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ABSTRACT

A forensic anthropologist’s primary role involves establishing a biological profile from
unknown skeletal remains. Extensive research has been conducted on methodology to
construct the biological profile from adult remains. However, the estimation of subadult
biological parameters is lacking, mainly as a result of the paucity of known skeletal material
for research. Numerous methods have been assessed to conduct subadult age estimation, with
epiphyseal fusion being the preferred method for the adolescent age cohort. The application
of epiphyseal fusion has been extensively researched on several populations; differences in the
maturation rate of populations have been observed and demonstrate the need for population-
specific standards. While some studies have been conducted on South Africans, the approach
lacks the robust statistical component to make the method compliant with standards of best
practice required of forensic methodology. The aim of the current study was to re-evaluate age

estimation standards from epiphyseal fusion of the distal radius and ulna.

A sample of 782 hand-wrist radiographs of male and female black and white South Africans
were collected from Mediclinic, Bloemfontein. The ages ranged between eight and 30 years.
Degree of epiphyseal fusion for the radius and ulna was assessed and scored using a four-stage
system. Differences in the rate of fusion between the radius and ulna, the sexes, as well as the
population groups were assessed with a Kruskal-Wallis test. Transition analysis and Bayesian
statistics were applied to obtain the maximum likelihood age estimate and the average age of
transition among the stages, respectively. Significant differences (p<0.05) were noted between
the fusion of the radius and ulna. Furthermore, there were no significant differences between

males and females.

While significant differences were noted between black and white South Africans, the
differences only amount to a few months and therefore do not justify separating the populations
for the creation of standards, as group separation would affect the practical applicability of the
method. Complete fusion was observed between the ages of 16 and 19 years in the pooled
sample (95% CI). The results indicate an earlier age of complete fusion compared to previous

South African studies, particularly for the males.
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Chapter 1 INTRODUCTION

1.1 BACKGROUND

South African law stipulates that the age of majority, defined as the age at which a person is
no longer considered a minor and recognised by law as an adult, is 18 years of age. Criminal
capacity in South Africa, however, is set at age 14. Therefore, children 14 years or older are
considered to have criminal capacity and can be tried and prosecuted for crimes committed
(RSA, 2005). Recent statistics show that crimes committed by subadults are on the increase.
Further, subadults appear to commit increasingly more violent crimes as a result of the
influence of gang violence throughout much of South Africa; these crimes are inclusive of
murder, assault, and rape (Fischer, 2017). In 2014, children between the ages of 10 and 17
years were responsible for committing 800 crimes throughout South Africa; and in the Gauteng
province, subadults were responsible for 49 murders. The term subadult is used to refer to
individuals who have not yet reached adulthood but have passed through the juvenile period
(Du Plessis, 2006; Lamprecht, 2015).

Recent years have shown a major influx of foreign nationals and asylum seekers without
valid identification documents from various neighbouring countries (Maromo, 2015).
Individuals flee from countries such as Democratic Republic of Congo, Somalia, Burundi,
Ethiopia and Zimbabwe due to political unrest, civil war and violence (Magqgibelo and Londt,
2016). According to the United Nations High Commissioner for Refugees (UNHCR)
approximately 65 000 refugees are currently seeking asylum in South Africa; with an estimated
50% being younger than 18 years, many of whom are unaccompanied and without documents
of identification (UNCHR, 2015). Additionally, authorities frequently deal with individuals
whose exact age is of utmost importance with regard to further legal proceedings (i.e. whether
the person is older or younger than the age of majority). For instance, children under the age
of 18 years but older than 14 years may receive reduced sentencing and are sent to juvenile
institutions, thereby keeping them separate from older offenders (RSA, 1997). Whereas
children between the ages of 10 and 14 years are presumed to lack criminal capacity unless
proven otherwise (RSA, 2008). Problems arise when individuals cannot provide or do not
possess proof of identification stating their date of birth. As a result, alternative methods for
obtaining age for these individuals, such as assessing skeletal development, need to receive

closer scrutiny (Schmeling et al., 2004:a).



Estimation of age from skeletal indicators is a reflection of the physiological state and level
of maturation of an individual (Uysal et al., 2004). The process of age estimation involves the
estimation of biological age of an individual in an attempt to correlate biological age with
chronological age, via comparison to a standard level of normal controls (Ubelaker, 1987,
2005; Rikhasor et al., 1999; Lewis and Flavel, 2006; Christensen et al., 2014). While
chronological age refers to the amount of time (years, months, days) that has passed since the
birth of an individual, biological age refers to the physiological state of the individual as
demonstrated by skeletal material and other bodily structures (Garvin et al., 2012; Christensen
et al., 2014). Forensic anthropologists are often required to estimate biological age for legal,
academic or clinical purposes (Schmeling et al., 2006:a; Nemade et al., 2010; Dembetembe
and Morris, 2012; Christensen et al., 2014). Numerous age estimation techniques currently
exist and may be applied to both living and deceased individuals. This is inclusive of dental,

osteometric and radiographic methods.

Radiographic images of the bones of the hand and wrist are commonly used as an indicator
for skeletal maturity. Various age estimation standards have been created based on the skeletal
development and maturity of the hand and wrist, such as the Greulich and Pyle (GP) skeletal
age estimation standards in 1959 and the Tanner-Whitehouse (TW2) skeletal age estimation
standards in 1975. However, the applicability of these methods to modern South Africans have
been questioned, as various factors such as sex, ancestry, socio-economic status (SES) and
secular trends have been found to influence skeletal maturation as well as the fusion times of
different epiphyses (Introna and Campobasso, 2006; Baumann et al., 2009; Dembetembe and
Morris, 2012; Schmidt et al., 2013).

Age estimation from the distal wrist among South Africans has received some attention in
recent years. Dembetembe and Morris (2012) reported that the GP atlas method underestimates
age in black South African males and females, as maturation occurs approximately two years
later than the individuals utilised for the GP reference sample. Lakha (2015) reported reference
standards on the epiphyseal fusion times of multiple epiphyses in a South African population
between the ages of six and 24 years. However, both studies present with some limitations,
ranging from a lack of population variation (Dembetembe and Morris, 2012), to limited
statistical analyses (Lakha, 2015). Revised population-specific standards for the timing of
epiphyseal plate fusion among South Africans is required as well as fairly robust statistical
techniques to address complex variation within biological age. A revision of epiphyseal fusion

methodology in South Africa can increase reliability, accuracy and consistency of skeletal
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maturity estimation (Mora et al., 2001). The current study will examine age related changes
of the distal radius and ulna through transition analysis (TA) to better understand and quantify
the levels of variation and patterns of aging in a South African sample. Furthermore, Bayesian
statistics will be applied in order to recalibrate maximum likelihood age standards of epiphyseal

plate fusion in the distal radius and ulna for a South African population.
1.2 AIM

The aim of this current study is to use a four stage classification system to evaluate age related
changes to the epiphyseal surfaces of the distal radius and ulna of modern white and black

South Africans with the use of TA and Bayesian statistics.
1.3 OBJECTIVES
The objectives of the study are as follows:

a) To compare skeletal maturation of the distal radius and ulna between black and white
South Africans.

b) To compare skeletal maturation of the distal radius and ulna between males and
females.

c) To determine the timing of epiphyseal plate fusion of the distal radius and ulna in black

and white South African male and female subadults through the use of TA.



Chapter 2 LITERATURE REVIEW

2.1 AGE ESTIMATION

Age estimation is enabled by the analysis of the growth and development of skeletal material
associated with chronological age (Ubelaker, 1987; Schmeling et al., 2004:a; Uysal et al.,
2004; Baumann et al., 2009). The process of age estimation aims to estimate biological age of
an individual in an attempt to correlate biological age with chronological age. However, while
closely related, biological age and chronological age are not synonymous and therefore
biological age indicators are only estimates of the physiological status of a given person
(Kemkes-Grottenthaler, 2002). Due to this, age estimation is a difficult task, resulting in age
intervals given with a certain degree of accuracy (95% confidence interval (CI)) rather than a
point estimate. Age estimation can be used for clinical, academic or medico-legal purposes
(Schmeling et al., 2006:a; Nemade et al., 2010; Dembetembe and Morris, 2012; Christensen et
al., 2014).

Clinicians may use age estimation as a method to evaluate level of skeletal maturity and
treat children with growth or metabolic disorders (Loder et al., 1993; Uysal et al., 2004). Age-
at-death of unidentified skeletal remains is estimated in order to narrow the list of possible
missing persons, and age estimation may also be applied during the study of past or historic
populations to determine life expectancy, health status and disease patterns (Scheuer and Black,
2000; Christensen et al., 2014; Davies et al., 2016). Additionally, age estimation can be applied
to living persons whose age is of legal relevance, or individuals, such as refugees or illegal
immigrants, lacking legal documentation (Scheuer and Black, 2000; Schmeling et al., 2006:a).
These individuals may therefore benefit from the privileges of juvenile penal law, such as
reduced sentencing and being sent to separate juvenile facilities (RSA, 1997). For this reason,
the field of forensic anthropology has both ethical and socio-political implications (Baumann
et al., 2009).

Skeletal maturation is attained through the growth and development of bones, which
continue throughout childhood until sexual maturity is reached. Thereafter, in adulthood,
skeletal degeneration starts to occur due to numerous factors, including biomechanical loading
and socio-economic influences (Scheuer, 2002; Ubelaker, 2005; Christensen et al., 2014).

Owing to the vast differences in the various stages of bone maturation throughout an



individual’s life, skeletal age can be divided into two broad categories: subadult (inclusive of

embryo, foetus, infant, child and adolescent) and adult (Christensen et al., 2014).

Adult age estimates are dependent on morphological and degenerative indicators, whereas
age estimation in children and adolescents involves measuring growth and development. The
most common skeletal indicators used for adult age estimation include the degenerative
changes to the pubic symphysis, auricular surface of the ilium and sternal rib changes (Rissech
et al., 2012; Christensen et al., 2014). As a result of the heteroscedastic nature of the aging
process, adult age indicators tend to produce wider age ranges than techniques applied to
subadults. Wider age ranges are due to the fact that degeneration is influenced by many
environmental factors, resulting in pronounced individual variation; referred to as the trajectory
effect (Christensen et al., 2014). The trajectory effect is resultant of changes that occur in
skeletal indicators due to various biomechanical and physiological factors over time; small
changes may result in large differences as time passes. Due to the fact that different individuals
experience different biomechanical and physiological factors and that individuals are variably
affected by these factors, high levels of variation are seen with an increase in age (Buikstra and
Rhine, 2010). For instance, a woman who has given birth, resulting in stress to the pubic
symphysis, may exhibit more degeneration to that area compared to a woman who did not
experience that physical stress (Ubelaker and De La Paz, 2012). Consequently, the former will

likely appear older although they are the same chronological age.

Subadult age methods typically produce narrower prediction intervals as the techniques
involved rely on the predictable sequence of different growth and development processes that
occur throughout childhood. These techniques may produce age estimates accurately within
one to two years, with minimal bias, variance and an acceptable margin of error (Boldsen et
al., 2002; Introna and Campobasso, 2006; Christensen et al., 2014). The age category of the
individual in question will dictate which methods should be applied to obtain an age estimate,
because different approaches or skeletal areas achieve greater accuracies at certain age intervals
(Cardoso et al., 2014; Christensen et al., 2014). Table 2.1 reviews the methods of age

estimation applied during different stages of development (Christensen et al., 2014).



Table 2.1: Age estimation methods for different categories of development in subadults

Category Time period Method
First 8 intra-uterine )
Embryo Diaphyseal growth and dental development
weeks
8th intra-uterine week )
Foetus _ Diaphyseal growth and dental development
to birth
] Fusion of primary ossification centres, dental
Infant Birth to 1 year ]
development and long bone diaphyseal lengths
Fusion of primary ossification centres, epiphyseal
Child 1to 15 years plate fusion, dental development and long bone
diaphyseal lengths
Adolescent 15to 17 years Epiphyseal plate fusion

With the assessment of skeletal material, the most relevant methods used for the estimation
of age in subadults include union of primary ossification centres, long bone (diaphyseal)
growth, epiphyseal plate fusion as well as dental development (Christensen et al., 2014).
Typically, dental development is the preferred method of age estimation in subadults; however,
all permanent teeth (with the exception of the third molar) erupt between the ages of six and
12 years. Thus, dental development will only be a good indicator of age in pre-adolescents
(under the age of 12 years) (Christensen et al., 2014). Due to the fact that fusion of epiphyseal
growth plates generally occurs between the second and third decades of life, epiphyseal union
is a reliable and favoured method for estimating the age of older children, adolescents and
young adults. As such, an integral knowledge of the growth, development and maturation of
bones as well as the timing of skeletal changes is paramount to the age estimation of subadults
(Noback, 1954; Cardoso et al., 2014; Christensen et al., 2014).

2.2 BONE GROWTH AND DEVELOPMENT

Bone growth occurs through a process called osteogenesis, which is defined as the “deposition
of bone matrix on a pre-existing surface” (Christensen et al., 2014). During embryological
development pluripotent stem cells differentiate to form bone. Bone growth occurs through
two different processes, namely intramembranous or mesenchymal ossification and

endochondral ossification.



Intramembranous ossification is the direct formation of bone through ossification within a
connective tissue membrane (i.e. the transformation within a highly vascular membrane) and
forms the cranio-facial bones. An ossification centre is formed through the aggregation and
ultimate differentiation of central mesenchymal cells into osteoblasts. Osteoblasts secrete
osteoid (uncalcified bone matrix), which only begins to mineralise a few days later when
binding to calcium salts. Within an individual ossification centre, osteoblasts may become
trapped within the osteoid and differentiate into osteocytes. As osteoid deposition continues
around the embryonic vasculature, ossification thereof results in a random network of finely
woven trabeculae. Vascularisation condenses the outer surface mesenchymal cells in order to
produce the periosteum. At the outer edges of the trabeculae, lamellar bone is deposited in
structured layers in order to form osteons, typical of compact bone. Trabecular bone is thus
found between two layers of compact bone, which is the defining characteristic of flat bones
(Gilbert, 2000; Scheuer and Black, 2004; Allen and Burr, 2013). Mesenchymal bone models
are formed during embryonic development, while direct ossification of the mesenchymal bone

models occur during the foetal period (Ubelaker, 1987).

Majority of bones, including long bones, are formed through endochondral ossification.
During this process, mesenchymal cells condense and differentiate into chondrocytes which
then form the cartilage precursors or cartilage models during the foetal period. The cartilage
models are subsequently replaced by bone (Scheuer and Black, 2004; White and Folkens, 2005;
Christensen et al., 2014; Moore et al., 2014). Long bones, bones of the hands and feet, ribs,
vertebrae, clavicles and scapulae develop from two or more ossification centres. The primary
or first ossification centre generally appears before birth; however, some of these ossification
centres may only appear during late childhood (such as the pisiform of the hand which ossifies
between eight and ten years). Primary ossification centres develop in the shaft of long bones
or in the body of irregular bones (Cardoso et al., 2014). Scheuer and Black (2004) describes
the primary ossification centre as “a temporal indication of the initial locus of ossification...”.
Primary ossification is initiated through penetration of periosteal blood vessels into the
calcified cartilage bone model, which together with osteogenic (bone-forming) cells, form an
osteogenic bud. In long bones, the diaphysis or shaft ossifies from the primary ossification
centre, whereas epiphyses are formed by the ossification of secondary ossification centres as
indicated in Figure 2.1 (Noback, 1954; Scheuer and Black, 2004; White and Folkens, 2005;

Christensen et al., 2014; Moore et al., 2014). Primary and secondary ossification centres are



separated from one another by a cartilaginous layer, known as the epiphyseal or growth plate
(Weise et al., 2001; Scheuer and Black, 2004).
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Figure 2.1: Formation of primary and secondary ossification centres (Gilsanz and Ratib,
2005:2)

Longitudinal bone growth occurs at the epiphyseal plate, through the process of
endochondral bone formation (Nilsson et al., 1994; Weise et al., 2001). The metaphysis is the
flared section of the diaphysis, closest to the epiphysis. To allow bone growth at these sites,
the diaphysis and epiphysis do not fuse until the bone is fully grown or matured (i.e. has reached
the adult state) (Scheuer and Black, 2004; Christensen et al., 2014; Moore et al., 2014).

2.3 EPIPHYSEAL PLATE FUSION

The process through which the diaphysis and epiphysis of a bone fuse is known as epiphyseal
plate fusion and is generally identified by a dense epiphyseal scar after recent union (Emons et
al., 2009; Moore et al., 2014). With time the epiphyseal scar will fade and eventually disappear
completely. Epiphyseal plate fusion occurs when bone deposition exceeds the rate of cartilage

proliferation, ceasing longitudinal bone growth (Scheuer and Black, 2004).

Throughout childhood, the epiphyseal growth plate gradually diminishes until maturity is
reached and epiphyseal plate fusion is completed (Emons et al., 2009, 2011). Epiphyseal plate
fusion of secondary ossification centres commence at approximately 10 years of age and

continue until early adulthood (Lewis and Flavel, 2006; Christensen et al., 2014).



2.3.1 Regulation of epiphyseal plate fusion

The epiphyseal plate consists of four distinctive zones, namely (i) resting or reserve, (ii)
proliferative, (iii) proliferative-hypertrophic transition and (iv) hypertrophic (Figure 2.2). The
resting zone is located adjacent to the epiphysis and contains small, randomly distributed
chondrocytes which rarely multiply. The proliferative zone contains mature, replicating
chondrocytes which are arranged in columns running parallel to the bone shaft. The
proliferative-hypertrophic transition zone represents the transitioning from the proliferative
zone to the hypertrophic zone. Nearest to the metaphysis of the bone lies the hypertrophic
zone, containing hypertrophic chondrocytes (chondrocytes that have replicated and enlarged)
(Weise et al., 2001; Serrat et al., 2009). In this zone, the chondrocytes undergo preparations
to be replaced by bone (Scheuer and Black, 2004).

Longitudinal bone growth (i.e. increase in length) is regulated by growth hormone (GH),
insulin-like growth factor-1 (IGF-1), thyroid hormones, sex steroids and vitamin D. Growth
hormone is secreted by cells of the adenohypophysis which stimulate the synthesis and
secretion of IGF-1 in the liver and epiphyseal growth plates, subsequently activating slow-
dividing pre-chondrocytes. In turn, IGF-1 is responsible for differentiation, proliferation and
hypertrophy of chondrocytes, extra-cellular matrix formation and ultimately ossification of the

epiphyseal growth plate after skeletal maturity is reached (Nilsson et al., 1994; Shim, 2015).
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Figure 2.2: Zones of the epiphyseal plate (Serrat et al., 2009:2017)



Thyroid hormones have been found to promote GH synthesis. An increase in GH stimulates
secretion of IGF-1 in both the liver and the epiphyseal growth plates, thereby resulting in
longitudinal growth. Furthermore, research indicates that thyroid hormones play a role in the
formation of hypertrophic cells in the epiphyseal growth plate. Sex steroids (androgens and
oestrogens) have long been known to play a significant role in the longitudinal growth of bones
during the pubertal growth spurt. Androgens and oestrogens may influence skeletal maturation
both directly and indirectly through the stimulation of GH secretion, thereby increasing
concentrations of GH and in turn IGF-1. Initially, sex steroids promote growth by stimulating
secretion of GH. However, near the end of the pubertal growth spurt steroids play a role in the

fusion of the epiphyseal growth plate (Nilsson et al., 1994; Shim, 2015).

The active form of vitamin D binds to the receptors found in the epiphyseal growth plate
where it has been demonstrated to restrict IGF-1 induced clonal expansion and stimulate
proliferation and maturation. Accordingly, vitamin D plays an imperative role in the

maturation of epiphyseal plate chondrocytes (Nilsson et al., 1994).
2.3.2 Persistent epiphyseal scar

At the location of the fused epiphyseal growth plate, an epiphyseal scar in the form of a thin,
white line may be observed through the use of various medical imaging techniques. An
epiphyseal scar generally obliterates shortly after completion of epiphyseal plate fusion,
resulting in a lack of distinction between the metaphysis and diaphysis of the bone. Thus,
indicating full maturation of the skeletal element (Davies et al., 2014, 2016). However, some

anomalies have been noted.

A persistent epiphyseal scar was first noted by Cope (1920), who stated that they can often
be seen until much later in life, even though epiphyseal plate fusion has long since been
completed. As the presence of an epiphyseal scar should indicate recent epiphyseal plate
fusion, a persistent scar brings about difficulties in the estimation of skeletal age. Baumann et
al. (2009) reported that the minimum age of epiphyseal scar obliteration in the radius was 18.7
and 16.2 years in males and females, respectively. The same study demonstrated that the
maximum age at which an epiphyseal scar was still visible was 31.0 years in males and 30.8
years in females (Baumann et al., 2009). A study by Davies et al. (2016) stated that the
presence or absence of a persistent epiphyseal scar should not be used as an indicator for age
estimation as they found no statistically significant correlations between the obliteration of an

epiphyseal scar and chronological age. This statement is emphasised by the work of Stevenson
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(1924) who stated that the visibility of an epiphyseal scar may overestimate true chronological

age and should therefore not be taken into account when estimating age.
2.3.3 Epiphyseal plate fusion as an age estimation technique

The timing of epiphyseal plate fusion has been studied from as early as the 1920’s (Stevenson,
1924). Epiphyseal plate fusion for age estimation involves the visual, qualitative assessment
of epiphyses (Cardoso et al., 2016). Skeletal development occurs in a specific chronological
sequence at relatively predictable times throughout skeletal maturation. Epiphyseal plate
fusion commences at the elbow, followed by the hip, ankle, knee, wrist and ultimately the
shoulder joint (Stevenson, 1924; Greulich and Pyle, 1959). Therefore, it is a relatively good
indicator of maturity and an accurate biological indicator of chronological age (Lewis and
Flavel, 2006; Suri et al., 2013; Christensen et al., 2014). Figure 2.3 indicates the location of

various post-cranial epiphyses as used for age estimation.

Epiphyseal plate fusion typically commences at the age of 10 years and ceases during early
adulthood (around the age of 25 years). Thus, epiphyseal plate fusion is regularly implemented
for age estimation in older children, adolescents and young adults. The process of initial
epiphyseal plate fusion to complete fusion may take several months to years. As such, variation
in the timing of epiphyseal plate fusion is observed due to numerous external influences such
as socio-economic factors, population group, sex and level of urbanisation (Christensen et al.,
2014).
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Figure 2.3: Location of epiphyses used for age estimation (Buikstra and Ubelaker, 1994:40)

Standards regarding the timing of epiphyseal plate fusion have been developed for the
radius and ulna, in males and females, respectively. However, individual variation may
influence the timing of epiphyseal plate fusion, which may lead to accelerated or delayed
skeletal development (Noback, 1954; Schmeling et al., 2000; Soegiharto et al., 2008; Suri et
al., 2013; Christensen et al., 2014). Ubelaker (1987) lists three factors that should be
considered when estimating age through epiphyseal plate fusion:
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i.  Specific stage of union of all available epiphyses as not all epiphyses play an equal
role with regard to accuracy in age estimation and it has been shown that epiphyseal
plate fusion is a process that occurs over a period of time.

ii.  Sex of the individual in combination with the range of variation as described for a
specific population as differences in the timing of epiphyseal plate fusion between
males and females as well as population groups have regularly been reported in
literature. Furthermore, individual variation within the same population have been
reported.

iii.  Differences between gross examination and radiographic imaging should be

considered.

The applicability of radiographic standards to the gross examination of dry bone have
prompted some concerns as caution should be given when applying standards developed using
radiographic methods to dry skeletal remains (Ubelaker, 1987; Lakha, 2015). Skeletal remains
under assessment may display delayed growth and maturation when compared to healthy
individuals undergoing radiographic imaging for the purpose of compiling standards. Delays
may be produced by a difference in nutritional intake, environmental influences as well as
health status. Epiphyseal scars have been reported to display more prominently and for a
prolonged period of time on dry bone when compared to radiographic images. With this said,
Lakha (2015) applied a four stage scoring method to dry bone specimens. By modifying the
methodology to include both gross examination and radiographic imaging of skeletal remains
and subsequent analysis of the epiphyseal surfaces, high levels of agreement and low standard
errors were noted between her standards derived from radiographic imaging and the application
thereof to skeletal remains (Lakha, 2015).

Current age estimation is based on internationally recognised standards published by
Schaefer et al. (2009), Scheuer and Black (2000) and Greulich and Pyle (1959) (see Table 2.2).
Schaefer et al. (2009) compiled their standards based on preceding studies using both dry bone
and radiological methods. Various population groups were included in the compilation of their

standards; including American, Indian, Portuguese and Bosnian.

Scheuer and Black (2000) published age estimation standards for the distal radius and ulna
based on findings by Greulich and Pyle (1959), Paterson (1929), Flecker (1942) and Hansman
(1962). Standards were compiled from European populations using radiographic images.
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Greulich and Pyle (1959) published standards of age estimation for the hand and wrist based
on the radiographs from 1000 white American children of North-European ancestry. This
method allows the investigator to compare radiographs to a series of ‘standard’ radiographs as
formulated by the authors, in an atlas method. Standard radiographs were based on the most

commonly observed skeletal indicators for a specific age and sex (Dembetembe, 2010).

Table 2.2: International standards for the fusion times of the distal radius and ulna

Epiphysis Males Females
Radius
Schaefer et al. (2009) 16-20 14-19
Scheuer and Black (2000) 16-20 14-17
Greulich and Pyle (1959) 17-18 15-16
Ulna
Schaefer et al. (2009) 17-20 15-19
Scheuer and Black (2000) 17-20 15-17
Greulich and Pyle (1959) 17-18 16-17

* Values in years

Standards as reported in Table 2.2 include mean age ranges for the epiphyseal plate fusion
of the distal radius and ulna (Johnston, 2008). The problem with employing point estimates is
that mean values are influenced by factors such as outliers and skewed data, thereby influencing
the interpretation and ultimately leading to imprecise conclusions. The application may
produce reliability and accuracy issues. More sophisticated statistical models are required to
effectively assess the complex variation associated with the aging process, and to use this

known variation to provide a prediction of chronological age.

Some South African-specific research has been conducted on the estimation of age from the
wrist. Dembetembe and Morris (2012) conducted a study on the applicability of the Greulich
and Pyle (1959) radiographic standards of the hand and wrist on black South African males
between the ages of 13 and 22 years. This study compared 131 pre-existing hand-wrist
radiographs to the male standards as published by Greulich and Pyle (1959) in order to estimate
skeletal age. Estimated age was thereafter compared to chronological age. Results indicated
that black South African males exhibited a developmental delay of approximately 2.1 years
compared to the Greulich and Pyle (1959) standards. In conclusion, the Greulich and Pyle

(1959) standards were found not to be directly applicable to black South African males and
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that population-specific age estimation standards were recommended for the South African

population (Dembetembe and Morris, 2012).

More recently, Lakha (2015) proposed standards for epiphyseal plate fusion in a South
African population between 6 and 24 years of age. The sample consisted of black, coloured,
Indian as well as white males and females. In this study, a scoring system was used to classify
the degree of epiphyseal plate fusion from one (non-fusion) to four (complete fusion). Full
body low-dose digital X-ray (LODOX) images of 2151 individuals were assessed for the study.
Epiphyseal plate fusion of the shoulder, elbow, wrist, iliac crest, hip, knee and ankle joints
were studied and classified. A summary of age ranges for the fusion of the radius and ulna is
depicted in Table 2.3 (highlighted in bold). While the study comprised a large sample of a
wide variety of population groups, the statistical analysis was limited to the calculation of mean
values (Lakha, 2015).

The current study focused on the epiphyseal plate fusion of the distal radius and ulna.
Assessment of degree of epiphyseal plate fusion is often referred to as a method of age
estimation for medico-legal purposes where age of majority is of concern. According to the
literature, epiphyseal plate fusion and visibility of an epiphyseal scar of the distal radius and
ulna generally occur between the ages of 16 and 20 years in males and between 14 and 19 years
in females (Baumann et al., 2009; Christensen et al., 2014). However, different age ranges
have been published for various population groups. Table 2.3 reports age ranges for various
population groups using the epiphyseal plate scoring method (varying from two to five stages

of fusion).
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Table 2.3: Fusion times of the distal radius and ulna for various population groups

Age
Author Population No stages Radius Ulna

3 ? 3 ?
Abbie and Adey (1953) Australian Aborigine 2 >16.0 18.0-19.0 >16.0 18.0-19.0
Banerjee and Agarwal (1998) Indian 2 16.0-19.0 14.0-18.0 16.0-20.0 14.0-18.0
Baumann et al. (2009) German 5 14.5-30.8 12.2-31.0 14.5-29.0 13.6-29.9
Flecker (1932) Australian 2 18.4-23.0 16.5-20.4 18.4-23.0 16.5-22.0
Lakha (2015) South African 4 15.0-20.0 12.0-18.0 15.0-20.0 12.0-18.0
Memchoubi (2006) Indian 4 - 16.0-18.0 - 16.0-18.0
Nemade et al. (2010) Indian 2 16.0-21.0 15.0-20.0 17.0-20.0 16.0-20.0
Patel et al. (2011) Indian 4 17.0->20 16.0-19.0 17.0-19.0 17.0-18.0
Paterson (1929) British 2 >21.0 >19.0 >21.0 >19.0
Pryor (1923) American 2 >20.0 >19.0 >19.0 >18.0
Sahni and Jit (1995) Indian 5 - >16.0 - >16.0
Schmidt et al. (2008:a) German 5 14.5-18.9 12.9-19.0 - -
Schmidt et al. (2013) German 4 15.2-26.9 15.0-26.0 - -
Serin et al. (2016) French 3 >16.0 >15.0 >16.0 >15.5
Sidhom and Derry (1931) Egyptian 3 16.0-20.0 - 15.0-20.0 -
Stevenson (1924) American 4 18.0-21.0 18.0-21.0 18.0-21.0 18.0-21.0

* Values in years



As demonstrated in Table 2.3, little variation exists between the epiphyseal plate fusion
times of the distal radius and ulna of the same side. Stevenson (1924) stresses the close
proximity of the timing of the epiphyseal plate fusion of the distal radius and ulna. Nonetheless,
the current study will test for statistically significant differences in the fusion times of the distal

radius and ulna on the same side.

According to Christensen and Crowder (2009), it is important to determine known or
potential error rates through validation studies. In the field of forensic science, rigorous testing
and validity of methods is of utmost importance when delivering expert testimony. Due to the
variation of the human skeleton, it is important to evaluate and redefine standards using modern
skeletal samples (Langley-Shirley and Jantz, 2010). The Daubert criteria ensure validation and
reliability of a theory or method through the following (Fradella and O’Neill, 2004):

a) Objective testing of the theory or method.

b) Subjection to peer review and publication.

c) A known potential error rate.

d) The existence and maintenance of standards and controls.

e) General acceptance in the scientific world.

With regard to age estimation, forensic anthropologists are required to make both accurate
and reliable age estimations. However, as age range estimations are narrowed to be more
precise, it becomes increasingly more probable to eliminate true age and therefore, the
presumptive identity of the given individual. Thus, forensic anthropologists make use of
confidence intervals, allowing them to state that the true age of an individual is included in the
age range estimate with a certain degree of confidence (typically 95%) (Dirkmaat and Cabo,
2012). Confidence intervals were not performed for any South African specific studies;

therefore, this study provides a more robust statistical analysis for the estimation of age.
2.3.4 Sex differences

Sexual dimorphism refers to the morphological differences between the males and females of
the same species (Christensen et al., 2014). Females are documented to develop earlier than
males; this difference tends to increase with age. Many authors have suggested a two year
difference in the skeletal maturation of adolescents between sexes (Davies and Parsons, 1927,
Spencer, 2002; Bokariya et al., 2011). However, Pryor (1925) suggested a more marked
difference of three to four years. Whereas Patel et al. (2011) reported a 12 month difference
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in maturation. Difference in skeletal maturation is due to the earlier onset of puberty in females
(8 to 13 years) compared to males (10 to 15 years) (Wells, 2007; Soliman et al., 2014). The
onset of puberty contributes approximately 15% of growth toward adult height, and also plays
an important role in the fusion of epiphyseal plates (Cutler, 1997). Females undergo a rapid
pubertal transformation (i.e. transformation takes place over a shorter period), as opposed to a
longer growth period in males (Wells, 2007). Female skeletal growth peaks at around 11 to 13
years of age, while males only reach their skeletal growth peak between 13 and 15 years (Pryor,
1923; Hagg and Taranger, 1982; Dimeglio, 2001; Lewis and Flavel, 2006). Hagg and Taranger
(1982) found that the rate of skeletal development in males surpasses the rate of development
in females at the end of the pubertal growth spurt. Thus supporting the fact that skeletal growth
in males take place over a longer period of time than in females, resulting in bigger and taller
stature (Wells, 2007).

Levels of sexual dimorphism or sex differences within a population have been suggested to
be related to environmental influences (Tanner, 1962). Many authors have reported female
buffering which refers to the apparent higher level of sensitivity to environmental influences
or stressors in males (Stinson, 1985). Researchers have credited this effect to the reproductive
responsibility of females. Males have been found to be more susceptible to environmental
changes with regard to growth and development (Stinson, 1985). In more adverse conditions,
males display retarded growth; whereas the improvement of environmental conditions, lead to
a more marked increase in skeletal maturation compared to their female counterparts. Studies
have also suggested that developmental changes in response to environmental influences are
more pronounced in males compared to females, as males undergo a longer period of growth,
during which external factors may influence morphology (Hiernaux, 1968; Tobias, 1972;
Stinson, 1985).

2.3.5 Population variation

Numerous studies have indicated variation in the timing of epiphyseal plate fusion among
different population groups (Tables 2.3 and 2.4) (Mackay, 1952; Massé and Hunt, 1963;
Marshall et al., 1970; Brown and Grave, 1976; Roche et al., 1978; Loder et al., 1993; Matsuo,
1993; Ashizawa et al., 1996; Ontell and Barlow, 1996; Jiménez-Castellanos et al., 1996;
Rikhasor et al., 1999; Moraet al., 2001; Schmidt et al., 2008:a; Soegiharto et al., 2008; Nemade
et al., 2010; Patel et al. , 2011; Dembetembe and Morris, 2012). Additionally, regional
variations within the same population group have been described (Banerjee and Agarwal, 1998;
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Nemade et al., 2010). Some authors suggest that variation in ossification times are not resultant
from population differences but rather the result of SES, such as the works of Abbie and Adey
(1953) and Schmeling et al. (2000). Variation in skeletal maturation owing to population
differences have been widely discussed and studies have been performed on multiple test

populations.
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Table 2.4: Comparative studies indicating differences in skeletal development among various population groups

Author Population Age Method Result
group
'asgrgé? wa et al. Japanese 3-18 TW?2 Japanese children reach skeletal maturity approximately one to two years earlier.
Brown and Grave Australian :
(1976) Aborigines 5-20 GPand TW2 Developmental delay in males (up to 10 months) and females (up to 6 months).
Demk_)etembe and South African  13-22 GP Black South African males displayed a two year delay in skeletal maturation.
Morris (2012)
Jiménez- .
Castellanos et al.  Spanish 0-14 GP Mal(ejs ddlsplay a k}Ihrt;e-dmbongl dellqyr,]whgrsa? ferlr;a;_)lg development correspond to the
(1996) standards as published by Greulich and Pyle ( ).
Loder et al black males and females are advanced compared to their chronological age, white
(1993) ' American 0-18 GP males exhibited a developmental delay while the GP method is applicable to white
females.
Mackay (1952) East African 0-18 Ossification  East African Children presented with a one and a half to two year delay in skeletal
tables development.
Marshall et al Jamaican children exhibit accelerated skeletal development up to the age of 13
(1970) ' Jamaican 1-15 TW?2 years, beyond that Jamaican children were found to exhibit retarded skeletal
growth.
Massé and Hunt ~ West African Developmental delay in both male and female Africans (delay increases with
0-15 GP . !
(1963) (Senegal) increasing age).
Matsuo (1993) Japanese 1-19 GP Japanese children displayed a one year advance in skeletal and sexual maturity.
African-
Mora et al. American and European-American males displayed a developmental advance (three months)
0-19 GP . :
(2001) European- compared to African American males
American
Rikhasor et al. Pakistani 118 GP Despite developmental retardation during early childhood, skeletal maturity is

(1999)

reached earlier in Pakistani children.

* Values in years

** TW2 = Tanner-Whitehouse; GP = Greulich and Pyle
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2.3.6 Socio-economic status

Socio-economic status refers to the social standing of an individual or group of individuals
within a society. Socio-economic status can be measured as a combination of education,

income, health and nutritional status (Cole, 2000; American Psychological Association, 2016).

Studies have reported that skeletal maturation is greatly influenced by the SES of a
population (Cameron et al., 1992; Schmeling et al., 2000; Schmeling et al., 2004:a; Schmeling
et al., 2004:b; Kellinghaus et al., 2010). A delay in epiphyseal plate fusion has been observed
in individuals from a lower SES. Additionally, growth rate is negatively influenced by poor
living conditions, such as overcrowding (Cole, 2000). A study by Cameron et al. (1992),
assessing the effect of SES on growth in black South African children, found that a lower SES,
whether or not the individual subsided in a rural or urban setting, resulted in reduced growth,
in both height and weight. Therefore, growth and development are not improved unless SES
is improved. This is emphasised by the findings of Schmeling et al. (2006:b), where
acceleration of skeletal maturation was observed in medically and economically developed

regions and countries.

As indicators of low SES, health and nutrition play an important role in normal bone growth
and development. Poor nutritional status negatively influences pubertal and skeletal
maturation, thereby delaying growth (Nilsson et al., 1994; Soliman et al. , 2014). Therefore,
SES should be kept in mind as a confounding factor (Schmeling et al., 2004:a; Kellinghaus et
al., 2010). Confounders are defined as factors that influence or distort the data and may lead
to biased conclusions (Cronje et al., 2015). The effects of SES, however, are beyond the scope
of this study. Yet, SES was likely to be relatively equal for all individuals included in the
current study as radiographic images were sourced from a private hospital. Therefore,
differences observed are expected to be related to biological differences between population

groups.
2.3.7 Secular trend

Secular trend refers to the continuous adaptation of humans over a long period of time, resulting
in either positive or negative changes; therefore, secular trends are indicative of the ever-
changing health and affluence of a population. The rate and direction of secular trends have
been described as a reflection of the change in SES (Henneberg and Van den Berg, 1990).

Positive trends result in the acceleration of a process, whereas a negative trend is indicative of
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a decrease or deceleration of a developmental process. Neutral secular trends (weak or barely
noticeable trends) have been suggested to occur due to the fact that the study population has
either reached their phenotypic limit (for example maximum height limit as set by genetics) or
no improvement in environmental and health conditions (Henneberg and VVan den Berg, 1990).
Secular trends are frequently the result of environmental influences and socio-economic factors
and are therefore a reflection of the health and wealth of a population (Roche, 1979; Cole,
2000). Both menarche and growth in height and weight are greatly influenced by socio-
economic factors (Cole, 2000).

Onset of menarche in females is a key indicator of maturity (Jones et al., 2009). Studies on
secular trends of menarcheal age provide essential information on the transitioning of a
population, as earlier onset of menarche is indicative of a rise in SES; this statement is
confirmed by the plateau in menarcheal age in developed countries (Roche, 1979; Jones et al.,
2009). A plateau in the age of menarcheal onset suggests a physiological lower limit for
menarcheal onset, which may be delayed due to environmental factors (Cole, 2000). Age of
menarcheal onset is strongly associated with the timing of puberty as well as body composition,
where a higher body mass index (BMI) may result in the earlier onset of menarche (Rossouw
et al., 2012; Soliman et al. , 2014). The average age of menarcheal onset has declined in
various population groups over the past few decades (Roche, 1979). Jones et al. (2009), found
that the average age of menarcheal onset for a South African population has declined with 0.5
years per year for black South Africans, compared to 0.22 years per decade for white South
Africans. Current age of menarcheal onset is averaged to be 12.4 and 12.5 years for blacks and
whites, respectively (Jones et al., 2009). This observation indicates accelerated maturation and
thus earlier commencement of fusion of secondary ossification centres, as sexual and skeletal
maturation are closely related (Roche, 1979; Onat and Ertem, 1974). During the onset of
puberty, oestrogen plays an important role in the stimulation of GH and IGF-1, subsequently
the growth spurt is initiated as discussed in section 2.3.1 (Shim, 2015). Hyperoestrogenemia
(increased levels of oestrogen) has been associated with increased skeletal maturation (Satoh,

2015). Thus, age estimation standards for epiphyseal plate fusion will likely be affected.

Throughout history, growth in height and weight has shown both positive and negative
trends, mainly due to environmental influences (Cole, 2000). In a South African study, black
and coloured children were found to display a positive secular trend with regard to growth in

height as well as weight from the 1960°s to 2013. The causative factors behind this trend are
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most likely linked to improvement in environmental conditions and SES at the end of Apartheid
(Anholts, 2013).

However, an increase in weight is not always an indication of improved nutrition or SES.
A recent study by Rossouw et al. (2012) stated that rural-to-urban transitioning may play a role
in obesity, as there is an increased accessibility of energy-rich fast food and lower levels of
physical activity. Obesity has been linked to advanced skeletal development in both males and
females (Satoh, 2015). Several studies have raised concerns regarding the significant increase
in obesity among South Africans over recent years (WHO, 2011; Armstrong, Lambert and
Lambert, 2011).

2.4 SKELETAL MATURITY OF THE WRIST

Skeletal maturity is primarily assessed by the degree of fusion observed in secondary
ossification centres; moreover, it is also the only maturity indicator present from birth to
adulthood (Cox, 1997; Gilsanz and Ratib, 2005). Several maturity indicators exist, including
general physical development (longitudinal growth and weight), secondary sexual traits and
the appearance of secondary ossification centres in the hand and wrist. These indicators are
often assessed in combination in order to determine whether an individual has reached age of
majority and can therefore be held legally responsible (Uysal et al., 2004; Bokariya et al.,
2011).

The hand and wrist are considered significant indicators of skeletal maturity as it commonly
fuses between the ages of 14 and 20 years, which coincides with the age of majority and
criminal capacity as stated by South African law (Schmeling et al., 2005; Schmidt et al., 2008;
Baumann et al., 2009). Generally, radiographic or X-ray images of the left hand and wrist are
used to assess the distal epiphyseal plate of the radius and ulna in living individuals. Hand-
wrist radiographs pose an advantage as the patient or individual is exposed to low-dose
radiation (1-2 Milliradian) with minimal risk of contamination (Rikhasor et al., 1999;
Cameriere et al., 2006; Introna and Campobasso, 2006; Schmeling et al., 2008). Different
combinations of hand-wrist skeletal indicators may be used for the assessment of an
individuals’ growth and development as such, various methods for skeletal age estimation of
the hand and wrist exist. Specifically, the atlas method, bone-by-bone method, epiphyseal plate

scoring and transition analysis.

23



a)

b)

Atlas method: The radiographic atlas method of Greulich and Pyle (1959) is the most
commonly used method for skeletal age estimation. These standards were derived from a
longitudinal study of white American children of high SES in the 1930’s (Moraet al., 2001,
Surietal., 2013). The method involves comparison of the degree of epiphyseal plate fusion
of all of the bones of the hand and wrist with the radiographic standards of different ages.
The Radiographic Atlas of Skeletal Development of the Hand and Wrist by Greulich and
Pyle (1959), illustrates standard hand-wrist radiographs from birth to maturity for both
males (19 years) and females (18 years) whereby ‘plate comparison’ can be done. This
method is quick and easy to apply and produces an actual age estimate (Baughan et al.,
1979; Dembetembe and Morris, 2012; Suri et al., 2013). However, problems have been
reported with regard to the over- and underestimation of age, as age predictions are
presented as a point estimate rather than an age range (Schaefer et al., 2018). The method
has been criticised for its poor recognition of ancestral differences as well as existent
variation; as the atlas depicts only the ‘normal’ standard (Lakha, 2015). Concerns with
regard to the reproducibility of this method has also been raised as the large amount of
elements may provide conflicting information, resulting in difficulty assigning one specific
comparative plate (Bull et al., 1999; Bunch et al., 2017; Schaefer et al., 2018). Finally,
similarities may only produce a specific skeletal age and not truly chronological age, which
proves difficult when this method is applied in order to estimate age in an individual whose
age is unknown (Rylands-Monk, 2017).

Bone-by-bone method: The Tanner-Whitehouse (1975) method (TW2) was compiled
from a longitudinal study of over 2000 British children. This method involves systematic
radiographic assessment of all the bones of the hand and wrist, where each bone is assessed
and scored individually, according to degree of maturity. A summation of the scores is
calculated and an overall maturity score is obtained. These are then used to read skeletal
age from the centile tables as published in Assessment of Skeletal Maturity and Prediction
of Adult Height by Tanner et al. (1975). Although the TW2 method is more accurate and
reliable, the GP method is still the preferred method due to the complexity and long
examination times of the TW2 method (Tanner et al., 1975; Rucci et al., 1995; Bull et al.,
1999; Niemeijer et al., 2003; Dembetembe, 2010). This method however, has been
criticised for its ‘rough’ staging of the distal radius and ulna epiphyses (Rylands-Monk,

2017). ‘Rough’ staging refers to the lack of descriptive differentiation between the stages
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d)

of development for the distal radius and ulna, particularly concerning later stages of

epiphyseal plate fusion (Schmidt et al., 2008:b).

Epiphyseal plate scoring: An epiphyseal scoring method was first introduced by Moss
and Noback (1958). Various authors have since utilised and modified this method, whereby
the degree of epiphyseal plate fusion of a particular epiphysis is assessed. Generally, these
scoring methods assess four to five different stages of fusion such as applied in the works
of Schmeling et al.(2004:b), Schmidt et al. (2008:a) and Baumann et al.(2009). Some
authors, however, only used a two-stage scoring system and scored the epiphyses as either
‘fused’ or ‘unfused’(Pryor, 1923; Paterson, 1929; Flecker, 1932; Abbie and Adey, 1953;
Banerjee and Agarwal, 1998; Nemade et al., 2010). A two-stage scoring system is not
advisable as the process of epiphyseal plate fusion occurs over an extensive period of time
during which the epiphyseal surfaces undergo more complex morphological changes.
Mostly, epiphyses are visualised through the use of X-rays, however, computed
tomography (CT) (Kellinghaus et al., 2010), sonography (Schmidt et al., 2013) and
magnetic resonance imaging (MRI) (Saint-Martin et al., 2013; Serin et al., 2016)
techniques have been described. According to Schmidt et al. (2013), isolated consideration
of the distal radius, compared to the atlas and bone-by-bone methods where the entire
skeleton of the hand is assessed, is a more reliable technique as it reduces intra- and inter-
observer variation. This method is sufficient for estimation of maturity and makes use of
clearly defined radiomorphological characteristics in order to determine the stage of
epiphyseal plate fusion. Furthermore, complexity involved in the identification of several
landmarks is reduced (Soegiharto et al., 2008; Schmidt et al., 2013; Serin et al., 2016).

Transition analysis: Transition analysis refers to the transition of a specific skeletal trait
from one developmental stage to the next. Therefore, it aims to estimate the average age
an individual transitions from one stage (i) to the next stage (i +1) (Boldsen et al., 2002;
Lottering et al., 2015; Tangmose et al., 2015). This method is similar to the above
mentioned epiphyseal plate scoring method as it involves scoring the degree of maturity of
the skeletal trait to determine age at transition. Boldsen et al. (2002), states that though
individual variability of transition exists, the directionality remains fixed, due to the
relatively unvarying manner of maturation and aging of skeletal elements. Transition
analysis assumes that correlation between traits or indicators is only attributable to age
(Tangmose et al., 2015).
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Population differences in the timing of epiphyseal plate fusion has been widely reported in
literature, thereby indicating the need for population-specific standards. Related studies have
been conducted on a South African population; however, the approach lacks the robust
statistical component to make the method compliant with standards of best practice required of
forensic methodology. Thus, the present study aimed at re-evaluating the age estimation
standards for the epiphyseal plate fusion of the distal radius in ulna in a modern South African

population.
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Chapter 3 MATERIALS AND METHODS

3.1 ETHICAL CLEARANCE

Ethical clearance was obtained from the Faculty of Health Sciences Research Ethics
Committee, University Pretoria (Ethics Reference No.:157/2017), as well as the Masters
Committee of the Faculty of Health Sciences (Annexure A). Further permission was obtained
for the use of hand-wrist radiographs from Director, Dr Johan Venter from Van Dyk and

Partners Inc. at Mediclinic, Bloemfontein (Annexure B).
3.2 STUDY DESIGN

This study is a retrospective, cross-sectional study of hand-wrist radiographs. Cross-sectional
studies are frequently used to determine prevalence of a given outcome in a population at a
specific point in time (Mann, 2003). Due to the fact that cross-sectional studies provide more
information on the variance of a population, these studies are more useful for age estimation
than longitudinal studies (Ousley et al., 2013; Stull et al., 2014).

3.3 SOUTH AFRICAN POPULATION

The South African population contains cultural, linguistic and genetic diversity (Tishkoff and
Williams, 2002); and consists of three major groups, namely South African black (80.7%),
coloured (8.8%) and white (8.1%) individuals. The remaining 2.5% are comprised of Asian
and Indian populations (Statistics South Africa, 2016). Each group constituting the South
African population displays variation in origin and history (Liebenberg et al., 2015). In
addition, South Africa has undergone major socio-political changes over the last few decades.
Apartheid was a policy which forced the segregation of individuals based on population group,
favouring white individuals (Lakha, 2015). The enforcement of Apartheid resulted in lower
SES, through limited access to resources of non-white individuals (Hawley et al., 2009; Lakha,
2015). Furthermore, Apartheid influenced gene flow in modern South Africa, resulting in
higher variability between some population groups (Stull et al., 2014). Many skeletal
differences have been noted between black and white South Africans (Stull et al., 2014).
Therefore, both black and white population groups were examined for potential differences in

epiphyseal plate fusion times.

Mediclinic, Bloemfontein is a private hospital, and therefore patients admitted to this

institution are likely to be of mid- to higher SES. As the inclusion of SES as a variable is
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beyond the scope of the study, an attempt was not made to include individuals of lower SES as

well. Thus, expected differences were based on population variation rather than SES.
3.3.1 Black South Africans

Black South Africans are mainly descendant from West and Central Africa (between Nigeria
and Cameroon) (Huffman, 1982; Franklin et al., 2007). Bantu-speaking groups are believed
to have migrated towards sub-Saharan Africa during the first millennium A.D., ultimately
settling in the eastern and southern parts of Africa (Huffman, 1982; Franklin et al., 2007).
‘Bantu’ is a linguistic term referring to groups or tribes clustered by related languages. Due to
different migratory paths, various sub-phylums have developed; black South Africans belong
to the Niger-Congo linguistic group and further subdivisions, such as Natal Nguni, Cape Nguni
and Sotho, have led to the existence of different ethnic groups and tribes among black South
Africans, each with their own culture (Ribot, 2004; Stull et al., 2014; Liebenberg et al., 2015).

3.3.2 White South Africans

White South Africans are descendant of the 17th century European colonists who established
the Cape colony along the trade route of the Dutch East India Company. The first settlements
were established by Dutch and later French, British and German immigrants. However, due to
Founder’s effect, South African white individuals have been shown to differ morphologically
from their parent populations (Steyn and Iscan, 1999; Greeff, 2007; Stull et al., 2014;
Liebenberg et al., 2015). Founder’s effect is the loss of genetic variation due to a small sample

of genes being carried over to the new population (Understanding evolution, 2008).
3.4 STUDY SAMPLE

Hand-wrist radiographs were retrospectively obtained from Van Dyk and Partners Inc. at
Mediclinic, Bloemfontein. The sample consisted of patients who had undergone hand-wrist
radiographs at Mediclinic, Bloemfontein from January 2009 to August 2017. A total of 782
radiographic images of individuals between the age of eight and 30 years were obtained

through convenience sampling, i.e. all radiographs that fit the selection criteria were used.

Chronological age for each individual was calculated from the date of birth to the date of X-
ray (Cameriere et al., 2012). Radiographs lacking a date of birth were excluded. Furthermore,
radiographic images had to be clear and include both the distal radius and ulna. Radiographs

must have been taken in an antero-posterior or postero-anterior view. Images were rejected in
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the presence of severe trauma affecting the epiphyseal plates of the distal radius or ulna, any
pathology, atypical skeletal growth, or the presence of foreign bodies in the field of view
(Dembetembe and Morris, 2012; Lottering et al., 2015; Davies et al., 2016).

Patient name and surname were used to ascertain population group. According to the 2011
South African Census (Statistics South Africa, 2011), Sesotho is the most spoken home
language (64.2%) in the Free State, followed by Afrikaans (12.7%). Free State population
group distribution was found to comprise of 87.6% black and 8.7% white individuals (Statistics
South Africa, 2011). Therefore, Afrikaans home language with a typically Afrikaans surname
IS suggestive of a white individual, while Sesotho home language with a typically Sesotho (or
any other related South African language) surname will be more indicative of a black
individual. Only black and white population groups were included to ensure adequate sample
size. The application of surname and home language was used as hospitals do not record the
ancestry of the patient. While it is acknowledged that many factors may influence the surname
and language of an individual, a correlation exists with ancestry. However, the lack of

confirmed records of ancestry is recognised as a limitation of the study.

Patient information was kept confidential by assigning a number to each radiograph. The
first letter of each word in the name of the institution from which the radiographic images were
received constituted the first alphanumerical letters of the image number (i.e. MB — Mediclinic,
Bloemfontein), this was followed by numerical characters (starting with 001), as assigned by
the researcher (Dembetembe, 2010). Patients’ sex, date of birth and date of X-ray was

recorded.
3.4.1 General distribution of the study sample

A total of 782 radiographs were assessed and scored. In all cases the radii could be scored;

however, ten ulnae could not be scored due to lack of clarity of the skeletal element.

The study sample consisted of 203 black males (26.0%); 129 black females (16.5%); 233
white males (29.8%) and 217 white females (27.7%) between the ages of eight and 30 years
(Figure 3.1; Annexure B, Table B1). There were notably fewer black female subjects available
for use in this study. This might be attributable to a lower frequency of visits to the radiology
department at Mediclinic, Bloemfontein; or a higher number of traumatic events encountered

by the other groups compared to black females (Dembetembe, 2010).
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Figure 3.1:Composition of study sample by sex and population group

Figures 3.2 and 3.3 show the age distribution of the study sample by sex and population
group. The younger and older age cohorts have smaller sample sizes compared to age cohorts
in the middle of the age range. Within the male sample, the greatest number of individuals
were found at 14, 15 and 22 years; whilst the greatest number of females were found at ages
13, 15 and 17 years.
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Figure 3.2: Age distribution of the study sample for males
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Figure 3.3: Age distribution of the study sample for females
3.5 METHOD

All hand-wrist radiographs were sourced from the C-PACS archive system and assessed and
scored using GE — Healthcare Centricity Universal Viewer (version 6).

Each radiograph was analysed by the researcher to determine the stage of epiphyseal plate
fusion of the distal radius and ulna. Because several years pass between the initiation of
epiphyseal plate fusion and complete fusion of the epiphysis it is important to assess the various
stages of epiphyseal plate fusion, rather than simply documenting whether an epiphysis is
‘fused” or ‘unfused’(Ubelaker, 1987). The degree of fusion was gauged using a four-stage
scoring system, modified from multiple studies ranging from three to five stage scoring
systems; where the following criteria determined the category of maturation allotted to each
epiphysis (Schmeling et al., 2004:a; Memchoubi, 2006; Nemade et al., 2010; Saint-Martin et
al., 2013; Lottering et al., 2015):

Stage I: Epiphyseal plate is classified as open; no sign of fusion is present (absence of
bridging). A complete radiolucent line is visible throughout the length of the epiphyseal
plate (Figure 3.4a).

Stage I1: Fusion between the epiphysis and the metaphysis has commenced and partial

union is visible (gap between contact surfaces is not continuous as bridging occurs).
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Characterised by a radio-dense area in the middle or on either side of the epiphyseal and

metaphyseal contact surfaces (less than 50%) (Figure 3.4b).

Stage I11: Advanced fusion of the epiphyseal plate occurs. Characterised by the presence
of a radio-dense area on more than 50% of the contact surfaces between the epiphysis
and the metaphysis (Figure 3.4c).

Stage 1V: Classified as the complete fusion of the epiphysis and metaphysis. The
epiphyseal plate is characterised by the obliteration of the space between the epiphysis
and metaphysis; thus, a radio-dense area is seen throughout the entire length of the
epiphyseal plate. Additionally, no break in the continuity of the periosteum is visible and
the epiphysis presents with the same density and architecture as the surrounding bone
(Figure 3.4d).

Any epiphysis that could not be scored due to visibility was omitted from the sample.
Additionally, comments were added with regard to the physical and morphological appearance
of the epiphyses during various stages of fusion. Scores were entered into an Excel spreadsheet

for further statistical analysis.
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Figure 3.4: Four-stage scoring system of epiphyseal plate fusion

In addition to assessing the timing of epiphyseal plate fusion, the prevalence of persistent
epiphyseal scars was evaluated. As mentioned previously, an epiphyseal scar is formed at the

locus of fusion between the metaphysis and epiphysis. It is characterised by a radio-dense,
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white, horizontal line when inspected on a radiograph. All radiographs of individuals older
than the estimated age of complete fusion (as calculated with TA) were examined in order to

determine whether an epiphyseal scar was still visible:
Absent (A): Epiphyseal scar absent.

Present (P): Epiphyseal scar visible.

a b

Figure 3.5: Evaluation of persistent epiphyseal scar: a) Absent b) Present
3.6 STATISTICAL ANALYSES

The scores of epiphyseal fusion allotted to each individual were used to calculate the frequency
distribution of each stage for the radius and ulna, respectively. The frequency distributions
were calculated separately for the sexes (males and females) and population groups (black and

white South Africans) to assess the effect of sex and population group on fusion of the wrist.

Data were tested for normality using the Shapiro-Wilks test; as the data was found to be
non-normal, non-parametric tests had to be used throughout. Possible mean age differences
were tested with a Kruskal-Wallis test using fusion stage, population group and sex as
independent variables, with tests for all two-way and the three-way interaction, using the 5%

level of significance (p < 0.05). A Kruskal-Wallis test is a non-parametric test that does not
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assume normality of the data (Laerd Statistics, 2017). Separate analyses were conducted for
the radius and ulna. Additionally, a frequency distribution was calculated to assess the
prevalence of a persistent epiphyseal scar. The prevalence of persistent epiphyseal scars
between black and white males and females were calculated for individuals who had achieved

stage IV fusion.

Transition analysis (TA) was conducted to obtain age ranges to model the South African
population. Transition analysis models the passage, or transition, of an individual from one
developmental stage to the next higher stage in an ordered sequence (Boldsen et al., 2002).
Essentially, TA provides a maximum likelihood estimate, which is the average age individual
is most likely to transition from one phase to the next (Langley-Shirley and Jantz, 2010).
Transition analysis has advantages over the more commonly employed percentile method, in
that it is less sensitive to developmental outliers (e.g. very early fusion), sample size constraints
and the effects of age mimicry in the sample (Shirley and Jantz, 2011). Using the cumulative
logit function in R, the model employs logistic regression to fit the intercept and slope of the
regression model to the data, which is then converted to the average age and standard deviation
of the age an individual will move from one stage to the next (i.e. age of transition) (Konigsberg
et al., 2008). The TA was conducted using uniform priors; uniform priors reflect a more
realistic approach as it makes no assumptions about the age distribution of the target population
(Lottering et al., 2015).

In addition to TA, Bayesian statistics were applied using the coefficient estimates calculated
with TA to determine the posterior distribution of age across the population for each stage.
Essentially, TA was used to estimate the average age individuals transition from one stage to
the next, while the Bayesian statistics were used to calculate the likely age of an individual to
whom a given phase is allotted (i.e. the Bayesian analysis will provide the average age
associated with a stage and TA will provide the likely age an individual will enter or leave that
stage). The combination of TA and Bayesian statistics was used to create the population-
specific aging standards for application on black and white South African subadults.

In order to assess inter-observer variation, 20 randomly selected radiographs of individuals
of variable age and population group were assessed and scored by an additional observer with
anthropological experience (Observer 2). Intra-observer variation was assessed through a
second evaluation of 20 randomly selected radiographs by the primary researcher (Observer
1). Selection of radiographs to be re-evaluated for inter- and intra-observer variation occurred
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through computer-aided random selection using Excel. This process occurred two weeks after

data collection had been completed.

Inter- and intra-observer variation were tested with Cohen’s Kappa (k) statistic. Kappa
statistics generate a numerical value of how much agreement is present compared to how much
agreement is expected to be present due to chance, and therefore provides information on the
repeatability of the data or method (Sim and Wright, 2005; Zaiontz, 2016). The Kappa value

is calculated as follows (Landis and Koch, 1977):

observed agreement — chance agreement
K=

1 — chance agreement

Kappa may take a negative value; a negative Kappa value is a rare occurrence and it implies
that the agreement between the two observers is less than would be expected by chance (Simon,
no date). However, we are only interested in the values that lie between zero and one (Zaiontz,
2016). Table 3.1 shows the scale demonstrating the level of agreement frequently used to
interpret the calculated Kappa value, which ranges from no agreement to very good agreement
(Landis and Koch, 1977).

Table 3.1: Scale for interpretation of k value

No agreement Poor Fair Moderate Good Very good
K 0 0.0-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8-1.0

v
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Chapter 4 RESULTS
4.1 OBSERVER VARIATION

Observer variation was tested with Cohen’s Kappa statistic and single score interclass
correlation coefficient (ICC). Table 4.1 indicates the quantification of inter- and intra-observer
variation for both the radius and ulna. Intra-observer agreement was found to be almost perfect
(following the Landis and Koch scale (1977)), with Kappa values calculated at 0.96 and 0.92
for the radius and ulna, respectively. Furthermore, ICC values greater than 0.9 were obtained
for both the radius and ulna. Almost perfect agreement was also observed for the inter-observer
variation of the radius (x = 0.80 and ICC = 0.93); however, precision in the scoring of the ulna
proved to be more difficult as only moderate agreement was achieved (k= 0.542, ICC =0.911).
The results demonstrate satisfactory consistency and repeatability of the scoring method when

applied to the radius.

Table 4.1: Quantification of observer variation with Cohen's Kappa statistic and interclass

correlation coefficient for scores of the radius and ulna

Skeletal element  Kappa (k)2 Single Score 95% CI

ICCP
Inter-observer Radius 0.80 0.93 0.84-0.97
variation Ulna 0.54 0.91 0.79-0.96
Intra-observer Radius 0.96 0.98 0.96-0.99
variation Ulna 0.92 0.97 0.93-0.99

& Kappa: 0.8-1.0 = almost perfect; 0.6-0.8 = substantial; 0.4-0.6 = moderate; 0.2-0.4 = fair;
0-0.2 = slight, <0.00 = poor (Landis and Koch, 1977).
b Interclass correlation coefficient, ICC: > 0.9 = excellent agreement (Koo and Li, 2016).

4.2 EXPLORATORY STATISTICS
4.2.1 Descriptive statistics

Descriptive statistics (means, standard deviations (SD) and age ranges) of each phase of
epiphyseal plate fusion of the distal radius and ulna in a South African population are shown

in this section.
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4.2.1.1 Radius

The distribution of the sample per stage of epiphyseal plate fusion of the distal radius is
depicted for the pooled sample (Table 4.2), separated by population group (Table 4.3),
separated by sex (Table 4.4) and separated by population group and sex simultaneously (Table
4.5). The mean age per stage increases from stage | to IV (Tables 4.2 — 4.5), with the highest
variability seen in stage IV throughout all groups, coinciding with a larger sample size.
Furthermore, observed age ranges overlapped within each group, suggestive of individual

variation in the rate of fusion (Figures 4.1 —4.4).

Table 4.2: Mean age, SD and age range of the radius per phase of fusion
for the pooled sample

Phase n Mean age SD Observed range
I 142 11.31 2.06 8-16
I 114 13.84 2.39 8-21
Il 75 15.94 1.70 11-23
v 451 22.82 4.27 12-30

*Values in years

Table 4.3: Mean age, SD and age range of the radius per phase of fusion
separated by population group

Group  Phase n Mean age SD Observed range
I 61 11.11 1.83 8-14
I 36 13.71 2.07 8-17
Black
i 21 15.95 1.65 12-18
v 214 24.10 4.05 15-30
I 81 11.46 2.21 8-16
I 78 13.90 2.53 8-21
White
i 54 15.93 1.74 11-18
v 237 21.67 4.15 12-29

*Values in years
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Table 4.4: Mean age, SD and age range of the radius per phase of fusion

separated by sex

Group  Phase n Mean age SD Observed range

I 50 10.56 1.78 8-15
I 50 12.95 2.67 8-20
Female
1l 42 15.36 1.93 12-18
v 204 22.35 453 12-30
I 92 11.72 1.86 8-16
1 64 14.53 1.89 9-17
Male

1l 33 16.67 0.96 14-18
v 247 23.21 4.02 15-29

*Values in years

Table 4.5: Mean age, SD and age range of the radius per phase of fusion separated by

population group and sex

Group Phase n Mean age SD Observed range
I 16 9.708 1.08 8-12
BF 1| 13 12.55 1.91 8-16
Il 11 15.14 1.85 12-18
v 89 23.72 4.29 15-30
I 45 11.61 1.79 8-14
1 23 14.32 1.9 9-17
BM
" 10 16.84 0.76 15-18
v 124 24.38 3.88 15-29
I 34 10.96 1.91 8-15
I 37 13.09 2.9 8-20
WEF
" 31 15.44 1.99 11-23
v 115 21.29 4.45 12-29
I 47 11.82 2.35 8-16
1| 41 14.65 19 9-21
WM
1 23 16.60 1.04 14-18
v 123 22.03 3.82 13-29

* Values in years
** BF = black female; BM = black male; WF = white female; WM = white male
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Figures 4.1 — 4.4 represent the progression of epiphyseal plate fusion from stage I (no
fusion) to stage IV (complete fusion) for black females, black males, white females and white
males, respectively. Figure 4.1 represents the progression of epiphyseal plate fusion of the
distal radius in black females. Stage I ranged between the ages of eight to 12 years, overlapping
with stage 1, which extended to 16 years of age. Stage Il1 began at 12 years and terminated at
18 years, where after 100% of black females had completed epiphyseal plate fusion. In black
males (Figure 4.2), stage 11 only began at the age of nine years. Stage Il overlapped with stage
| up to the age of 14 years, where after stage | terminated. Stage Ill began at age 15 and
terminated at age 18, followed by complete fusion of 100% of black males. Figure 4.3 shows
that in white females, stage | ranged between the ages of eight and 15 years, stage Il and Il
terminated at the age of 23 years. At the age of 24, 100% of white females had completed
fusion of the distal radius. In white males (Figure 4.4), stage 11 only began at the age of nine
years. Stage | and Il terminated by the ages of 16 and 17 years, respectively. Complete fusion

was displayed by 100% of white males over the age of 22 years.
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Figure 4.1: Progression of epiphyseal plate fusion of the distal radius in black females
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Figure 4.2: Progression of epiphyseal plate fusion of the distal radius in black males
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Figure 4.3: Progression of epiphyseal plate fusion of the distal radius in white females
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Figure 4.4: Progression of epiphyseal plate fusion of the distal radius in white males

4.2.1.2 Ulna

The distribution of the sample per stage of epiphyseal plate fusion of the distal ulna is depicted
for the pooled sample (Table 4.6), separated by population group (Table 4.7), separated by sex
(Table 4.8) and separated by population group and sex (Table 4.9). Similar to the radius, the
mean age per stage increased from stage | to IV (Table 4.6 — 4.9), with highest variability again
seen in stage 1V throughout all groups. Furthermore, observed age ranges overlapped within

each group, suggestive of individual variation in the rate of fusion (Figures 4.5 — 4.8).

Table 4.6: Mean age, SD and age range of the ulna per phase of fusion

for the pooled sample

Phase n Mean age SD Observed range
I 162 11.30 2.01 8-16
] 69 14.76 2.24 9-21
Il 76 15.47 1.85 11-23
v 465 22.62 4.36 12-29

*Values in years
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Table 4.7: Mean age, SD and age range of the ulna per phase of fusion

separated by population group

Group  Phase n Meanage SD Observed range
I 75 11.32 1.91 8-15
I 22 14.97 1.69 12-17
Black
i 15 15.36 1.21 13-16
v 219 23.94 4.15 14-30
I 87 11.29 2.1 8-16
I 47 14.66 2.47 9-21
White
i 61 15.50 1.98 11-23
v 246 21.45 4.22 12-29

* Values in years

Table 4.8: Mean age SD and age range of the ulna per phase of fusion

separated by sex

Group  Phase n Meanage SD Observed range
I 66 10.70 1.72 8-14
I 24 14.00 2.95 9-20
Female
i 38 14.71 2.00 11-23
v 216 22.01 4.63 12-30
| 96 11.72 2.09 8-16
1 45 15.16 1.65 12-21
Male
Il 38 16.24 1.30 13-19
v 249 23.15 4.05 13-29

* Values in years

Table 4.9: Mean age, SD and age range of the ulna per phase of fusion separated by

population group and sex

Group Phase n Mean age SD Observed range
I 23 10.24 1.50 8-13
I 6 13.69 1.45 12-16
BF
1 7 14.36 1.02 13-15
v 93 23.42 4.44 14-29
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I 52 11.80 1.88 8-15
I 16 15.38 1.61 12-17
BM
i 8 16.24 0.40 15-16
v 125 24.33 3.90 15-29
I 43 10.94 1.79 8-14
I 18 14.11 3.34 9-20
WF
1 31 14.78 2.17 11-23
v 123 20.95 4.50 12-29
I 44 11.62 2.34 8-16
I 29 15.03 1.69 12-21
WM
Il 30 16.24 1.46 13-19
v 124 21.96 3.87 13-29

* Values in years
** BF = black female; BM = black male; WF = white female; WM = white male

Figures 4.5 — 4.8 represent the progression of epiphyseal plate fusion from stage I (no
fusion) to stage IV (complete fusion) for black females, black males, white females and white
males, respectively. Figure 4.5 represents the progression of ulnar fusion in black females. An
open epiphyseal plate was present in all individuals up to the age of eleven years. Stage Il
ranged between 12 and 16 years. Stage 1l ranged between 13 and 15 years, complete fusion
was first observed at age 14. After the age of 16, black females displayed complete fusion of
the distal ulna. In black males (Figure 4.6), stage | continued up to the age of 15 years,
overlapping with stage Il from 12 to 15 years. Stage Ill ranged from 15 to 16 years of age.
Complete fusion in black males was only observed at the age of 18 years. Figure 4.7 shows
that initial fusion in white females occurred between nine and 16 years. Stage Il overlapped
with stage I, Il and 1V, ranging from 12 to 23 years of age. Complete fusion was first observed
at the age of 12 years in two individuals; however, complete fusion of the entire white female
sample was only observed at age 24. White males (Figure 4.8) entered stage Il of fusion from
the age of 12 years, overlapping with stage 111 from 13 to 17 years of age. Complete fusion

(stage V) of 100% of the white male sample was observed from age 23 onwards.
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Figure 4.5: Progression of epiphyseal plate fusion of the distal ulna in black females
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Figure 4.6: Progression of epiphyseal plate fusion of the distal ulna in black males
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Figure 4.7: Progression of epiphyseal plate fusion of the distal ulna in white females
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Figure 4.8: Progression of epiphyseal plate fusion of the distal ulna in white males
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4.2.2 Exploratory analyses

A test for normal distribution of the data were performed using a Shapiro-Wilks test. Results
indicated that the data distribution were non-normal (p-value < 2.2e-16); as such non-
parametric statistical tests had to be employed. A Kruskal-Wallis test was performed to
identify statistically significant differences between groups (Laerd Statistics, 2017), and
showed statistically significant differences between the mean ages of distal epiphyseal plate
fusion of the radius and ulna (Table 4.10).

Table 4.10: Results of the Kruskal-Wallis tests for evaluating statistically

significant differences in epiphyseal fusion of the radius and ulna

Comparison p-value

Pooled sample Radius — Ulna <2.2e-16
Black — White 0.01288

Radius Male — Female 0.14680
Pooled 0.01973

Black — White 0.07350

Ulna Male — Female 0.13580
Pooled 0.06394

*Statistically significant differences are highlighted in bold.

For the radius, statistically significant differences were detected between the fusion times
of black and white South Africans as well as for the comparison within the pooled sample.
However, no statistically significant differences were found between males and females for the
chronological age of fusion (Table 4.10). For the ulna, no statistically significant differences

were found between population groups or sexes (p>0.05) (Table 4.10).

A Kruskal-Wallis test is only indicative if whether or not a statistically significant difference
is present; if more than two groups are compared, as is the case with the population-sex group
of the radius, a post-hoc test is required to determine where the differences occur (Dunn’s test:
Definition, 2017). Thus, a post-hoc Dunn-test with a Benjamini-Hochberg adjustment was
performed. Dunn’s test revealed that statistically significant differences were present between

black females and white females and black females and white males (Table 4.11).
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Table 4.11: Results of the post-hoc Dunn-test evaluating statistically

significant differences among the population-sex subgroups

Comparison p-value
black female — black male 0.11493
black female — white female 0.03804
black male — white female 0.62315
black female — white male 0.01408
black male — white male 0.31993
white female — white male 0.54866

*Statistically significant differences are highlighted in bold.
4.3 TRANSITION ANALYSIS

Transition analysis was conducted to estimate the average age of transition from one stage of
fusion to the next. Hereafter, Bayesian statistics were applied to estimate the average age at
which an individual was found in a specific stage of epiphyseal plate fusion using different
confidence intervals. Transition analysis was conducted for groups that displayed statistically
significant differences (p<0.05). Therefore, TA models were run for the radius and ulna with
all groups pooled, as well as for black and white individuals (with sexes pooled). No TA was

run for the sexes as no statistically significant differences were observed.
4.3.1 Radius

Bayesian estimates for the radius indicating the mean age at transition between various stages
of fusion are presented in Tables 4.12 and 4.13 for the pooled sample and the sample separated
by population group. The age estimate increased as the individuals transitioned from one stage
to the next in the ordered sequence. Overlap of the age ranges occurred between transition
stage II-111 and 111-1V in the pooled sample (Table 4.12) as well as for black individuals (Table
4.13). White individuals transitioned from one stage to the next at a younger age compared to
black individuals (Table 4.13). Population differences between transition stages are present
for all stages of epiphyseal plate fusion. The peaks on the graphs for black individuals are
higher and narrower, while the graphs for white individuals are flatter and wider (Figures 4.9

—4.10). Thus, white individuals remain longer in one stage than black individuals.
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Table 4.12: Bayesian estimates showing the average age-

at-transition for the radius (pooled sample)

Transition stage Estimate (tSEM) SD
I-11 12.45 + 0.66

H-111 15.14 + 0.76 1.18
Hi-1v 16.86 + 0.81

* Estimates in years

Table 4.13: Bayesian estimates showing the average age-at-transition
for the radius per population group
Group Transition stage Estimate (zSEM) SD
I-11 12.81 +1.33
Black [-111 15.35+ 1.54 0.998
Hi-1v 16.95+ 1.67
I-11 12.19£0.76
White [-111 15.04 £ 0.86 1.300
-1V 16.85+ 0.93

* Estimates in years
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Figure 4.9: Probability density plot for age-at-transition distributions of the radius in black

individuals
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Figure 4.10: Probability density plot for age-at-transition distributions of the radius in white

individuals

Tables 4.14 — 4.16 present posterior density estimates for the radius with confidence
intervals demonstrating the mean age range of individuals within a specific stage of fusion.
Thus, posterior mean values signify the estimated mean age associated with a given stage of
development with a certain degree of confidence (95%, 90%, 75% and 68%, respectively).
Confidence intervals represent the probability that an individual will fall within a particular age
range if that individual displays morphological characteristics associated with a certain stage
of epiphyseal plate fusion. Thus, CI’s are reported alongside the posterior mean values in order

to derive age estimates, with the 95% CI used most frequently (Lottering et al., 2015).

Posterior distribution estimates regarding stage IV of epiphyseal plate fusion may provide
misleading age estimates due to the fact that the upper age limit is designated by the upper age
limit of the study sample (i.e. 30 years). Thus, using the 95% CI (Table 4.14), complete fusion
of the distal radius, within the pooled sample, was achieved between the ages of 16.0 years and
18.6 years. Furthermore, an age estimate of < 12.8 was afforded to an individual displaying
stage | of epiphyseal plate fusion of the distal radius (95% CI).

Using the 95% CI, black individuals reached complete fusion of the distal radius earlier
compared to white individuals. In contrast, stage | is associated with younger individuals in
white South Africans than in black South Africans (Tables 4.15 — 4.16).
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A wider age range was seen for stage | of fusion (Figure 4.11). Additionally, within stage

IV of fusion, it is clear that white individuals display a wider age range at which fusion is

completed (Figure 4.12).

Table 4.14: Posterior distribution estimates for the radius demonstrating the mean age per phase

in the pooled sample

Stage | Stage 11 Stage 111 Stage IV
Mean CI 6.84 13.78 15.96 20.15
95% ClI <12.81 11.02-16.53 13.49-18.55 >15.97
90% ClI <12.23 11.36-15.10 13.90-18.07 >16.58
75% CI <11.09 12.15-15.43 14.53-17.45 >17.353
68% ClI <10.63 12.37-15.20 14.67-17.26 >17.70

* Estimates in years

Table 4.15: Posterior distribution estimates for the radius demonstrating the mean age per phase
in black South Africans

Stage | Stage Il Stage 111 Stage IV
Mean ClI 6.92 14.07 16.16 18.50
95% ClI <13.21 11.66-16.48 13.97-18.28 >15.91
90% CI <12.53 12.06-16.15 14.34-18.00 >16.29
75% ClI <11.42 12.66-15.51 14.83-17.43 >16.85
68% ClI <11.01 12.82-15.39 15.02-17.21 >17.10

* Estimates in years

Table 4.16: Posterior distribution estimates for the radius demonstrating the mean age per phase

in white South Africans

Stage | Stage 11 Stage 111 Stage IV
Mean CI 6.82 13.62 15.98 21.46
95% ClI <12.84 10.59-16.64 13.22-18.67 >16.16
90% ClI <12.15 11.09-16.16 13.76-18.21 >16.82
75% ClI <10.88 11.86-15.48 14.37-17.55 >17.89
68% ClI <10.45 12.06-15.24 14.61-17.33 >18.28

* Estimates in years
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Figure 4.11: Probability distributions for the radius (pooled sample)
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4.3.2 Ulna

Bayesian estimates for the ulna, indicating the mean age at transition between various stages
of fusion, are presented in Table 4.17. The age estimate increased as the individuals
transitioned from one stage to the next in the ordered sequence. No overlapping was observed
between the transition stages. No statistically significant differences were observed for the
ulna separated by population group (Table 4.10). However, for the sake of consistency,
Bayesian estimates for the ulna separated by population group is shown in Annexure C (Table

C1, Figures C5 — C6), as the information it provides proved to be of little use.

Table 4.17: Bayesian estimates showing the average age-
at-transition for the ulna (pooled sample)

Transition stage Estimate (:SEM) SD
-1 13.22 +0.78

H-111 14.86 £ 0.84 1.11
Hi-1v 16.49 £0.90

* Estimates in years

Table 4.18 presents posterior density estimates for the ulna with confidence intervals
demonstrating the mean age range of individuals within a specific stage of fusion. Complete
fusion (stage V) of the ulna was attained between 15.6 and 18.2 years (95% CI). Furthermore,
an age estimate of < 13.5 years was afforded to an individual displaying stage | of epiphyseal
plate fusion of the distal radius (95% CI).

Higher variability was found to be present for the first stage of epiphyseal plate fusion, due

to the wider age range observed (Figure 4.13).

Table 4.18: Posterior distribution estimates for the ulna demonstrating the mean age per phase
(pooled sample)

Stage | Stage 11 Stage 111 Stage IV
Mean CI 7.29 14.00 15.73 19.36
95% ClI <13.50 11.69-16.21 13.34-18.21 >15.59
90% ClI <13.00 12.02-15.89 13.66-17.78 >16.24
75% ClI <11.77 12.54-15.38 14.36-17.20 >17.09
68% ClI <11.33 12.80-15.18 14.52-17.03 >17.73

* Estimates in years

53



Stage | Stage |l Stage Il

Stage IV

020

0.15 —

010 —

Density

0.05 —

Chronological Age (years)

Figure 4.13: Probability distributions for the ulna (pooled sample)

4.4 MODEL ACCURACY

The accuracy of the four stage scoring system proved to be high when applying the 95% CI

age estimates of the pooled sample to the current study sample. Model accuracy for the radius

and ulna (all stages) was 83.9% and 85.1%, respectively. Accuracy per stage for each bone is

reported in Table 4.19.

distribution estimates (pooled sample) for both the radius and ulna to each stage of epiphyseal

plate fusion of the study sample.

individuals, displaying morphological characteristics of a specific stage, that fall within the

predicted age range.

Model accuracy was calculated by applying 95% CI posterior

Therefore, accuracy represents the percentage (%) of

Table 4.19: Accuracy of the four stage scoring system using 95% ClI

Stage | Stage 11 Stage 111 Stage IV
Radius 73.2% 77.2% 89.3% 95.8%
Ulna 84% 73.9% 85.5%. 96.8%
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4.5 PERSISTENT EPIPHYSEAL SCAR

The presence of a persistent epiphyseal scar was evaluated using the estimated age of complete
fusion of the pooled sample as calculated with TA. Using the 95% CI for the pooled sample
(Tables 4.14 and 4.18), the radius and ulna were estimated to complete epiphyseal plate fusion
by the age of 18.6 and 18.2 years, respectively. Persistent epiphyseal scars were found to be

present in 89 individuals for the radius and eight individuals for the ulna (Table 4.19).

Table 4.20: Frequency of persistent epiphyseal scar

Epiphyseal scar Epiphyseal scar Frequency
present (n) absent (n) (%)
Radius 364 89 275 24.45
Ulna 377 8 369 2.12
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Chapter 5 DISCUSSION

The current study is the first to report epiphyseal plate fusion standards of the distal radius and
ulna in two South African populations with the application of TA and Bayesian statistics rather
than merely employing mean data. The application of robust statistical analyses allows for the
creation of more reliable age estimation standards for the distal radius and ulna that are specific
to the South African population, and in so doing makes the method compliant with Daubert
guidelines. This section will discuss the maturity of the wrist among other South African
studies with respect to sample size differences, SES, as well as methodological differences.
Furthermore, the practical application of the current method will be discussed, with emphasis

on variation in statistical analyses and the advantages of TA.
5.1 MATURITY OF THE WRIST IN THE SOUTH AFRICAN POPULATION

With the implementation of TA and Bayesian analysis, the current investigation demonstrates
that complete epiphyseal plate fusion of the distal radius occurs between ages of 15.9 and 18.3
years and 16.2 and 18.7 years in black and white South Africans, respectively (95% CI).
Whereas, complete fusion of the ulna is attained from 15.6 to 18.2 years in the pooled sample.
As the results did not identify major differences between the population groups, the use of the
models created from the pooled datasets is recommended for practical application of the
method.

Internationally recognised standards of Schaefer et al. (2009) and Scheuer and Black (2000),
as well as numerous other studies (Davies and Parsons, 1927; Paterson, 1929; Uysal et al.,
2004; Baumann et al., 2009) demonstrated a two-year delay in males for the onset of puberty,
with resultant earlier epiphyseal plate fusion in females. Among South African groups, Lakha
(2015) noted similar findings. Yet, the current study does not demonstrate distinct differences
between the sexes (Figures 5.1 and 5.2). Females enter each stage of fusion slightly earlier
compared to their male counterparts, which is consistent with variation observed by Patel et al.

(2011), but the distinct two-year gap is not observed.
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Figure 5.1: Comparative age estimation standards for the distal radius
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Figure 5.2: Comparative age estimation standards for the distal ulna

Population differences for epiphyseal plate fusion have been reported by various authors for
the distal radius (Figure 5.3) and ulna (Figure 5.4) (Dvorak et al., 2007; Lakha, 2015). Studies
using four or five stage scoring systems for the degree of epiphyseal plate fusion of the distal
radius and ulna were compared for different population groups, including a recent South
African study (Stevenson, 1924; S. Schmidt et al., 2008:a; Patel et al. , 2011; Lakha, 2015). In
addition, differences within the same population group from different regions have been
reported (Banerjee and Agarwal, 1998; Nemade et al., 2010). Causative factors for the
difference in timing of skeletal maturation among different population groups have been
suggested to range from environmental factors such as SES, nutritional intake to biological

57



differences as well as individual variation within each population group (Christensen et al.,
2014; Lottering et al., 2015).
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Figure 5.3: Comparative radiographic age ranges for the distal radius
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Figure 5.4: Comparative radiographic age ranges for the distal ulna

A narrower age range for epiphyseal plate fusion of the distal radius and ulna was noted in
this sample when compared to similar South African studies. In other words, the process of
fusion in the wrist (as observed with the current sample) appears to be fairly rapid. Lakha
(2015) reported age ranges of 15 to 20 years and 12 to 18 years for the fusion of the distal
radius and ulna for males and females, respectively. Whereas complete fusion of the wrist
(inclusive of the distal radius and ulna) was attained at 21 years of age in a study by

Dembetembe and Morris (2012). Thus, indicating earlier age of complete fusion for males.
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Possible reasons for variation from the other studies include influences of SES, differences in

sample size and composition as well as differences in scoring method and statistical analyses.
5.1.1 Socio-economic influences

Socio-economic status plays an important role in skeletal development. Higher SES of a
sample may result in advanced skeletal development compared to samples, such as that of
Lakha (2015), which consisted of individuals of low SES. The effect of SES may be observed

in variation between sexes as well as among population groups.

Numerous studies have reported advanced environmental buffering in females, suggesting
that males are more sensitive to environmental influences during growth and development.
Advanced female buffering is thought to be due to the fact that females play a larger role in
reproduction and should therefore be able to adapt more easily to changes in the environment
(Stinson, 1985). Studies conducted to compare the effects of environmental stressors on males
and females have found that males display retarded growth and skeletal maturation compared
to females (Tanner, 1962). It has been suggested that the level of sexual dimorphism or sex
differences within a population are related to environmental influences (Hiernaux, 1968).
Therefore, in a low socio-economic environment, males display delayed growth and
development when compared to their female counterparts; however, when socio-economic
circumstances improve males display a more marked increase in growth and development
(Tobias, 1972). Researchers have also suggested that males display more pronounced changes
in response to environmental fluctuation than females. When considering the maturation of
the distal radius and ulna in Lakha’s (2015) study, individuals of low- and mid SES were
included. As this sample was obtained from a private clinic, the individuals in the current study
were of mid- to high SES. Lakha (2015) reported a delay in the timing of epiphyseal plate
fusion in males compared to females, whereas no difference was observed for the current study.
Thus, observed variation between the findings may be attributed to the differences in SES of
the study samples. Lakha’s (2015) sample consisted of individuals from lower SES and as
males are more adversely affected by environmental influences, a delay in their development
may have been observed. Whereas, the current study sample included individuals of a higher
SES, therefore improved conditions potentially may have resulted in maturation rates

comparable to females.

Significant population differences were observed for the epiphyseal plate fusion of the

radius. Specifically, white South Africans reached each transitioning stage earlier compared
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to black South Africans in the sample. Findings differ from a similar South African study
where no population differences were noted for the maturation of various epiphyses, including
the wrist, in black, coloured, Indian and white population groups (Lakha, 2015). Population
differences observed in the current study may be attributed to the socio-political history of the
South African population (Lakha, 2015). During the Apartheid regime, population groups were
segregated in public, geographic locality and education (Anderson et al., 2002). Each
population group was assigned a certain set of rights and privileges (Anderson et al., 2002).
Further, each group had their separate educational and health care systems, with white
individuals having access to superior institutions and resources (Lakha, 2015). Thus, directly
affecting accessibility to resources such as health care and nutrition for non-white populations.
With this regard, differences between black and white South Africans are influenced by two
factors: (i) Forced segregation between population groups, resulting in decreased within-group
variation, with between-group variation becoming more prominent; and (ii) Restricted
accessibility to resources resulting in lower SES (Stull et al., 2014; Lakha, 2015). As SES is
determined by an array of factors such as education, income, health and nutritional status, it
has been shown to influence skeletal maturity, either positively or negatively (Cole, 2000;
American Psychological Association, 2016). Since the end of the Apartheid era in 1994, signs
of increased SES have been observed (Hawley et al., 2009). Factors include decrease in infant
mortality rates, decrease in age of menarcheal onset as well as accelerated skeletal maturation
(Hawley et al., 2009). However, a decrease in age of menarcheal onset as a singular factor
may not indicate SES. Hawley (2009) conducted a study to determine whether a secular trend
is present for skeletal maturation in the South African population. Results found that both
black and white South Africans displayed advanced skeletal maturity compared to results from
a 1962 study, whilst black South Africans displayed a more marked advance in skeletal
maturation than whites (Hawley et al., 2009). Possibly indicating improved SES as a result of
improved circumstances and access to resources post-apartheid (Hawley et al., 2009). As no
significant changes occurred in the SES of white individuals, no marked difference in skeletal

maturation is expected.

The enforcement and subsequent cessation of Apartheid may have contributed to the
difference in skeletal maturation between South African population groups. Yet, differences
observed in the current study amount to only a few months. Therefore, the effects of Apartheid
on population differences of skeletal maturation may have been reduced through improved

nutrition, health care and social status (Hawley et al., 2009). Indicating that our sample are of
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higher SES, thereby reducing differences previously observed between segregated population
groups. Observed differences are therefore attributed to biological differences between the

population groups.
5.1.2 Sample size and composition

Sample size differences and composition may play a role in the observed variation among
South African studies. Larger sample sizes, as utilised by Lakha (2015), result in greater
variability sampled from the target population; possibly explaining the wider age range
reported for her standards. A one to three-year delay is observed for the current sample (pooled
sample) when compared to the proposed age ranges for males and females in the former study;
i.e. commencement of epiphyseal plate fusion occurs later in the current sample. However,
complete fusion in males is attained one year earlier in the current study. Additionally, the
black females group for this study was substantially smaller compared to the other groups
sampled. Lastly, lack of significant sex differences may be an expression of the lower
variability sampled or the fact that the male sample was larger than the female sample (Cardoso
etal., 2014).

In contrast, Dembetembe and Morris (2012) employed a much smaller study sample. A
smaller sample size may not be representative of the population under investigation, and may
further be more severely influenced by outliers (Unite for sight, 2015). Moreover, Dembembe
and Morris (2012) only assessed epiphyseal plate fusion among black South African males,
thereby excluding females and other population groups.

5.1.3 Methodology and statistical analyses

Difference in scoring methods and statistical analyses may result in the variation expected in
the timing of epiphyseal plate fusion within the same population. A greater variance for the
epiphyseal plate fusion of the wrist is observed for males when compared to Dembetembe and
Morris’s (2012) results, reporting complete fusion of the wrist at the age of 21 years in black
males. Differences may be attributed to the fact that Dembetembe and Morris (2012) utilised
the GP standards compared to the four stage scoring system of the current study. The GP
standards employ a ‘plate comparison’ method, whereby the hand and wrist are compared to a
specific age standard. Multiple studies have reported problems associated with the application
of GP standards to other population groups. Problems have been reported with regard to the

over- and underestimation of age, poor recognition of ancestral differences as well as existent
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variation; as the atlas depicts only the ‘normal’ standard (Lakha, 2015). Concerns with regard
to the reproducibility of this method has also been raised as a great number of elements may
provide conflicting information, resulting in difficulty assigning one specific comparative plate
(Bull et al., 1999; Bunch et al., 2017; Schaefer et al., 2018).

Regarding statistical analysis, the present study employs more robust statistical methods,
thereby reducing the effects of outliers. The wider age range by Lakha (2015) as can be seen
for the females, may be attributed to the fact that mean values were utilised to predict age
ranges, a method that is prone to age mimicry of the reference sample. Mean values may be
influenced by outliers and skewed data resulting in reliability and reproducibility issues. The
mean values of the current study indicate earlier fusion in females by approximately 12 months;
however, after the application of Bayesian statistics and TA, differences were reduced to non-
significant. Therefore, even with the presence of high levels of variation within the South
African population, the current method provides narrower and more precise age ranges for the
epiphyseal plate fusion of the distal radius in a modern South African population, without

compromising accuracy.
5.2 PRACTICAL APPLICATION

The standards proposed provide an accurate and reliable method for age estimation within a
South African sample. The effects of outliers and age mimicry in the sample was reduced
through the application of more robust statistical analysis (Langley-Shirley and Jantz, 2010;
Lottering et al., 2015). Furthermore, four different probabilities are provided (68%, 75%, 90%
and 95%) for each stage, referred to as confidence regions rather than CI calculated around a
mean value. The confidence regions hereby provide a probability that an individual will fall
within a certain age range given that the distal radius or ulna display the radiomorphological
characteristics associated with that given stage (Langley-Shirley and Jantz, 2010). The
probability regions include conservative proportions of individual variability in the epiphyseal
plate fusion times within the South African population, thereby contributing to more accurate
estimates (Langley-Shirley and Jantz, 2010; Lottering et al., 2015; Schaefer et al., 2018).
Anthropologists aim to provide age estimates which is both accurate and precise. However,
individual variation as well as the effects of environmental influence on the skeleton makes
this task difficult. Accuracy refers to a certain degree of confidence (for example 95%) that an
individual will fall within the range produced. Confidence intervals (CI’s) provide additional

information on point estimates. By establishing CI’s, mean and standard deviation of the study
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sample are used to calculate minimum and maximum values. A 95% CI implies that the true
mean of the sample is bound within the minimum and maximum value 95% of the time, i.e. an
individual has a 95% chance of falling within the proposed range. Confidence intervals can
subsequently be increased to increase accuracy; however, this would result in a broader range
to accommodate a greater number of sample means. Conversely, CI’s may be reduced (for
example 68%), thereby increasing precision through a narrower range. Though, by employing
a lower ClI, anthropologists run the risk of misclassifying the age of an individual. By using
the 95% CI with subsequent posterior distribution estimates, anthropologists are able to

produce an accurate age range based on the degree of fusion in the distal radius and ulna.

Although statistically significant, the observed differences in the timing of epiphyseal plate
fusion of the distal radius between black and white South Africans amount to only a few
months. Thus, separate standards for black and white South Africans are not justified as the
application thereof would negatively affect the practical application. Due to the small
differences observed between the fusion times of black and white individuals, separate age
ranges may result in confusion and difficulty in its application. When an age estimate is applied
to a set of skeletal remains, the estimate would be rounded off to range, for example, between
16 and 19 years. As results indicate that age ranges overlap, identical age ranges would likely
be reported for both population groups. Moreover; currently, no methods for estimating
ancestral or population group in subadults exists; further supporting the application of
standards for a pooled sample. Epiphyseal plate fusion in a pooled South African population
was therefore found to occur between the ages of 16 and 19 years for the both the distal radius
and ulna (95% CI). Using the 95% Bayesian probability distributions, it can be assumed South
Africans displaying an open epiphyseal plate, characterised by a radiolucent line without
bridging between the epiphyseal surfaces, are younger than 14 years. Individuals displaying
less than 50% fusion between the epiphyseal surfaces, are suspected to be under the age of 17
years. Individuals that exhibit more than 50% radio-density within the epiphyseal plates, but
not full fusion due a small radiolucent area within the epiphyseal plates, may be estimated to
be younger than 19 years of age. The age limit of the final stage may be influenced by the
upper age limit of the study sample. Thus, the estimate age range for complete fusion of the
distal radius may be calculated using the upper limit of the preceding phase (stage I11) and the
lower limit of the final phase (stage V). Therefore, it can be said that individuals displaying

complete fusion of the distal radius or ulna have a 95% chance of being older than 16 years.
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The four stage scoring system as used in the current study proved to be reliable and
repeatable when applied to the distal radius. Issues with regard to inter-observer reliability
were, however, encountered with the scoring of the distal ulna. This may be due to the
anatomical position and movement associated with the distal radius and ulna. During pronation
and supination of the hand, the distal portions of the radius and ulna rotates over one another.
Therefore, slight movement or ill-positioning of the hand during an X-ray may compromise
the view of either bone. Furthermore, the principal investigator was unable to score the ulna
on multiple occasions. Therefore, it is recommended that when both bones are available for
assessment, the radius be scored for a more reliable age estimate. However, during subadult
forensic cases, the availability of skeletal elements may be scarce. In cases where only the ulna
is available for assessment, the standards will be sufficient. Although differences in the fusion
times of the distal radius and ulna were found to be significant in the current study, the
differences amount to a few months. Stevenson (1924) emphasised the close proximity in time
in which the distal radius and ulna attain complete fusion. Subsequently, many authors have
proposed identical age ranges for the distal radius and ulna (Paterson, 1929; Abbie and Adey,
1953; Lakha, 2015). As with practicality issues regarding separate standards for black and
white South Africans, separate standards for the use of forensic age estimation is not justified.
Therefore, a standard ranging from 16 to 19 years for the epiphyseal plate fusion of the distal
radius and ulna is proposed. When applying the 95% CI age ranges, as proposed by the current
study, to both the radius and ulna; accuracy ranged from 73.2% to 96.8%.

The medico-legal application of age assessment is important when considering the age of
the accused, especially in cases where the accused are under the age of 14 years or between the
ages of 14 and 18 years. Penal laws differ with regard to accountability and sentencing of
juvenile individuals (RSA, 1997, 2005; Cameriere et al., 2012). By applying the proposed age
estimation standards, individuals displaying non-fusion of either the distal radius or ulna, are
estimated to be younger than 14 years of age and may not be arrested (RSA, 2008). The current
study provides valid evidence that an individual displaying advanced to complete fusion of the
distal radius and ulna, has reached a minimum age of 19 years, using the 95% CI. However,
to establish age of majority, the proposed standards will not be sufficient when applied in
isolation. A combination of age estimation methods, such as examination of dental status
through X-ray of dentition and physical examination (body weight and height, constitutional
type as well as examination for sexual maturity characteristics) be applied in order to establish

whether or not age of majority has been reached (Schmeling et al., 2008).
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Based on the high levels of agreement and low error rates as found by Lakha (2015) for the
application of standards for epiphyseal plate fusion derived from radiographs on dry skeletal
remains in a South African population; proposed standards of the current study may be applied
to dry skeletal remains for the purpose of age estimation (Schaefer et al., 2018). However,
findings should be interpreted with caution as concerns have been raised with standards derived
from radiological methods being applied to dry bone (Ubelaker, 1987; Lakha, 2015). Thus,
proposed standards should first be validated by applying the current method to a skeletal
population of known age and population group. In addition, due to the fact that Lakha (2015)
employed a low SES sample, the proposed method should be applied to both low and high SES
samples to determine whether accurate age estimates may be achieved. Further, other age
estimation techniques should be combined with the proposed method, such as dental analysis
and the assessment of other available epiphyses. Epiphyses that have been reported to have
high correlation with chronological age include the proximal humerus, medial epicondyle,

femoral head, distal femur and iliac crest (Lakha, 2015).

The interchangeability of radiographic methods and other scanning modalities such as MRI
and ultrasound have yielded controversial results (Schaefer et al., 2018). Magnetic Resonance
Imaging (MRI) provides a higher contrast and definition compared to radiographic images,
resulting in differences in age estimations (Schaefer et al., 2018). Whereas the use of
ultrasound to assess the degree of epiphyseal plate fusion produces difficulties as the entire
epiphyseal plate cannot be visualised or accessed (Schaefer et al., 2018). Therefore,
interchanging of the proposed standards with other scanning modalities without further

research is not recommended as inaccurate age estimations may be obtained.

A persistent epiphyseal scar plays an important role in medico-legal settings as it indicates
that epiphyseal plate fusion has completed, whether recently or not (Davies et al., 2016). Thus,
when applying the proposed standards, the presence of an epiphyseal scar indicates that an
individual is older than 16 years of age. The highest age at which an epiphyseal scar was
observed in the present study, was 29 years and 23 years for the radius and ulna, respectively.
Using the 95% CI, complete fusion of both epiphyses occurs between the ages of 16 and 19
years. Indicating that an epiphyseal scar may be visible long after epiphyseal plate fusion has
been completed. It is important to note that persistent epiphyseal scars may be present in much
older individuals as maximum age of visible epiphyseal scars were limited by the age range as
part of the inclusion/exclusion criteria of the study. Therefore, evaluating the presence or

absence of an epiphyseal scar for age estimation based on the epiphyseal plate fusion of the
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distal radius and ulna may result in an underestimation of a given individuals age. Similar
observations have been reported in literature, for example Davies et al. (2016) reported no
statistically significant differences between chronological age and the persistence of an
epiphyseal scar in the radius and stated that a maximum age should not be applied to a persistent
epiphyseal scar. Further, Stevenson (1924) cautioned against the use of an epiphyseal scar as
a sign of recent fusion as it may result in overestimation of chronological age. Thereby
concluding that a persistent epiphyseal scar should not be considered a criterion for skeletal

maturation as correlation is insufficient to infer a relation.
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Chapter 6 CONCLUSION

The estimation of subadult biological parameters for medico-legal purposes is an important
and under developed field of research in South Africa. The current study aimed at producing
more accurate and reliable radiographic age estimation standards for the epiphyseal plate fusion
of the distal radius and ulna in a modern South African population. Related studies have been
conducted on a South African population; however, posterior predictive statistics were applied
in the present study, to provide more reliable age estimates with a known error rate, in order to
comply with standards of best practice (Christensen and Crowder, 2009; Langley-Shirley and
Jantz, 2010). Transition analysis and Bayesian statistics were applied to obtain the maximum
likelihood age estimate and the average age of transition among the stages, respectively
(Lottering et al., 2015). This is in contrast to the use of mean values, which may yield a variety
of difficulties, such as being influenced by outliers and resultantly being wrongfully
interpreted. Data for the epiphyseal plate fusion show that complete fusion of the distal radius
and ulna occur between the ages of 16 and 19 years in the pooled sample (95% CI). Further,
results of this study show earlier age of complete fusion compared to previous South African
studies, particularly for males.

The lack of sex differences may be due to a combination of improved SES of the current
sample when compared to previous studies, as well as the fact that males tend to be more
adversely affected by environmental influences. The present study likely included individuals
from higher socio-economic circumstances, therefore males displayed an increase in skeletal
maturation compared to results of a former South African study. Another factor to consider is
that females are suggested to display a more marked buffering effect in response to
environmental changes, thus the increase in SES may not have resulted in changes in female
skeletal maturation. The results indicate that combined age estimation standards for the distal
radius and ulna in both white and black males and females may be used.

Age estimation standards as proposed by the current study may be applied in clinical,
academic and medico-legal purposes on both living individuals and skeletal remains.
However, for application to forensic cases, the method must first be validated by applying the
proposed standards to a skeletal sample. For medico-legal purposes, the use of the 95% ClI is
recommended as it demonstrates accurate and precise standards for age estimation in a South

African population. Further, the current set of standards have been objectively tested and
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reports a known potential error rate; thereby ensuring standards of best practise required for

forensic application.

The next step for future research may be to gauge the effects of SES by comparing the
results of the pooled sample to data obtained from multiple institutions with known ancestry
records that showcase different levels of SES. Future research may comprise expansion of the
current study by including multiple epiphyses in order to create a multifactorial model to
increase accuracy of age estimation in subadults. Additionally, to assess the interchangeability
of the current scoring system with other scanning modalities, such MRI and ultrasound.
Finally, and most importantly, to assess the applicability of the current scoring system on dry
skeletal remains in order to determine whether it may be applied to forensic cases where age is

unknown.
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ANNEXURE C: DEMOGRAPHC INFORMATION

Table C.1: Age, sex and population distribution of study sample

Age range Black White
(years) Male Female Male Female Total
8 4 5 9 6 24
9 7 6 4 13 30
10 8 7 7 8 30
11 9 1 4 10 24
12 8 5 13 13 39
13 12 7 14 17 50
14 8 3 18 11 40
15 9 4 23 18 54
16 11 6 16 14 47
17 8 5 18 20 51
18 9 10 13 11 43
19 6 4 14 12 36
20 6 5 10 13 34
21 6 7 11 5 29
22 18 3 12 8 41
23 4 4 9 5 22
24 7 3 9 4 23
25 10 12 6 4 32
26 14 8 8 7 37
27 10 5 5 5 25
28 11 9 4 4 28
29 18 9 6 9 42
30 0 1 0 0 1




ANNEXURE D: ADDITIONAL RESULTS

Variation of Chronological Age between the Population Groups
for each Phase of the Radius

30 ‘

25 ‘
w . ) Population
& 20- . Group
S e
3 15- ‘ | E'W

O

101 ‘

[ |
|' I I v
Phase

Figure D.1: Boxplot for the variation of chronological age between population groups for each
stage of fusion for the radius

Variation of Chronological Age between the Sexes for
each Phase of the Radius
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Figure D.2: Boxplot for the variation of chronological age between sexes for each stage of
fusion for the radius
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Variation of Chronological Age between the Population Groups
for each Phase of the Ulna
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Figure D.3: Boxplot for the variation of chronological age between population groups for each
stage of fusion for the ulna
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Figure D.4: Boxplot for the variation of chronological age between sexes for each stage of
fusion for the ulna
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Table D.1: Bayesian estimates showing the average age-
at-transition for the ulna (pooled sample)

Group Transition stage Estimate (tSEM) SD
11 13.93+1.94

Black -1 15.46 £ 2.10 0.83
Hn-1v 16.50 £ 2.20
11 12.75+£0.85

White -1 14.54+ 0.91 1.25
Hi-1v 16.51+ 0.98

* Estimates in years
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Figure D.5: Probability density plot for age-at-transition distributions of the ulna in black

individuals
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Figure D.6: Probability density plot for age-at-transition distributions of the ulna in white

individuals
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Table D.2: Posterior distribution estimates for the ulna demonstrating the mean age per phase

in black South Africans

Stage | Stage 11 Stage 111 Stage IV
Mean CI 7.42 14.70 15.98 16.56
95% ClI <13.92 12.77-16.47 14.26-17.63 > 14.85
90% ClI <13.44 13.15-16.19 14.56-17.35 >15.17
75% ClI <12.37 13.60-15.80 14.96-16.95 >15.62
68% ClI <11.82 13.76-15.66 15.10-16.79 >15.74

* Estimates in years

Table D.3: Posterior distribution estimates for the ulna demonstrating the mean age per phase

in white South Africans

Stage | Stage 11 Stage 111 Stage IV
Mean CI 7.01 13.66 15.50 20.78
95% CI <13.08 10.79-16.35 12.81-18.22 >15.82
90% ClI <12.50 11.30-15.89 13.32-17.71 >16.41
75% CI <11.34 12.13-15.28 13.95-17.03 >17.40
68% CI <10.91 12.34-15.04 14.16-16.83 >17.74
* Estimates in years
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Figure D.7: Probability distributions for the ulna (per population group)
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