small

sample size.

A study to assess the accuracy of using multi-detector computed tomography (MDCT) scans
of the pelvis to estimate sex using the Phenice (1969) traits was completed by Johnstone-
Belford and colleagues (2018). The study also included the analysis of age on the sex estimation
accuracy. For the ventral arc the study identified no noticeable age-bias in the assignment of
the scores in the male sample. The female sample showed much lower accuracies which the
authors attributed to potentially be due to the poor performance of the younger females with
only 25% of the females aged 18-20 years being correctly classified as female. With the

exclusion of the 18-20-year-old females the overall classification accuracy of the trait was
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shown to increase substantially from 79.28% to 85.86% (Johnstone-Belford et al., 2018).
Johnstone-Belford and colleagues (2018) also identified that the subpubic concavity was the
most discriminatory trait for the Western Australian female population and those individuals
that were misclassified were all females aged 25 years and younger. Furthermore, a more
concave contour was also frequently identified in males which was shown to decrease the
overall accuracy, particularly in males aged 31 to 40 years. The study did not identify any
specific age-bias in the morphoscopic analysis of the medial aspect of the ischiopubic ramus
for the Western Australian sample and differing classification accuracies between males and
females was attributed to the lack of detail of the MDCT scans when attempting to analyse the
trait (Johnstone-Belford et al., 2018). Johnstone-Belford and colleagues (2018) also identified
the ventral arc as the Phenice (1969) trait that is the most accurately indicative of sex in the
Western Australian sample. However, this is only true for individuals aged older than 25 years
of age as it was noted that some females younger than 25 years lacked a ventral arc due to
incomplete development and maturation (Johnstone-Belford et al., 2018). Huseynov et al.
(2016) identified that continued growth was present in the obstetric dimensions of the pelvis in
females between 20 and 40 years of age which were especially apparent in the ischiopubic
region. Selliah and colleagues (2020) completed a study on sex estimation using metric and
morphoscopic techniques on older individuals with a mean age of 75 years from the CAL
Milano Cemetery Skeletal Collection. The outcomes of their study confirm that the effect of
age on sex estimation methods is not substantial and that the existing methods can continue to

be applied on middle to late adulthood individuals (Selliah ez al., 2020).

The differing results of the current study to the previous literature (Rogers and Saunders,
1994; DesMarais et al., 2023) may be due to the focus of the pelvic elements used. The current
study focused on the Phenice (1969) traits found in the ischiopubic segment whereas other
studies explored the effects of age on multiple elements of the os coxa found in both the
ischiopubic segment and the sacroiliac segment. According to the systems approach, two basic
functional systems are apparent in the os coxa, namely the ischiopubic segment and the
sacroiliac segment. The ischiopubic segment (which is made up of the pubis and the ischium)
directly reflects the sexually dimorphic function of the pelvis, namely reproduction and
parturition which are under hormone control and influence (Novotny, 1986). The sacroiliac
segment (which is made up of the sacrum and the ilium) is more influenced by hominisation
and the adaption to bipedal locomotion (Novotny, 1986). Therefore, as the sacroiliac segment

is influenced more by mechanical and local factors, it is evident that continued forces
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throughout an individual’s life would have an effect on its presentation. This explains why age
would have an effect on the more plastic sacroiliac segment but less so on the ischiopubic
segment. For example, skeletal elements such as the greater sciatic notch (GSN), as studied by
DesMarais and colleagues (2023), would show more plasticity and be influenced by continuous

mechanical factors and ultimately age.

There are a number of additional factors that may cause alterations to the pelvis; these
factors include but are not limited to population-specificity / latitude-based differences,
socioeconomic status (SES) of the reference sample, and the lower level of plasticity of the
pelvis when compared to other aspects of the os coxa. Auerbach and colleagues (2018)
indicated that females exhibit a change in pelvic size and shape with increasing age.
Additionally, their results identified that majority of the pelvis dimensions are greater in higher-
latitude groups when compared to mid-latitude groups, indicating that it is necessary to
consider population when studying and making estimates from the pelvis (Auerbach et al.,
2018). The current study’s results of the Kruskal Wallis tests showed significant differences
exist between black and white South Africans for all of the Phenice (1969) traits. Analysis of
the scores revealed that WSAs displayed lower scores meaning their trait presentation is more
gracile whereas BSA displayed greater scores meaning their trait presentation is more robust.
Population affinity is not ordinarily pre-selected and separated prior to sex estimation using the
Phenice (1969) traits on the South African population. Ordinarily the Kenyhercz ef al. (2017)
global recalibration is utilised, but the results of the current study show there is a potential need
to pre-select population affinity prior to using the Phenice (1969) traits for sex estimation in a
South African context. Garvin & Klales (2020) found that the global calibrations tend to be

biased towards the mean when the groups contain varying levels of sexual dimorphism.

CONCLUSION

The current study did not identify any significant differences between the cohorts. The lack
of significant differences identified could be due to variability in scoring due to observer error
or simply due to the nature of the quasi-continuous scoring system which may mask any
potential age-related changes that are present in the traits. Although no significant differences
between the age cohorts were identified in the current study, the accuracies of the sex estimate

did change slightly when the groups were divided into three larger cohorts.

Age-related differences may be present (as seen in other literature using metric methods and

GMM) but may only be present as slight variations which are not discernible during analysis
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when using morphoscopic techniques. Additionally, these age-related variations may be more
frequently noted in the sacroiliac complex than the pubis. Therefore, the pre-selection of age
prior to the scoring of the sex-specific indicators does not appear to be necessary following the
results of the current study despite slight increases in accuracies when separating younger
individuals from older individuals. Forensic practitioners need to make use of a multitude of
methods to confirm and support their conclusions, especially when analysing younger
individuals as they tend to misclassify more frequently (American Academy of Forensic
Sciences Standards Board, 2019). Furthermore, in the case of a very young individual or where
limited skeletal material is available (i.e., only one method can be used for estimations) it is
important for forensic practitioners to disclose in the report that multiple analyses could not be
conducted. Furthermore, it was noted when conducting the study, how the differing phase of
the pubic symphysis may result in confusion and mis-scoring of the Phenice (1969) traits.
Therefore, future studies should be conducted to find whether correlations exist between the
phase of the pubic symphysis scored during age-at-death estimation and the Phenice (1969)
traits scores which are estimated during sex estimation in order to more conclusively determine

whether age-at-death has an effect on the sex estimate.

Lastly, the degree to which age may affect the classic skeletal sex indicators may be
population specific with some significant differences observed between age cohorts,
differences that are present but do not require the pre-selection of age and creation of new
standards, however this needs to be explored further. South African population-specific
differences present in the Phenice (1969) traits still need to be considered as the current study

found significant differences between the population groups.
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CHAPTER 6: DISCUSSION AND CONCLUSION

Sex estimation methods have been tested and validated on the South African population and
throughout the world. However, few studies have done a thorough assessment of how the
classic skeletal sex indicators may be influenced by age and how this may affect the resultant
accuracy of the morphoscopic sex estimation methods. The current study looked at two skeletal
regions of the same individuals, to get a better understanding of how age may influence the

skeleton and what implications this may have on future skeletal analyses.

Differences in robusticity and gracility between males and females is what allows forensic
anthropologists to estimate sex from skeletal remains (Cabo et al., 2012). Sex estimation
methods are based on the quantification of sexual dimorphism. The different methods are
ranked by forensic anthropologists from most to least accurate (i.e., pelvis, long bones, skull,
other); however, the choice of method in medicolegal casework is often more reliant on the
presence and preservation of the skeletal elements (Klales, 2020). Choice of methodology does
not affect the estimate alone as choice of analytical and statistical techniques may also have an
influence on the outcome of the sex estimate. The Phenice (1969) and the Walker (2008) traits,
which use morphoscopic scoring systems, are ranked as the first and third most accurate
methodologies for sex estimation, respectively. However, these methods are known to be
subjective and variable as their definitions are not always clear and do not cover the wide range
of variation that has been identified within scores. Implementing techniques such as geometric
morphometrics (GMM), as opposed to morphoscopics, may allow for less variation in scores
and higher repeatability as GMM is better able to quantify the shape and size of sexually
dimorphic structures. Furthermore, as seen in the results of the current study, the variation in
statistical technique (LR versus DFA versus RFM) can have an effect on the sex estimation
accuracy and associated sex bias. Consequently, it is important to compare scenarios where
only the independent variable differs, and all the other variables remain constant. Moreover,
running additional tests to assess which statistical technique results in the highest positive

predictive performance for the population group being studied is also necessary.

A multitude of factors are known to have an influence on the human skeleton. The factors
that are more important for the context of this study include physical activity and locomotion,
hormone activity, population, sex, and age-at-death. As population specificity and latitude have
a significant effect on many skeletal structures and elements it is very important that they are

taken into consideration. For example, the global recalibration by Kenyhercz and colleagues
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(2017) on the Klales et al. (2012) method set out to improve accuracies for a multitude of
populations. However, the results of the current study showed that significant differences exist
between South African population-affinity groups supporting the need for not only population
specific standards but also population-affinity specific standards for South Africans. The results
of the current study identified significant differences between the population groups,
specifically between black and white South Africans. When analysing the skull, the current
study only observed significant population specificity for the mental eminence and nuchal crest
between black and white South Africans. Whereas Kriiger et al. (2015) demonstrated that the
sexual dimorphism of all the cranial traits is population-specific and population-specific
formulae should be applied. The difference in the results between the studies is unexpected as
they were completed on similar samples. The presence of this significant difference in the
nuchal crest for both the age-cohorts and the population groups may possibly indicate that it
may be more attributed to population influences rather than age-related changes. In such
instances, it is important to always corroborate results with multiple skeletal elements and
methodology. For this reason, multivariate analysis, and software such as MorphoPASSE

(2020) are advantageous since multiple skeletal elements and methods are run simultaneously.

The quantification of sexual dimorphism from the skull and pelvis both utilise morphoscopic
methodology, however, the skull and pelvis are sexually dimorphic for vastly different reasons.
The pelvis is known to be sexually dimorphic due to its direct involvement in reproduction and
parturition (Phenice, 1969; Stewart, 1979; Krogman and Iscan, 1986; Spradley and Jantz, 2011;
Betti, 2014; Krishan et al., 2016), while the skull possibly displays sexually dimorphic qualities
due to hormonal influences, muscles attachments and robusticity, and mate attraction (Klales,
2021; Kleisner et al., 2021). Unfortunately, although highly accurate for sex estimation, the
pelvis is brittle and often exposed to weathering, insect, or carnivore activity in completely
skeletonised remains and thus often breaks before or during recovery (Krishan ef al., 2016).
The skull is not only more durable than the pelvis, but it is also much more recognisable by the
general public (Spradley and Jantz, 2011; Kriiger et al., 2015). Due to the skulls common
appearance and importance in forensic casework much more in-depth studies have been
conducted on how it may be affected by other aspects of the biological profile and in particular
age-at-death. Although morphoscopic studies on the skull are less popular, the various
measurements of the skull have been thoroughly analysed (L’ Abbé¢ et al., 2013; Stull et al.,
2014; Kriiger et al., 2015). The effects of the other aspects of the biological profile on the pelvis

have not been as thoroughly analysed and thus it is important that additional research is
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undertaken to better understand the pelvis and how it may be affected by other aspects of the
biological profile (especially in terms of morphoscopics). This is important as the pelvis is the
most sexually dimorphic skeletal element, and it is imperative that the most accurate and
reliable sex estimation methodology is used to successfully decrease the number of possible

matches to the missing persons list.

The results of the current study identified that the skull is influenced slightly more by
increasing age than the pelvis which showed little to no significant differences between the age
cohorts. The lack of significant differences identified in the pelvis is surprising as the pelvis is
a skeletal element that is commonly utilised in age estimation such as scoring the different
phases of the pubic symphysis and the auricular surface of the sacroiliac joint. Thus, the authors
suggest that further research is needed with regards to analysing and comparing the different
age phases of the pelvis with the Phenice (1969) traits to ascertain whether associations exist
or if age related changes to the pelvis is strictly more metrically based. The presence of more
morphoscopic age-related changes on the skull compared to the pelvis can potentially be
attributed to the vast range of shape and size changes that occur to the skull throughout an
individual’s life. The decreased effects of age identified on the pubic symphysis in the current
study can be attributed to the fact that the pubic symphysis demonstrates less plasticity than
other regions of the pelvis and therefore is more constrained and less likely to undergo major
changes as a result of age. Additionally, the influence of increasing edentulism with increasing
age on the skull cannot be ignored. Patriquin (2013) measured and compared the mechanical
forces of mastication for orthognathic and prognathic individuals and the results showed that
there are mechanical stress differences that, over time, may cause morphological changes to
the cranium. Patriquin (2013) also indicated that bite morphology affects the morphological
characteristics of the skull. Patriquin’s (2013) findings can be related to the mandibular and
maxillary section of the oral cavity since partial and complete edentulism has also been shown
to affect the skeletal morphology in a similar way (Small et al., 2016; Braun et al., 2023). The
age-related changes of the skull, paired with the significant presence of partial to complete
edentulism in the sample may be the cause for the decreased positive predictive performance

of the older sample group when separated from the younger sample group.

Nevertheless, additional studies are required on a number of other factors that have been
identified to potentially increase sex estimation error and the associations of age with the
skeletal sex indicators. As it was beyond the scope of the study, it is suggested that additional

research be conducted on the effects of asymmetry on sex estimates. In medicolegal casework
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the left side is favoured by forensic anthropologists (Langley et al., 2016), however, when the
left side is unavailable and the right side is used, it is necessary to consider whether the
alteration will cause discrepancies in the estimation of sex of the unknown individual (Cole et

al., 2020).

Scoring systems used for morphoscopic sex estimation can be subjective (Klales, 2021) as
they involve the scoring of a trait based on its degree of expression. The method is based on
the comparison of a trait to line drawings with assigned values (i.e., from gracile (1) to robust
(5)). The repeatability and reliability of these scoring systems is assessed by establishing
whether the initial observer can obtain the same score when scored at a later date (intra-
observer error) as well as whether the initial observer can obtain the same score as a second
observer (inter-observer error). Overall, the inter- and intra-observer agreement for the skull
ranged from no agreement to perfect agreement. However, the level of agreement was similar
to Kriiger and colleagues (2015) who obtained only slightly higher agreement levels using a
comparable sample. Similarly, for the Phenice (1969) traits, the inter- and intra-observer
agreement ranged from substantial to near perfect agreement and the agreement levels are
comparable to those achieved by Klales ef al. (2012) and Lesciotto and Doershuk (2018). It is
important to consider whether the low Kappa values for the observer agreement may have a
potential effect on the outcomes of the study and whether the reason only a few significant
differences were identified between the cohorts was due to observer error or age-related
differences. Ordinal morphological scoring techniques can be greatly influenced by
subjectivity as they depend on the visual assessment of traits (Kemkes-Grottenthaler et al.,
2002; Steyn et al., 2004); this can make the methods unreliable as it becomes difficult to apply
them to a large sample in a replicable manner (Konigsberg and Hens, 1998). The coding system
employed in morphoscopic sex estimation methods is quasi-continuous which means that it
resembles a continuous system, ranging from zero to five, but it fails to account for the variation
present within each score. The presence of within-score variation poses challenges in defining
clear boundaries for each score. For example, what appears to be a ‘small 2’ to one observer
may be scored as a ‘large 1’ by another observer, this variation in scoring may result in different
outcomes of the sex estimate. Klales et al. (2012) stated that the Phenice (1969) traits clearly
show sexual dimorphism but the morphoscopic methodology fails to describe the full range of
variation identified in the trait expressions. Therefore, to accommodate this variability, Klales
(2021) suggested a tolerance system be allowed. The inclusion of a tolerance system may allow

a substantial improvement in accuracy which assists in satisfying the Daubert criteria
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(Dirkmaat et al., 2008), however, this may further mask variation present between various
groups (such as between age cohorts). Walker (2008) utilised a variation of the tolerance
system by way of calculating the frequency distribution of the observer’s assigned scores and
their deviation from the modal score. Lesciotto and Doershuk (2018) tested the accuracy and
reliability of the Klales ef al. (2012) method on the Hamann-Todd Osteological Collection and
found that, when a tolerance of one was applied not only did the traits become much more
repeatable but the probability of a tolerance of 1 completely changing the estimated sex was
only 9% (Lesciotto and Doershuk, 2018). Therefore, Lesciotto and Doershuk (2018) deemed a
tolerance of 1 acceptable as there was a low chance that the sex estimate would be affected. It
is imperative that the tolerance system is tested and validated so that it could potentially be
utilised for the analysis of repeatability and reliability of methods. Additionally, it is important
for more detailed definitions, with regards to differentiating between scores (i.e., a “small 2”
versus a “large 17), to be created to allow observers to score the Walker traits consistently and
accurately. Updated definitions were provided by Klales (2020) in the MorphoPASSE manual

and so the use of these definitions should be explored to see if repeatability increases.

The current study identified that a range of within-score variation exists which has the
potential to alter the sex estimate. Therefore, due to the quasi-continuous nature of the scoring
system, it is suggested that researchers become experienced with skeletal variation to improve
scoring and understanding of the traits. Additionally, researchers should run precursory
comparative analyses on the reference population and the study sample to ensure that they
contain similar amounts of variation. Alternatively, potentially decreasing the number of phases
from five to three may decrease the confusion as a trait then will either be classified as being
more gracile, more robust, or neutral. Another important factor to consider is the influence of
secular trends. Secular trends are defined as the change that occurs to the mean size or shape
of a population that occurs from one generation to the next (Tobias, 1985; Godina, 2009). The
current study, as well as most standard-creation and validation studies across the globe, have
made use of skeletal collections consisting of remains with dates of birth dating back to the
19% Century. It is assumed by the majority of forensic anthropologists that secular trends, if
present, are negligible and few studies have assessed the extent of the presence of secular trends
between the skeletal collections and modern individuals (Bruzek et al., 2012). However, in
order to maintain accuracy and record high levels of repeatability and reliability, the presence
of secular trends needs to be considered, as significant differences may develop as a result

(Klales, 2021). Klales (2016) assessed the effects of secular trends on the Phenice (1969) traits
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and discovered that significant differences were present for all of the traits except for the MIR
in males. Accuracies for the modern collection were lower than the historic collection, however,
Klales (2016) stated that this may be due to a greater mean age in the modern sample.
Therefore, it is imperative that the effects of age and secular trends are analysed both
individually and in conjunction to assess whether sex estimation accuracies are influenced.
Furthermore, as previously mentioned, the skeletal collections utilised for the creation of
standards and validation of methods worldwide are largely comprised of individuals who were
of lower SES prior to death (de la Cova, 2010; L’ Abbé et al., 2021). Lower levels of SES have
been correlated to greater environmental stresses and ultimately malnutrition which are known
to result in decreased body size. Additionally, as stated by the female buffering hypothesis,
males are more vulnerable to the effects of environmental stresses than females. As described
by this hypothesis males would experience more extreme effects of the stresses than females

resulting in decreased sexual dimorphism (Nikitovic and Bogin, 2014).

Unfortunately, despite all efforts, the study faced limitations that were unavoidable. The
limitations included the distribution of age and population affinity in the skeletal collections as
well as the quasi-continuous nature of the scoring systems. The age distribution in the skeletal
collections is limited and majority of the individuals have an age-at-death that is middle- to
old-aged. Furthermore, there is a considerable lack of individuals that are below 20 years of
age, subadult, or above 90 years of age. Additionally, the population affinity throughout the
age cohorts is not evenly distributed and BSAs tend to fall more into the young to middle-aged
cohorts whereas WSAs tend to fall into the middle-aged to old cohorts. The unequal
distribution prevents the comparison of age-related changes of the sexes between population
groups. CSAs are also not widely represented in the skeletal collections, and this prevents

accurate analysis of the population group due to small sample sizes.

In conclusion, based on the results of the current study, age does not need to be factored in
or pre-selected prior to the estimation of sex for either the skull or the os coxae. While age-
related differences are present, the accuracy is not affected to the extent to require the creation
of new methodology and formulae. However, additional studies are required on multiple other
related aspects (asymmetry, secular trends, GMM, pelvic phase, etc.) in order to exhaust all

possible influences of age on the positive predictive performance of the sex estimate.
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APPENDIX A: SCORING SHEETS

Refer to Figure Al and Figure A2 for the guidelines related to the scoring of the Walker and

Phenice traits respectively.

Supra-Orbital Ridge/Glabella

) I { { {

Mastoid Process

Mental Eminence

e e e b )
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Nuchal Crest

Supra-Orbital Margin
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Figure A1. The Walker (2008) traits and associated line drawings (Taken from Walker,
2008:41)
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Figure A2. The Phenice (1969) traits and associated line drawings proposed by Klales ef al.
(2012) (Taken from Klales et al., 2012:107).
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APPENDIX B: TRAIT DEFINITIONS

For each landmark scored, the skull and os coxa was held in the required plane as shown in

the scoring sheets (Figures A1 — A2).

Table B1. Table of trait definitions and descriptions.

Term Definition Scoring**
Walker (2008) Traits (skull)
Glabella A type II* landmark at the most anteriorly projecting part of the 1-5

lower margin of the frontal bone in the mid-sagittal plane at the
level of the supra-orbital ridge (White and Folkens, 2005; Small
et al., 2016).

To score the glabella the skull was positioned in the Frankfort

Horizontal Plane.***

Mastoid A projection on the cranium that extends from the temporal bone 1-5
process located posterior to the external auditory meatus (Petaros et al.,
2015).

To score the mastoid process the skull was positioned in the

Frankfort Horizontal Plane.

Mental A raised triangular protuberance on the medial anterior corpus of 1-5
eminence the mandible. Prominence and size are increased in male
individuals (White and Folkens, 2005).

To score the mental eminence the mandible was viewed from

anteriorly.
Nuchal The most posterior projecting roughened crest(s) of bone present 1-5
crest on the posteromedial surface of the occipital bone (White and

Folkens, 2005; Small et al., 2016).
To score the nuchal crest the skull was positioned in the Frankfort
Horizontal Plane.

Supra- The superolateral margin of the orbit when observed from an 1-5
orbital inferior perspective. Appears blunt in males and sharp in females
margin (White and Folkens, 2005).

To score the supra-orbital margins the skull was viewed from

inferiorly.
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Table B1 continued...

Term Definition Scoring**
Phenice (1969) Traits (os coxa)
Sub-pubic  Males: a lateral convexity or straight contour in the ischio-pubic 1-5
contour ramus which occurs just below the lower margin of the pubic
symphysis (Phenice, 1969).
Females: a lateral concavity in the ischio-pubic ramus which
occurs just below the lower margin of the pubic symphysis
(Phenice, 1969).
To score the Sub-pubic Contour the os coxa needs to be positioned
with the dorsal surface towards the observer.
Medial Males: present as a broad surface found immediately below the 1-5
aspect of symphyseal surface on the medial aspect of the ischio-pubic ramus
the ischio-  (Phenice, 1969).
pubic Females: present as a sharp ridge found immediately below the
ramus symphyseal surface on the medial aspect of the ischio-pubic ramus
(Phenice, 1969).
To score the Medial Aspect of the Ischio-pubic Ramus the os coxa
needs to be positioned with the medial surface (with the pubic
symphysis) towards the observer.
Ventral arc An elevated ridge of bone that arcs inferiorly from the pubic crest, 1-5

towards the most lateral continuation of the subpubic concavity
where it then merges with the medial aspect of the ischio-pubic
ramus. Only present in females (Phenice, 1969).

To score the Ventral Arc the os coxa needs to be positioned with
the ventral surface towards the observer (acetabulum towards the

observer).

*A type Il landmark is defined as a point of maximum curvature.

**With 1 being more feminine and 5 being more masculine.

***A plane aligning the most inferior point of the lower margin of the orbit with the most superior point of the

external auditory meatus.
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APPENDIX D: FREQUENCY DISTRIBUTIONS

Table D1. Frequency distribution of partial and complete edentulism.

Individuals Individuals Number of Percent

Cohort with with Individuals . with any
Partial Complete with any Edentulism

Edentulism Edentulism Edentulism (%)
<20 1 0 1 9 11.11
20-29 18 0 18 60 30.00
30-39 23 4 27 60 45.00
40-49 36 6 42 61 68.85
50-59 40 8 48 61 78.69
60-69 35 14 49 60 81.67
70-79 28 25 53 60 88.33
80-89 25 35 60 60 100.00
90-99 2 18 20 20 100.00
>99 1 0 1 2 50.00
TOTAL 209 110 319 453 70.42
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Table D2. Frequencies for each trait score in each age cohort pooled population.

Cohort Trait Trait Score Frequency
1 2 3 4 5
<20 Glabella 1 6 2 0 0
Left Mastoid 0 3 3 3 0
Left Orbit 0 2 4 3 0
Nuchal Crest 2 5 2 0 0
Mental Eminence 0 1 3 3 0
20-29 Glabella 6 26 18 10 0
Left Mastoid 0 26 21 10 3
Left Orbit 6 17 21 13 2
Nuchal Crest 6 30 18 6 0
Mental Eminence 1 19 23 7 1
30-39 Glabella 5 26 21 8 0
Left Mastoid 1 30 17 11 1
Left Orbit 5 19 21 15 0
Nuchal Crest 7 26 20 7 0
Mental Eminence 1 19 18 6 1
40-49 Glabella 8 24 14 12 3
Left Mastoid 2 17 28 12 2
Left Orbit 4 11 30 13 2
Nuchal Crest 1 28 20 10 2
Mental Eminence 1 10 15 15 1
50-59 Glabella 3 28 20 10 0
Left Mastoid 0 26 21 8 6
Left Orbit 3 16 27 14 1
Nuchal Crest 1 20 20 17 3
Mental Eminence 1 8 16 15 1
60-69 Glabella 0 27 20 10 1
Left Mastoid 0 20 19 17 4
Left Orbit 4 17 25 10 3
Nuchal Crest 0 17 25 16 1
Mental Eminence 1 6 9 17 1
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Table D2. (continued)

Cohort Trait Trait Score Frequency
1 2 3 4 5
70-79 Glabella 2 28 24 6 0
Left Mastoid 0 22 26 9 3
Left Orbit 3 14 26 14 1
Nuchal Crest 1 17 29 10 3
Mental Eminence 0 7 6 11 0
80-89 Glabella 0 24 19 14 3
Left Mastoid 0 13 31 13 2
Left Orbit 0 12 29 18 0
Nuchal Crest 2 17 18 15 8
Mental Eminence 2 4 6 8 1
90-99 Glabella 1 7 3 9 0
Left Mastoid 0 6 10 4 0
Left Orbit 0 3 13 4 0
Nuchal Crest 0 7 6 6 1
Mental Eminence 0 1 1 0 0
99< Glabella 0 0 1 1 0
Left Mastoid 0 0 1 1 0
Left Orbit 0 0 1 1 0
Nuchal Crest 0 0 1 1 0
Mental Eminence 0 1 1 0 0
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Table D3. Frequencies for each trait score in each age cohort for females.

Cohort Trait Trait Score Frequency
1 2 3 4 5
<20 Glabella 1 3 1 0 0
Left Mastoid 0 2 1 2 0
Left Orbit 0 1 3 1 0
Nuchal Crest 2 2 1 0 0
Mental Eminence 0 1 1 2 0
20-29 Glabella 6 18 5 1 0
Left Mastoid 0 19 8 2 1
Left Orbit 6 10 11 2 0
Nuchal Crest 5 18 7 0 0
Mental Eminence 1 16 10 1 0
30-39 Glabella 4 16 8 2 0
Left Mastoid 0 21 4 5 0
Left Orbit 5 11 12 2 0
Nuchal Crest 5 16 9 0 0
Mental Eminence 1 12 10 1 0
40-49 Glabella 7 16 6 1 0
Left Mastoid 2 15 10 3 0
Left Orbit 3 8 18 1 0
Nuchal Crest 1 16 10 3 0
Mental Eminence 0 5 10 3 0
50-59 Glabella 3 20 6 1 0
Left Mastoid 0 20 10 0 0
Left Orbit 2 8 19 1 0
Nuchal Crest 1 13 12 2 2
Mental Eminence 1 6 7 3 0
60-69 Glabella 0 19 8 3 0
Left Mastoid 0 12 11 5 2
Left Orbit 2 10 15 2 1
Nuchal Crest 0 7 14 7 11
Mental Eminence 1 5 4 7 1
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Table D3. (continued)

Cohort Trait Trait Score Frequency
1 2 3 4 5
70-79 Glabella 2 13 15 0 0
Left Mastoid 0 13 15 2 0
Left Orbit 2 7 15 5 0
Nuchal Crest 1 8 15 3 3
Mental Eminence 0 3 3 2 0
80-89 Glabella 0 15 11 4 0
Left Mastoid 0 8 15 6 0
Left Orbit 0 7 15 8 0
Nuchal Crest 2 11 10 6 1
Mental Eminence 1 2 5 0 0
90-99 Glabella 1 5 2 1 0
Left Mastoid 0 4 5 0 0
Left Orbit 0 2 5 2 0
Nuchal Crest 0 5 3 1 0
Mental Eminence 0 1 0 0 0
99< Glabella 0 0 0 0 0
Left Mastoid 0 0 0 0 0
Left Orbit 0 0 0 0 0
Nuchal Crest 0 0 0 0 0
Mental Eminence 0 0 0 0 0
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Table D4. Frequencies for each trait score in each age cohort for males.

Cohort Trait Trait Score Frequency
1 2 3 4 5
<20 Glabella 0 3 1 0 0
Left Mastoid 0 1 2 1 0
Left Orbit 0 1 1 2 0
Nuchal Crest 0 3 1 0 0
Mental Eminence 0 0 2 1 0
20-29 Glabella 0 8 13 9 0
Left Mastoid 0 7 13 8 2
Left Orbit 0 7 10 11 2
Nuchal Crest 1 12 11 6 0
Mental Eminence 0 3 13 6 1
30-39 Glabella 1 10 13 6 0
Left Mastoid 1 9 13 6 1
Left Orbit 0 8 9 13 0
Nuchal Crest 2 10 11 7 0
Mental Eminence 0 7 8 5 1
40-49 Glabella 1 7 8 11 3
Left Mastoid 0 2 17 9 2
Left Orbit 1 3 12 12 2
Nuchal Crest 0 11 10 7 2
Mental Eminence 1 4 5 12 1
50-59 Glabella 0 7 14 9 0
Left Mastoid 0 5 11 8 6
Left Orbit 1 7 8 13 1
Nuchal Crest 0 7 7 15 1
Mental Eminence 0 2 9 12 1
60-69 Glabella 0 8 12 7 1
Left Mastoid 0 8 8 12 2
Left Orbit 2 7 10 8 2
Nuchal Crest 0 10 11 9 0
Mental Eminence 0 1 5 10 0
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Table D4. (continued)

Cohort Trait Trait Score Frequency
1 2 3 4 5
70-79 Glabella 0 15 9 6 0
Left Mastoid 0 9 11 7 3
Left Orbit 1 7 11 9 1
Nuchal Crest 0 9 14 7 0
Mental Eminence 0 4 3 9 0
80-89 Glabella 0 9 8 10 3
Left Mastoid 0 5 16 7 2
Left Orbit 0 5 14 10 0
Nuchal Crest 0 6 8 9 7
Mental Eminence 1 2 1 8 1
90-99 Glabella 0 2 1 8 0
Left Mastoid 0 2 5 4 0
Left Orbit 0 1 8 2 0
Nuchal Crest 0 2 3 5 1
Mental Eminence 0 0 1 0 0
99< Glabella 0 0 1 1 0
Left Mastoid 0 0 1 1 0
Left Orbit 0 0 1 1 0
Nuchal Crest 0 0 1 1 0
Mental Eminence 0 1 1 0 0
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Frequency distribution: Glabella
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Figure D1. Illustration of the frequency distribution of the scores of the glabella for the age
cohorts.

Frequency distribution: Left Mastoid
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Figure D2. Illustration of the frequency distribution of the scores of the left mastoid for the
age cohorts.
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Frequency distribution: Left Orbit
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Figure D3. Illustration of the frequency distribution of the scores of the left orbit for the age
cohorts.

Frequency distribution: Nuchal Crest
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Figure D4. Illustration of the frequency distribution of the scores of the nuchal crest for the
age cohorts.
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Frequency distribution: Mental Eminence
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Figure DS. Illustration of the frequency distribution of the scores of the mental eminence for
the age cohorts.
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Table D5. Frequencies for each trait score in each age cohort.

Cohort Trait Trait Score Frequency
1 2 3 4 5
<20 Left VA 0 1 2 0 0
Left MIR 0 0 2 1 0
Left SPC 0 2 1 0 0
20-29 Left VA 2 20 18 19 1
Left MIR 2 11 19 26 2
Left SPC 3 16 20 15 5
30-39 Left VA 3 12 19 16 7
Left MIR 3 13 20 20 3
Left SPC 3 15 15 22 3
40-49 Left VA 8 12 15 21 2
Left MIR 1 14 25 14 4
Left SPC 4 17 16 20 1
50-59 Left VA 6 20 10 20 3
Left MIR 4 17 21 15 2
Left SPC 8 18 11 19 3
60-69 Left VA 6 12 15 21 4
Left MIR 6 10 20 18 5
Left SPC 7 14 14 18 6
70-79 Left VA 7 12 9 25 6
Left MIR 3 11 19 21 5)
Left SPC 9 13 10 23 4
80-89 Left VA 7 18 7 23 3
Left MIR 4 13 23 17 1
Left SPC 9 19 6 20 4
90-99 Left VA 1 3 3 6 0
Left MIR 0 3 3 7 0
Left SPC 2 2 2 6 1
99< Left VA 0 0 0 1 0
Left MIR 0 0 0 1 0
Left SPC 0 0 0 1 0
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Frequency distribution: Left Ventral Arc
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Figure D6. Illustration of the frequency distribution of the scores of the left ventral arc for
the age cohorts.

Freguency distribution: Left Medial Aspect of the Ischiopubic Ramus
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Figure D7. Illustration of the frequency distribution of the scores of the left medial aspect of
the ischiopubic ramus for the age cohorts.
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Frequency distribution: Left Subpubic Contour
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Figure D8. Illustration of the frequency distribution of the scores of the left subpubic contour
for the age cohorts.
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APPENDIX E: EXTENDED TABLES

Table E1. Significant differences present between the Nuchal crest of different age cohorts
using the Kruskal Wallis test with a post hoc Dunn’s test and a Bonferroni correction. Bold

indicates significant differences.

Cohort comparison p-value
<20 - 20-29 1.00
<20 - 30-39 1.00

20-29 - 30-39 1.00
<20 - 40-49 1.00
20-29 - 40-49 1.00
30-39 - 40-49 1.00
<20 - 50-59 0.12
20-29 - 50-59 <0.05
30-39 - 50-59 0.07
40-49 - 50-59 1.00
<20 - 60-69 0.09
20-29 - 60-69 <0.01
30-39 - 60-69 <0.05
40-49 - 60-69 1.00
50-59 - 60-69 1.00
20-29 - 70-79 <0.05
30-39 - 70-79 0.18
40-49 - 70-79 1.00
50-59 - 70-79 1.00
60-69 - 70-79 1.00
<20 - 80-89 <0.05
20-29 - 80-89 <0.01
30-39 - 80-89 <0.01
40-49 - 80-89 0.87
50-59 - 80-89 1.00
60-69 - 80-89 1.00
70-79 - 80-89 1.00
115

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(021‘*

Table E1. (continued)

Cohort comparison p-value

<20 - 90-99 0.27
20-29 - 90-99 0.40
30-39 - 90-99 0.86
40-49 - 90-99 1.00
50-59 - 90-99 1.00
60-69 - 90-99 1.00
70-79 - 90-99 1.00
80-89 - 90-99 1.00
<20 -99< 1.00
20-29 - 99< 1.00
30-39 - 99< 1.00
40-49 - 99< 1.00
50-59 - 99< 1.00
60-69 - 99< 1.00
70-79 - 99< 1.00
80-89 - 99< 1.00
90-99 - 99< 1.00

Table E2. Significant differences present in males for the left VA of different age cohorts
using the Kruskal Wallis test with a post hoc Dunn’s test and a Bonferroni correction. Bold

indicates significant differences.

Cohort comparison p-value
20-29 - 30-39 0.75
20-29 - 40-49 1.00
30-39 - 40-49 1.00
20-29 - 50-59 1.00
30-39 - 50-59 1.00
40-49 - 50-59 1.00
20-29 - 60-69 1.00
30-39 - 60-69 1.00
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Table E2. (continued)

Cohort comparison p-value
40-49 - 60-69 1.00
50-59 - 60-69 1.00
20-29 - 70-79 <0.05
30-39 - 70-79 1.00
40-49 - 70-79 0.52
50-59 - 70-79 1.00
60-69 - 70-79 1.00
20-29 - 80-89 1.00
30-39 - 80-89 1.00
40-49 - 80-89 1.00
50-59 - 80-89 1.00
60-69 - 80-89 1.00
70-79 - 80-89 1.00
20-29 - 90-99 1.00
30-39 - 90-99 1.00
40-49 - 90-99 1.00
50-59 - 90-99 1.00
60-69 - 90-99 1.00
70-79 - 90-99 1.00
80-89 - 90-99 1.00

20-29 - 99< 1.00
30-39 - 99< 1.00
40-49 - 99< 1.00
50-59 - 99< 1.00
60-69 - 99< 1.00
70-79 - 99< 1.00
80-89 - 99< 1.00
90-99 - 99< 1.00
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Table E3. Significant differences present between the Nuchal crest and Mental Eminence of
different populations using the Kruskal Wallis test with a post hoc Dunn’s test and a
Bonferroni correction. Bold indicates significant differences.

Population comparison P-value
Nuchal Crest black | white <0.01
Mental Eminence black | white <0.01
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APPENDIX F: ADDITIONAL TESTS
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Figure F1. Visualisation of the variable importance in the pooled sample RFM
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Figure F2. Visualisation of the variable importance in middle-aged sample RFM
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Figure F3. Visualisation of the variable importance in the younger sample RFM
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Figure F4. Visualisation of the variable importance in the older sample RFM

Walker (2008) Traits Population Estimation RFM

Due to the results of the Kruskal Wallis test showing significant differences between WSAs
and BSAs a Population Estimation RFM was run to analyse the possible outcomes. The
accuracy of the Population Prediction RFM was 84.31% is beyond what would be expected by
random chance The variable importance scale of the model illustrated that the nuchal crest
showed the greatest level of importance, followed by the mental eminence, the mastoid process,
the supra-orbital margin and then lastly the glabella (Figure F5). The testing model, which was
the 25% of the data that was not utilised to build the model, comprised of 73 black South
Africans, 29 white South Africans (Table F1Table F3. Percent correct for the function when
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divided into population groups.). Of the 73 BSAs 70 correctly classified as BSA and 3
misclassified as WSA, leaving a correct classification rate of 95.89% for the BSAs.
Furthermore, of the 29 WSAs, 16 correctly classified as WSA and 13 misclassified as BSA,

leaving a correct classification rate of 60.69% for the WSAs.

Table F1. Percent correct for the function when divided into population groups.

RFM Function Percent Correct (%)
BSA WSA Total
Population Estimation 95.89 60.69 84.31
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Figure F5. Visualisation of the variable importance in the Population RFM for the Walker
Traits

Table F2. Variable importance for the population

estimation RFM.

Walker (2008) Trait Variable importance
Gla 9.616963
Mas 12.666302
Or 12.638978
Nu 19.864699
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Me 18.803610

Phenice (1969) Traits Population Prediction RFM

The accuracy of the Population Prediction RFM was 67.82% which is beyond what would be
expected by random chance. The variable importance scale of the model illustrated that the
subpubic contour showed the greatest level of importance, followed by the medial aspect of
the ischiopubic ramus, and then lastly the ventral arc (Figure F6; Table F4). The testing model,
which was the 25% of the data that was not utilised to build the model, comprised of 70 black
South Africans, 37 white South Africans (Table F3Table F3. Percent correct for the function
when divided into population groups.). Of the 70 BSAs 68 correctly classified as BSA and 2
misclassified as WSA, leaving a correct classification rate of 97.14% for the BSAs.
Furthermore, of the 37 WSAs, 4 correctly classified as WSA and 33 misclassified as BSA,

leaving a correct classification rate of 10.81% for the WSAs.

Table F3. Percent correct for the function when divided into population groups.

RFM Function Percent Correct (%)
BSA WSA Total
Population Estimation 97.14 10.81 67.29
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Figure F6. Visualisation of the variable importance for the population estimation RFM

Table F4. Variable importance for the population
estimation RFM.

Phenice (1969) Trait Variable importance
VA 6.041616
MIR 6.594131
SPC 10.124451
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