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ABSTRACT  

The formation of a biological profile is usually the first task undertaken when skeletal remains 

are analysed by a forensic anthropologist. This includes the estimation of biological sex and 

skeletal age. As humans are sexually dimorphic, anatomical differences are present in the 

skeleton, markedly after the age of puberty. Age related changes can also be quantified in the 

skeleton from birth until death; initially manifesting in the formation of the skeleton to adulthood, 

and thereafter degeneration during senescence.  

To date, there has been little forensic research focusing on age and sex related morphoscopic 

features visualized in high resolution multiple detector computerized tomography (MDCT) 

scans. This project aims to further knowledge in this area, with a specific focus on applying the 

Phenice method for sex estimation, and the Brooks and Suchey method for age estimation, in a 

Western Australian population.  

The sample comprises 500 pelvic MDCT scans of adult individuals. All scans are obtained from 

a PACS database that contains medical scans from patients presenting to various Western 

Australian hospitals. Although ancestry is not known, it is inferred that the scans are 

representative of the Western Australian population.  

Prior to data collection, a precision test is performed to quantify measurement error. Bilateral 

asymmetry is evaluated prior to any analysis. The Phenice method is evaluated using the 

statistical package SPSS to determine its accuracy when applied to a Western Australian 

population, and to highlight the most sexual dimorphic of the three traits assessed. The Suchey-

Brooks method is also statistically evaluated, and Western Australian specific age standards are 

formed. Transition analysis is employed to determine the age at transition between age phases 

for that population. 

Intra-observer error is evaluated in the precision test for both methods. Three repeat 

assessments of 40 MDCT scans resulted in a Fleiss-Kappa value of above 0.89 for the Phenice 

assessments and above 0.88 for the Suchey-Brooks assessment. This was interpreted using 

the Landis and Koch method, and both tests were considered to have almost perfect agreement 

between assessments. No significant bilateral asymmetry was found in the pelvic regions of 

interest for either study. 

The Phenice sex estimation method provided positive results, with 92% of the sample correctly 

assessed according to sex. There was a noticeable sex bias, with 10% more females correctly 

assigned than males, however both sexes had acceptably high accuracy rates (97% and 86% 

respectively). The most accurate results were derived from using all three traits.  

With regard to the Suchey-Brooks age estimation method, an R2 value of 0.779 demonstrated a 

good fit between the predicted mean age and actual age, however when standards were 

formed, the 95% range and associated error rate was large. It is apparent that degeneration of 
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the symphyseal face is relatively delayed in the Western Australian population compared to the 

original standards. As expected, the level of error tends to increase with increasing age. The 

transitional age between phases is also assessed, along with associated error rates. These 

error rates were also high due to the broad age ranges associated with each phase.  

The present research demonstrates that the Phenice method can be applied successfully to a 

Western Australian population with a high degree of expected accuracy. Whilst the Suchey-

Brooks method is deemed applicable, the level of error associated with each phase may limit 

the use of the method when forming a biological profile. The research also provides evidence 

that clinical MDCT scans can be used for both methods. 
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Chapter One 

Introduction 

1.1 Background to the study 

Forensic anthropology is the application of the science of physical anthropology to questions of 

a legal nature. It involves the analysis of skeletal, partially decomposed, or heat modified 

remains that are not identifiable using traditional methods, such as visual inspection or 

fingerprint matching (Cattaneo 2007). A forensic anthropologist may also be requested to 

analyse materials from a crime scene, most often when a pathologist requires assistance with 

highly decomposed or fragmented remains. Fleshed remains may also be examined if they lack 

identity, primarily to provide an estimate of age. An anthropologist may also be required to 

assist in mass disaster scenarios (Disaster Victim Identification); these may include natural 

disasters, such as the 2009 Black Saturday bushfires in Victoria (Blau and Briggs 2011), mass 

fatalities, such as the MH17 plane crash in 2014 (O'Callaghan 2014), or acts of terrorism, such 

as the 2001 World Trade Centre attack (Budimlija et al. 2003).  

In recent years forensic anthropologists have been required to lend their expertise to cases 

involving living people, mainly when the age of illegal immigrants is unknown (Cunha et al. 

2009). This is important, as 18 years is the age of legal culpability in Australia, and an illegal 

adult immigrant may be charged and imprisoned for a minimum of five years, whereas a juvenile 

under the age of 18 will be deported (AHRC 2014). In these cases medical images (such as X-

rays or CT scans) are taken and examined by a forensic anthropologist, who will then formulate 

an estimation of age (Dirnhofer et al. 2006; Santos et al. 2011). Although forensic anthropology 

is not typically used as a primary identification method (with some exceptions: e.g. medical 

devices with known serial numbers) it can be of considerable use to narrow the pool of possible 

matching identities in missing person files. This typically involves providing an estimation of 

morphological attributes useful towards establishing a biological profile (Ubelaker 2013), and 

see below.  

An anthropologist’s first task is to determine whether the remains are in fact bone, which can 

generally be ascertained by a visual assessment of their size, shape and texture in comparison 
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with known samples, both animal and human. Microscopy can be utilized to examine highly 

fragmented material; specifically surface features showing signs of graininess consistent with 

bone (Schultz 2012). If determined to be biological in origin, an assessment is then performed 

to determine whether the bone(s) are of human or non-human origin. This is usually performed 

macroscopically, by examining morphoscopic skeletal features, as there are usually anatomical 

differences between human and non-human bones (Saulsman et al. 2010) that relate to 

biological function; e.g. differences in locomotion. Knowledge of the local fauna is essential to 

this assessment, as it is important to know to which possible animals the unknown bone most 

probably belongs. In this case, it may be necessary to compare the bone(s) to reference 

skeletal collections, both human and non-human (Adams and Crabtree 2008; France 2008; 

Mulhern 2009).  

If a visual examination does not determine the origin of the bone(s), due to either highly 

damaged or fragmented specimens, a histological examination of the osteonal structure may be 

performed (Mulhern and Ubelaker 2001). Adult human bone usually has a Haversian system, in 

which the osteons are round in shape, with concentric layers encircling a central canal 

(Urbanova and Novotny 2005). In contrast, most nonhuman animals have plexiform bone, in 

which the osteons are layered in a parallel structure, giving a brick like appearance (Tersigni-

Tarrant and Shirley 2013). As such, any bone fragment that display a plexiform osteonal 

structure are more likely to be non-human in origin (Brits et al. 2013; Hillier and Bell 2007).   

As noted above, when presented with a decedent, a forensic anthropologist will be requested to 

provide a biological profile. This involves estimating the age, sex, ancestry and stature of the 

deceased based on the analysis of their skeletal remains (Holobinko 2012). The latter can be 

supplemented by an analysis of trauma, which will determine any physical injury or pathological 

conditions. Taphonomic assessment is used to differentiate between observed peri-mortem (i.e. 

unhealed fractures) or post-mortem (i.e. carnivorous scavenging) skeletal damage (Coelho and 

Cardoso 2013; Moraitis and Spiliopoulou 2010). This is performed by examining the type of 

trauma and any fracture patterns that differ between ‘fresh’ (peri-mortem) and ‘dry’ bone (post-

mortem), which may help towards cause of death findings (Dirkmaat et al. 2008). The presence 

of ante-mortem injuries can assist to further narrow the pool of missing person records; i.e. 

healed fractures or skeletal pathology (such as osteoporosis) for which medical treatment would 
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have been sought (Freidl 1995). Any estimations developed in this analysis should then be 

supported by positive identification methods, such as DNA profiling (Hartman et al. 2011) or 

dental analysis (Hill et al. 2011).  

1.2 Age and sex estimation in the adult skeleton 

In order to form a biological profile, the estimation of age and sex are often the first 

assessments performed, as the accurate estimation of ancestry and stature is largely 

dependent on prior assumption of the former. Age and sex can be estimated using either 

morphoscopic (visual) or morphometric (metric) methods depending on the specific case 

material referred; if a complete skeleton is available, then both morphoscopic and morphometric 

approaches may be applied. The focus of the present thesis is the development of 

morphological methods, and as such, these are the primary focus of the present chapter. 

Knowledge of sex and age is of considerable importance to investigators, as it narrows the 

number of individuals in the missing persons database, thus providing data towards establishing 

identity. 

1.2.1 Skeletal Sex 

There are a multitude of sex-specific morphological differences in the skeleton that can be used 

to identify sex. These morphological traits can be analysed by comparing them to a set of 

known reference standards (Dawson et al. 2011). In particular, the pelvis is one of the most 

sexually dimorphic regions in the human skeleton, due mainly to sex specific biological 

functions (such as childbirth) that requires a specific morphology (Garvin 2012). As the majority 

of sexual differences develop after puberty, sex estimation is generally only attempted in adult 

remains (Garvin 2012; Osipov et al. 2013) 

Phenice (1969) developed one of the earliest morphoscopic methods of estimating sex based 

on pelvic anatomy. This method involves the visual assessment of three pelvic features: the 

subpubic concavity; ischiopubic ramus; and the ventral arc (Phenice 1969). This method is 

widely used to estimate sex because it is simple to apply and highly accurate (original quoted 

accuracy rates of 96 to 100%) (White and Folkens 2005). There have been many studies that 

have analysed the accuracy of the Phenice method since its publication, with most confirming 
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rates over 80% (Lovell 1989; MacLaughlin and Bruce 1990; Ubelaker and Volk 2002), albeit 

dependent on the experience of the analyst due to the subjectivity of the approach. This method 

is reviewed in further detail in Chapter Three. 

1.2.2 Skeletal Age 

Age at death is usually estimated once the biological sex of the decedent is known, as many of 

the available approaches for age estimation are sex-specific. A significant issue confronted by 

forensic anthropologists is the possible variance between chronological and skeletal age. The 

former is the actual time since birth, whereas the latter is the physiological state of an individual 

(Cunha et al. 2009). Usually the two are highly correlated, however in some cases, due to 

individualistic environmental factors, and non-uniformity in the rate of bone degeneration 

between populations, there may be a large difference  (Buckberry and Chamberlain 2002). This 

could mean that unknown remains may have an estimated age assigned that is either 

considerably older (or younger) than their actual chronological age. Skeletal age, however, is 

the closest possible proxy to the actual chronological age of an unidentified individual (Nawrocki 

2010).   

The pelvis is another key skeletal element for age estimation in adults, particularly the pubic 

symphysis. Todd (1920) formulated a 10-phase system of estimating age based on 

morphological changes in the symphyseal face. This original work by Todd has since been 

revised (Gilbert and McKern 1973; Hens et al. 2008), most notable by Suchey and Brooks 

(Brooks and Suchey 1990) who devised a six phase model combining some of the later phases 

that were known to consistently over estimate age. Their revised model was also based on a 

larger contemporary sample, with both female and male individuals analysed individually. 

Brooks and Suchey did not provide an overall accuracy rate for the method, and instead provide 

a 95% range and a mean age for each phase for each sex. For example, the female Phase One 

has a mean estimated age of 19.4 years, with a 95% range of 15-24 years (Brooks and Suchey 

1990). As age increases, the 95% range increases significantly, with Phase Six having a mean 

age of 60 years with a 95% range of 42-87 years. 
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1.3 Population Specificity 

Geographical and temporal variation often occurs within and between populations, and as such 

a population in one geographic area will often be genetically distinct from a population in a 

different region (Foster and Sharp 2004; Weiss 1995). Similarly, a population from 100 years 

ago will be genetically different to modern day populations, which is often manifested in 

morphological differences. Genetically separate populations will often differ in robusticity, the 

degree of sexual dimorphism, age related skeletal changes, and body size (Steyn and Patriquin 

2009). Due to this morphoscopic skeletal variation between populations, any analysis 

undertaken using standards formed for a genetically or temporally distant population will result 

in a loss of predictive accuracy (Karkhanis et al. 2014).  

1.3.1 The Contemporary Australian Population 

Whilst both the Phenice and the Suchey-Brooks methods are known to be forensically useful, 

neither method has been empirically tested in a Western Australian population. As both 

methods were formulated on temporally, geographically and genetically distinct populations, it is 

likely that they would lose some degree of predictive accuracy when applied to a contemporary 

Western Australian population.  

Furthermore, there are presently no Western Australian specific standards for the morphoscopic 

(visual) estimation of sex and age using pelvic morphology (Franklin et al. 2014). The latter, if 

left unrectified, has the potential to compromise forensic investigations (Franklin and Flavel 

2014). As there are no contemporary documented (known age, sex and ancestry) skeletal 

collections in Australia, appropriate anthropological standards must be formulated based on the 

analysis of data acquired from alternative biological sources, such as clinical multiple detector 

computed tomography (MDCT) scans.  

1.4 Forensic Standards 

One of the most important aspects of a forensic anthropological analysis is the use of relevant 

standards. Standards are sets of statistical data that form the basis of sex, age, stature and 

ancestry estimations, and are widely available for specific populations in the published 

literature. However, many of the standards currently available are based on the analysis of 
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documented (e.g. known age and sex) non-contemporary human skeletal remains, such as the 

Hamman-Todd Collection (USA 1910-1940) or the Maxwell Museum Skeletal Collection (USA 

1984-present) (Komar and Grivas 2008). Due to the rate of global migration in modern society, 

which has increased the amount of genetic integration between previously separate groups, 

these non-contemporary skeletal collections may not accurately represent contemporary 

populations (Franklin et al. 2012c).  

1.5 Subjectivity 

Forensic anthropology involves the assessment and analysis of human remains in order to 

ascertain their identity. However, much of the work performed by a forensic anthropologist can 

be highly subjective in nature, particularly morphoscopic analyses, as they can depend on 

observer experience of classifying the degree of expression of a trait, the presence or absence 

of a trait, or simply the shape of a bone (Hefner 2009). Morphoscopic traits are thus often not 

able to be analysed to the same statistical rigor as morphometric assessments, because they 

force traits that vary continuously into discrete categories (Hefner and Ousley 2014).   

It is, however, possible to statistically analyse morphoscopic features (e.g. using discriminant 

function analysis (McDowell et al. 2012), thus providing some degree of statistical robusticity to 

morphoscopic assessments. In contrast, a morphometric analysis is often less subjective, as 

there will be clearly defined landmarks and measurements, and as such generally has lower 

rates of inter- and intra-observer error. However, morphometric analysis will often require 

access to specialized equipment or expertise (Spradley and Jantz 2011). Subjectivity can be an 

issue when using morphoscopic analytical methods, especially when observer error is high, as a 

thorough knowledge of the method is required. As a result, accuracy rates may be lower than 

those presented in morphometric analyses, which are not as reliant on experience, and thus 

vary less between examiners.  

1.6 Research Aims 

There is a relative paucity of forensic research specifically focusing on age and sex related 

morphoscopic features visualized in high resolution MDCT scans. This project aims to further 

knowledge in this area, with a specific focus on applying the Phenice method for sex estimation, 
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and the Brooks and Suchey method for age estimation, in a Western Australian population. The 

specific aims of this thesis are as follows: 

i)  To statistically quantify the accuracy of the Phenice method of sex estimation in 

a Western Australian population 

The Phenice method of sex estimation was developed more than half a century ago, on a 

sample both temporally and genetically removed from the modern Western Australian 

population. It is conceivable that the predicted high accuracy rate of above 90% may not be 

achievable when applied to the latter population. This project aims to evaluate both the 

accuracy and precision of the Phenice method and assess its suitability for forensic application 

within an Australian population. 

ii) To statistically quantify the accuracy of the Brooks and Suchey method of age 
estimation in a Western Australian population 

The Brooks and Suchey method for age estimation was developed over 20 years ago, based on 

the analysis of a mid 20th century American population. For the Australian forensic practitioner, 

this means that the latter standards are optimized for a genetically and historically distinct 

population. It is essential that the accuracy of the method be tested in a modern Western 

Australian population, as if this method were to be applied, quantification of accuracy is a legal 

requirement for forensic casework. This project will also devise Western Australian specific age 

estimation standards based on the approach of Brooks and Suchey.  

iii) To evaluate subjectivity in morphoscopic methods and determine the rate of 

intra-observer error 

Both methods being tested (Aims i and ii) are based on the visual analysis of skeletal traits, and 

as such the derived results can be highly subjective. It is important that an individual 

consistently makes biological assessments both accurately and precisely; otherwise there is the 

possibility that the derived forensic standards (statistical models) are not statistically robust and 

estimates based on the latter are less accurate. This study aims to evaluate the level of 

subjectivity and intra-observer error in both methods. 
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1.7 Data Collection 

The sample for the current study comprises 500 pelvic MDCT scans of adult (≥18 years of age) 

individuals. These MDCT scans are obtained from a Picture Archiving and Communications 

System (PACS) database containing medical scans from patients presenting to various Western 

Australian public hospitals. Only MDCT scans that did not show obvious trauma (such as 

fractures) and/or pathological damage (such as severe osteoporosis) to the pelvic region are 

utilized in this project.  

All scans obtained from the PACS database are anonymised, with sex and age the only known 

patient information retained. Although ancestry is not known, it is inferred that the scans are 

representative of the Western Australian population (Franklin et al. 2012a; Karkhanis et al. 

2014). Ethical approval to undertake this study was granted from the University of Western 

Australia’s Human Research Ethics Committee (Project No RA/4/1/4362). 

1.8 Potential limitations of this study 

There are some potential limitations to this study that must be considered, in particular the lack 

of ancestral information related to the individuals studied. The latter data are not recorded when 

medical scans are taken, as it is usually deemed not medically relevant. It is possible that 

variation related to heterogeneity in the sample will affect sex and/or age classification rates, but 

the methods should still perform at an acceptable level (Franklin et al. 2012a; Karkhanis et al. 

2014).  

1.9 Thesis Outline 

This thesis is presented in seven chapters. Chapters Two to Four inclusive provide a review of 

relevant literature: Chapter Two introduces the anatomy of the pelvis and reviews relevant 

forensic analytical techniques; Chapter Three discusses sex estimation in the adult skeleton; 

and Chapter Four reviews age estimation in the adult skeleton. Chapter Five outlines the 

materials, and methods used to acquire and analyse the sex and age data collected from the 

pelvic scans. Chapter Six presents the results of this study, which are discussed in Chapter 

Seven; specifically the precision and accuracy of the methods tested, the subjectivity of the 

methods, and their future use in forensic anthropology within Australia.  
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Chapter Two 

Pelvic Skeletal Anatomy and Virtual Forensic Analyses 

2.1 Introduction 

The present study focuses on sex and age estimation based on the morphoscopic analysis of 

pelvic morphology. This requires a basic understanding of both pelvic skeletal anatomy and 

current forensic practice. The aim of the present chapter is to describe the relevant skeletal 

anatomy of the pelvis. Thereafter a discussion of virtual anthropology and forensic standards, 

and their place in forensic anthropology, is presented. 

2.2 Skeletal Anatomy of the Pelvis 

The human pelvis is a collection of four main elements that articulate to form the one structure. 

The os coxae are formed through the fusion of three bones in childhood:  ilium (light grey); 

ischium (white); and pubis (dark grey) (Figure 2.1). The sacrum and coccyx are posterior and 

articulate laterally with the two hipbones (os coxae) at the sacroiliac joint; the latter articulate 

anteriorly at the pubic symphysis (Figure 2.2). On the lateral surface of each os coxa is the 

acetabulum, which articulates with the femoral head (Martini et al. 1998).  

 

Figure 2.1: The three individual bones that fuse to form the os coxa. (a) right lateral view 

and (b) right medial view (Van De Graaff et al. 2014). 
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Figure 2.2: Anterior (a) and posterior (b) aspects of the articulated human pelvis (Martini et 

al. 1998) 
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The pelvis (or pelvic girdle) attaches the lower limbs to the axial skeleton. It is responsible for 

the transmission of weight from the spine to the lower limbs and for facilitating locomotion 

(McMinn et al. 1998). The pelvic girdle also protects and supports the abdominal and pelvic 

organs, and acts as an anchor for many muscle attachments in both the abdomen and the legs 

(White and Folkens 2005). It is the anterior pelvis that is of interest in this study, specifically the 

pubic bone and the symphyseal face.  

The pubic symphysis is anterior between the two surfaces of the pubic bone. Each symphyseal 

face is covered with hyaline cartilage and linked across the midline by fibrocartilage (Drake et al. 

2014). Two main ligaments are associated with the pubic symphysis; the superior (above the 

symphysis) and the inferior (below the symphysis) pubic ligaments (Figure 2.3) (Drake et al. 

2012). There are also two smaller ligaments; the anterior and posterior pubic ligaments. The 

pubic symphysis is a stationary joint that resists tensile, compressive and shearing forces, whilst 

still allowing for a small amount of movement in most adults (around 2mm). The main function of 

the pubic symphysis is to absorb shock that occurs during weight bearing activities such as 

walking. The width of the pubic symphysis is between 4-5mm, and it is usually wider anteriorly 

than posteriorly, however this can expand to up to 9mm during pregnancy and childbirth 

(Becker et al. 2010). Differences in biological functioning have given rise to many sex specific 

morphological features in the human pelvis, a selection of which are summarised in Table 2.1. 

 

Figure 2.3: Anterior view of the pubic bone depicting the pubic symphysis connected by the 

superior and inferior pubic ligaments (Drake et al. 2012). 
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Table 2.1: Sex specific morphological difference in the human pelvis (Franklin et al. 2014; 

Iscan and Steyn 2013) 

Trait Female Male 

Pelvis Gracile, smaller, smoother Robust, marked muscle sites 

Subpubic angle U-shaped, more obtuse angle 
(89.4 W.A mean) 

V-shaped, smaller angle (69.4° 
W.A mean) 

Subpubic shape Concave Convex 

Ventral arc Well defined Absent 

Obturator foramen Small, triangular Large, often ovoid 

Acetabulum Small Large 

Greater sciatic notch Large, shallow, wide Small, deep, close 

Ischiopubic Ramus Pinched Broad/flat 

Sacroiliac joint Small, oblique Large 

Auricular surface Flat Raised 

Ilium Lower, laterally divergent High, usually vertical 

Sacrum Shorter, broader Longer, narrower 

Pelvic inlet Circular, elliptical Heart-shaped 

 

2.3 Musculature of the pelvis 

Skeletal muscles are soft tissues that are attached to bone by tendons (Romanes 1996) and 

perform five main functions: i) producing skeletal movement; ii) maintaining posture and body 

position; iii) support of soft tissues; iv) guard entrances and exits (openings of digestive/urinary 

tracts); and v) maintain body temperature (Martini et al. 1998). Muscles, which contract to 

produce a specific action, begin at an origin and end at an insertion. Almost all skeletal muscles 

originate or insert in the skeleton, thereby allowing free movement. There are a variety of 

muscles that act on (or attach to) the pelvis; these are described in Tables 2.2 and 2.3. There 

are several muscles that are particularly important in human movement, such as the gluteus 

maximus, which facilitates movement from the pelvis to the thigh. The gluteus medius and 

minimus are also vital as they allow thigh rotation (Figure 2.4).  
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Table 2.2: Muscles of the pelvic floor and perineum and their origin, insertion and action 

(Marieb 1998). 

Muscle Origin Insertion Action 

Levator ani Pubis to ischial 
spine 

Coccyx Supports position of 
Pelvic viscera 

Coccygeus Spine of Ischium Sacrum and coccyx Supports pelvic 
viscera 

Deep transverse 
perineus Ischial rami Central tendon of 

perineum 
Supports pelvic organs 

Sphincter Urethrae Ischiopubic rami Midline raphe Constricts urethra 

Ischiocavernous Ischial tuberosity’s 
Crus of corpus 
cavernosa 

Retards venous 
drainage 

Bulbospongiosus Central tendon of 
perineum 

Anteriorly into 
corpus cavernosa 

Empties male urethra 

Superficial transverse 
perineus Ischial tuberosity 

Central tendon of 
perineum 

Stabilizes midline 
tendon of perineum 

 
 

Table 2.3: Posterior muscles originating on pelvis and their origin, attachment and action 

(Marieb 1998). 

Muscle Origin Attachment Action 

Gluteus 
maximus Anterior iliac crest Iliotibial tract 

Major extensor of 
thigh 

Gluteus 
medius 

Lateral surface of the 
ilium 

Gluteal tuberosity of the 
femur 

Rotates thigh, 
steadies pelvis 

Gluteus 
minimus 

External surface of 
the ilium 

Anterior border of greater 
trochanter 

Rotates thigh, 
steadies pelvis 

Piriformis Anterolateral surface 
of sacrum 

Superior border of greater 
trochanter Rotates thigh laterally 

Obturator 
externus 

Outer surface of 
obturator membrane 

By a tendon into trochanteric 
fossa of posterior femur 

Rotates thigh 
laterally, stabilizes 
hip joint 

Obturator 
internus 

Inner surface of 
obturator membrane 

Greater trochanter  
Rotates thigh 
laterally, stabilizes 
hip joint 

Gemellus Ischial spine Greater trochanter 
Rotates thigh 
laterally, stabilizes 
hip joint 

Quadratus 
femoris 
 

Ischial tuberosity Greater trochanter 
Rotates thigh 
laterally, stabilizes 
hip joint 
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Figure 2.4: Lateral view of the pelvic muscles (Martini et al. 1998). 

 

2.4 Skeletal Growth and Development 

Bone growth determines the overall size and proportions of the human body. Cortical bone 

serves as an attachment site for muscles. Histological differences can be seen in areas where 

focused biomechanical forces are at work, such as muscle attachments or joints. As age 

advances, there will be a rise in the number, and a decrease in the size of Haversian systems, 

reflecting both an increase in remodelling and in bone porosity (Hillier and Bell 2007).  

Bones are adaptable to the forces acting on them, and as such their specific morphology is 

relatively ‘plastic’ (Ritchie et al. 2009). Muscle attachment sites are often visible as bumps (or 

ridges) on the surface of a bone, which will increase in size if the corresponding muscle is more 

heavily loaded; e.g. strength training or occupational activity. Heavily stressed bones, such as 

the femur, will be larger and stronger, whereas less stressed bones, such as the clavicle will be 

lighter and more brittle (Rabey et al. 2015) .  

Normal bone growth is dependent on a combination of nutritional and hormonal factors. These 

hormonal factors are especially important and account for skeletal differences between the 

sexes, such as skeletal size and rates of skeletal growth (Cox and Mays 2000).  Androgens in 
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particular (such as testosterone) are strongly related to skeletal dimorphism. As testosterone is 

more abundant in males, it induces higher rates of muscle formation (Laurent et al. 2014; 

Veldhuis et al. 2005).  This increase in muscle mass leads to the bone diaphysis supporting 

higher compressive forces, which promotes increases bone remodelling and deposition where 

muscles insert (Biewener 2003; Robling et al. 2006). This results in an overall body size 

difference in males and females, along with a difference in skeletal size. 

2.5 Virtual Anthropology 

The term virtual anthropology was first coined in the 1990’s, and describes the study of 

morphology (specifically human), in two, three or four dimensions (Weber and Brookstein 2011). 

Virtual anthropology often involves the collection of data based on 2D or 3D technologies, such 

as X-rays, MRI (magnetic resonance imaging) and CT (computed tomography), which thus 

facilitates the electronic (virtual) analysis of anatomical structures. Virtual anthropology can be 

of particular use in cases where a traditional (physical) autopsy cannot be performed, such as 

religious objections; in these situations, a virtual autopsy (virtoposy) can be used as a method to 

determine cause of death without physically altering the remains. This method also allows data 

to be easily distributed to specialists who may not be accessible for a traditional autopsy (Thali 

et al. 2003).  

As there are no contemporary documented (known age, sex and ancestry) skeletal collections 

in Australia, analysis of skeletal material is largely now focussing on using these 3D images as 

an alternative source of biological reference data (Brough et al. 2012). These images can be 

used in the place of physical bone, with measurements or observations taken directly from the 

scan. There is a large body of research that has analysed the viability and accuracy of using 

these medical scans for forensic research, and there is a general consensus that that they are a 

viable alternative to physical bone for both morphoscopic and morphometric analysis (Dedouit 

et al. 2007; Grabherr et al. 2009; Ramsthaler et al. 2010; Sholts et al. 2010) (Decker et al. 2011; 

Telmon et al. 2005). Franklin et al (2012b) demonstrated that MSCT scans provide a suitable 

alternative to dry bone for the acquisition of data for a Western Australian population (Franklin et 

al. 2012b). 
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There are many advantages to ‘virtual anthropology’ – it can be a more rapid approach when 

analysing fleshed individuals, as CT scans do not require fully skeletonized remains to allow for 

the visualization of bone. Fully and partially fleshed remains do not need to be prepared 

(macerated or cleaned), saving time and preserving any flesh for further forensic analysis. 

Virtual autopsy is also a non-destructive method and provides a permanent archive of data that 

can be used in the future, as in some cases the physical remains may not be available for 

further analysis; e.g. due to subsequent cremation (Wink 2014). Clinical scans also provide a 

representation of individuals residing within a specific geographic location and allow large 

samples to be studied.  
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Chapter Three 

Sex Estimation in the Adult Skeleton 

3.1 Introduction 

Skeletal sex estimation is often the first assessment performed by a forensic anthropologist. Sex 

can be estimated using either morphoscopic or morphometric approaches. Knowing the sex of a 

decedent can often narrow the pool of possible missing person files by eliminating members of 

the non-matching sex from further investigation, which is of obvious benefit to investigating 

authorities. There are a multitude of sex-specific morphological differences in the skeleton that 

can be used to identify sex, which can be analysed by evaluating them in relation to an 

appropriate set of known reference standards (Dawson et al. 2011). This chapter will define the 

biological concept of sexual dimorphism and explain its relationship to skeletal sex estimation. 

Thereafter, methods specific to morphoscopic estimation of sex in the human pelvis, specifically 

the Phenice method, are reviewed in detail. 

3.2 Sexual Dimorphism 

Human bone growth is a mechanism controlled by both hormones and genetics. During puberty 

there is an increase in hormone production and a subsequent surge in bone growth (Frayer and 

Wolpoff 1985). It is this hormonal surge that results in the development of sexually dimorphic 

skeletal traits observable in adults (≥18 years old). Sexual dimorphism thus describes size and 

morphological differences that can be observed between male and females (Iscan 2005).  

When compared to other primate groups, humans are significantly less sexually dimorphic, 

however, there are still numerous skeletal differences. Sexual dimorphism in humans is 

multifaceted and related to behavioural, physiological and anatomical differences. It is generally 

accepted that it is only feasible to estimate sex in the skeleton after puberty, once the sexually 

dimorphic regions have fully developed (Braz 2009).  

Generally, a female skeleton will be smaller and more gracile than a male skeleton in the same 

population (Albanese et al. 2005; Albanese et al. 2008; Berrizbeitia 1989; Franklin et al. 2013). 

However, natural variation results in some overlap between the sexes, meaning smaller (more 
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gracile) males and larger (more robust) female than average. This crossover may result in a 

lack of accuracy, with remains being misclassified as either male or female, affecting the 

accuracy of the estimation of other biological attributes (Rosing et al. 2007). Whilst all 

populations are sexually dimorphic to some degree, skeletal differences between the sexes may 

differ in their magnitude and expression in different populations (Bennet 1981). It is thus 

essential that population specific data is used for any anthropological analyses, to ensure the 

most accurate results are achieved.  

3.3 Forensic Sex Estimation 

When estimating sex, there is a benchmark of 50% accuracy regardless of the method used; 

there is approximately a 1:1 ratio of males to females in the Australian population (ABS 2014), 

thus there is a mathematical 50/50 chance of any individual being either male or female. 

Traditionally, the skull and pelvis are the two most commonly studied skeletal elements for 

estimating sex, as both are known to be highly dimorphic due to sex-specific biological 

functioning (Bruzek 2002; Gonzalez et al. 2007; Spradley and Jantz 2011). However, complete 

skeletons are not always referred to the forensic practitioner and other methods can be used. 

Different skeletal elements and methods have varying accuracy rates for estimating sex (Bruzek 

2002; Ishak et al. 2012; Macaluso 2010) and as such, it is important that highly accurate 

methods are used, according to the remains available for analysis.  

Skeletal sex can be estimated using both morphoscopic and morphometric methods. A metric 

approach involves the statistical analysis of measurements to estimate skeletal sex; this is 

highly accurate due to size differences between the sexes. Several skeletal elements display 

measurable sexual dimorphism, each with varying accuracy rates, including: the cranium with 

accuracy rates at 90+% (Fatah et al. 2014; Giles and Elliot 1963); the pelvis which can be used 

to achieve accuracy rates of around 93% (Gonzalez et al. 2009); long bones such as the femur 

yield up to 93% accuracy (Spradley and Jantz 2011);  and the sternum with an accuracy of 

around 84% (Bongiovanni and Spradley 2012).  

Morphoscopic sex estimation is based on the visual examination of skeletal traits in sexually 

dimorphic bones. These traits can be scored according to a defined grading system; for 

example, 1 to 5, with 1 being the most feminine expression, 5 being the most masculine 
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expression and 3 being undetermined. Determining the presence (or absence) of a specific trait 

is another method commonly used, along with examining the shape of a particular skeletal 

element (Hurst 2012; Wescott 2015).  

3.4 Pelvic Sex Estimation 

The pelvis is one of the most sexually dimorphic regions in the human skeleton, due mainly to 

sex specific biological functions (such as childbirth) that require a specific morphology (Bierry et 

al. 2010; Decker et al. 2011; Gonzalez et al. 2009; Krogman and Iscan 1986). As such, it is 

often assessed as an indicator of biological sex when skeletal remains are analysed. As the 

majority of sexual differences develop after puberty, pelvic sex estimation is most accurate, and 

should only be attempted, in adult remains (Garvin 2012; Osipov et al. 2013). The pelvis can be 

assessed using both morphometric and morphoscopic methods (Djorojevic et al. 2014; Hessey 

et al. 2014; Moore 2013). 

There are many different approaches to the metric analysis of the pelvis. For example, the 

subpubic angle is commonly measured and compared to a demarking point; this method has 

been shown to have a high accuracy rate of 86% (Small et al. 2012). It is also possible to use a 

multivariate approach, using several pelvic measurements, such as the pelvic inlet, sacral width 

and the depth of the greater sciatic notch to estimate sex, which has been also shown to be 

highly accurate (93%) (Franklin et al. 2014).  

There are a suite of morphological differences between the male and female pelvis. Generally 

the sacrum and os coxae will be smaller and less robust in females than males, whereas the 

pelvic inlets will be wider in females. Females also often have a wider sciatic notch and a larger 

subpubic angle. These difference have been examined and quantified, for example: Bruzek 

(2002), achieved a 95% classification accuracy; Rogers and Saunders (1994), claimed up to 

98% accuracy, and the Phenice (1969) method, which is claimed to be 96% accurate (Bruzek 

2002; Phenice 1969; Rogers and Saunders 1994).  
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3.5 Phenice Method 

Phenice (1969) developed one of the first morphoscopic methods based on the analysis of 

pelvic morphology. The method involves the morphological assessment of three pelvic features; 

the ischiopubic ramus, the ventral arc and the subpubic concavity (Figure 3.1) (Phenice 1969). 

The typical female morphology includes: i) a bony ridge forming a ventral arc on the ventral 

surface of the pubic bone (A1) running from the pubic crest down to the subpubic concavity, 

blending with the medial border of the subpubic concavity; ii) a concave subpubic arch (C3); 

and iii) a pinched ischiopubic ramus, forming a ridge on the surface (E4). Conversely the male 

pubic bone will not have a ventral arc, however some males may display a similar bony ridge 

that follows a different course, usually running along the ischiopubic ramus, parallel to the 

medial border (B2), or to the inferior margin of the pubic symphysis. A subpubic concavity is 

usually absent in males (D), although there can occasionally be a slight concavity present. The 

male ischiopubic ramus is usually broad and flat (F5).  

Phenice does acknowledge that there may be ambiguity with assignation of the traits in some 

cases, as not every os pubis will be perfectly male or female. For example, a ventral arc may 

not be fully developed, or the ischiopubic ramus may not be obviously male or female. In these 

situations, Phenice proposes that in almost all pelves there will be at least one trait that is 

obviously male or female, which should be used to assign sex. Phenice stresses the importance 

of only using this method in adult remains, as he notes that the ventral arc and subpubic 

concavity may not be fully developed in females until around 20 years of age.   

The Phenice method is widely used to estimate sex because it is simple to apply and highly 

accurate, with original quoted accuracy rates of 96-100% (White and Folkens 2005). There is  a 

large collection of studies that have analysed the accuracy of the method since its publication, 

with most confirming accuracy rates over 80% e.g. (Lovell 1989; MacLaughlin and Bruce 1990; 

Ubelaker and Volk 2002) albeit dependent on the experience of the analyst; these are 

accordingly considered below. 



  
21 

 

Figure 3.1: Illustration of the three Phenice traits in the pubic bone (adapted from Phenice 

1969). 

 

3.5.1 Validation of the Phenice method 

i) Ubelaker and Volk, 2002 

The aim of this study was to evaluate the accuracy of the Phenice method, with specific 

attention on the importance of user experience in its application (Ubelaker and Volk 2002). A 

total of 198 individuals, equally divided by sex, were analysed; this was a sample of known sex 

individuals from the Terry collection. The test was performed by an individual with training in the 

technique, but no additional experience in the field of forensic anthropology. Two assessments 

were made: firstly using only the Phenice method to estimate sex in both os coxae; and 
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secondly, applying the Phenice method in conjunction with the assessment of other sex specific 

pelvic traits, such as the sciatic notch and subpubic angle. 

Using the Phenice method, sex was estimated correctly in 175 of 198 individuals, which 

equates to an 88.4% accuracy. There was however a large sex-bias, with accuracy much higher 

for females (97%) than males (79.8%). When used in conjunction with an assessment of overall 

pelvic morphology, an accuracy rate of 96.5% was achieved. The high accuracy rate using only 

the Phenice method suggests that even when applied by an inexperienced investigator it can be 

of considerable use in estimating sex in unknown remains. However, this study does not 

support Phenice’s original claim of 96% accuracy, which may be explained by the limited 

experience of the examiner. As the Terry collection was used for both analyses (the original and 

the validation study) it is unlikely that population variation caused the observed difference in 

accuracy.  

ii) MacLaughlin and Bruce, 1990 

The aim of this study was to determine the accuracy with which sex could be estimated using 

the Phenice method in three adult European skeletal collections (MacLaughlin and Bruce 1990). 

A total of 273 skeletons of known age at death and sex were selected from three European 

skeletal collections: i) a 17th-18th century English cemetery collection; ii) a contemporary 

collection from the Netherlands; and iii) a contemporary Scottish collection. Only the right os 

coxae were assessed, unless absent or damaged, in which case the left was substituted.  

Whilst Phenice’s original method involves determining the presence (or absence) of three traits, 

this method involved the use of a scoring system to account for the fact that in some cases a 

particular trait may be ambiguous and not representative of a typical male or female. The 

examiners required at least two of the three traits to be in agreement for sex to be assigned, 

with no individual trait assigned more weight. A single examiner, who had no prior knowledge of 

the sex of the individuals, performed the assessment.  Following this, a multiple observer test 

was conducted in the Scottish sample to determine the importance of observer experience 

using three groups of varying experience levels. Group One comprised of experienced 

observers; Group Two were those with moderate experience in human anatomy; and Group 
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Three had no experience in the field. Only the difference between Groups 1 and 2 were 

statistically explored. 

For the single observer test, 83% of the English sample, 68% of the Dutch sample and 59% of 

the Scottish sample were correctly assigned. There was an obvious sex-bias in both the English 

and Scottish samples, with females correctly being assigned sex more frequently than males; 

22% for the English and 25% for the Scottish populations respectively. Each feature was 

assessed independently, with the subpubic concavity deemed most accurate (72% and 87%). 

Whilst the results are positive for the English sample, the low accuracy rate for the other two 

groups suggests that the method may be influenced by population specificity. The multiple 

observer test showed a significant difference in sex estimation between experienced and 

moderately experienced observers, who achieved  79% and 70% accuracy respectively. 

iii) Sutherland and Suchey, 1991 

The aim of this study was to test the Phenice method of sex estimation in a contemporary 

multiethnic American sample, specifically focusing on the ventral arc as an indicator (Sutherland 

and Suchey 1991). A sample of 1284 documented pubic bones from autopsy cases at the Los 

Angeles Coroner were studied. Both adolescent and adult remains were examined (with age 

ranging between 11 and 99 years)  to further expand Phenice’s original method that focused 

solely on adult remains. This study concentrated on the ventral arc, which was classified as the 

most objective and reliable indicator by Phenice. 

Both Sutherland and Suchey examined the pubic bones independently. Using only the ventral 

arc they achieved sex classification accuracy of 96%, with the most error occurring in either 

young females, or those with possible pathological conditions. They found that the ventral arc is 

not usually easily recognizable until the mid 20’s, however a precursor arc can be seen in some 

younger females, first appearing at 14 years of age, and persisting until around 23 years of age. 

The effect of observer experience was also tested using two groups of varying experience; one 

group with no experience in sex estimation of pubic bones, and one with moderate experience 

with pubic sex estimation. It was found that those with more experience achieved 92.5% 

accuracy, whilst those with moderate experience achieved 85.4%. 
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iv) Lovell, 1989 

The aim of this study was to assess the Phenice method of sex estimation in a sample of known 

age and sex and to evaluate the importance of observer training (Lovell 1989). A sample of 36 

pubic bones, randomly selected from medical school cadavers, were assessed. In order to test 

the accuracy of the method, and effect of observer training, and the effects of the age at death 

of the individual, Lovell involved 12 participants in the study. These participants consisted of 

undergraduate and graduate students, and a professional physical anthropologist; experience in 

the field was rated as none, moderate or considerable. The participants assessed the pubic 

bones following the Phenice method.  

The results of this test showed that the method was highly accurate, with an average accuracy 

of 83%, and no significant sex bias was identified. Whilst the highest accuracy rate of 92% was 

achieved by the professional physical anthropologist, the results showed no significant 

difference in accuracy between observers of different levels of training. The results also 

demonstrated a decrease in accuracy in remains of older individuals. This test again did fail to 

achieve the high accuracy of Phenice in his original test. However, the level of accuracy is still 

relatively high, and would be sufficient for use when estimating sex. However, the study only 

utilized a small sample, and as such, the accuracy rate achieved may not be representative of 

the broader population. The ancestry of the sample is also unknown, although they were 

presumed to be of Caucasian origin.  
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Chapter Four 

Age Estimation in the Adult Skeleton 

4.1 Introduction 

Age at death estimation is usually one of the first assessments performed when unknown 

skeletal remains are referred to an anthropologist. The estimation of other biological attributes 

largely depends on whether the decedent is deemed to be adult or juvenile. There are various 

age related skeletal characteristics that can be analysed, particularly during childhood to early 

adolescence, at which point the skeleton is still growing and developing. However, with 

increasing age, the estimation of the latter attribute becomes more difficult, as the assessment 

is now generally focused on skeletal degeneration, rather than growth. Often a multifactorial 

(multiple method) approach will be used to derive an estimation of age. This approach facilitates 

a more robust estimation, with appropriately defined age ranges (Bassed et al. 2011).  

It is the role of the forensic anthropologist to provide the smallest estimated age range possible, 

however this is not always achievable (especially in adults), due to differences in skeletal 

degeneration rates, and often only broad age ranges are achieved (Garvin et al. 2012). The 

present chapter will explore the concept of skeletal age relative to chronological age, and the 

inherent issues associated with that distinction in a legal context. Following this, an overview of 

adult age at death estimation methods is provided, with a focus on the pelvis. Thereafter, the 

focus of the present study, the Suchey-Brooks method of age estimation, is reviewed in detail. 

4.2 Skeletal age relative to chronological age 

A significant issue confronted by the practicing forensic anthropologist is the variance between 

chronological and skeletal age (Nawrocki 2010). The former is the actual time since birth, 

whereas the latter is the physiological state of an individual (Cunha et al. 2009). The two can be 

highly correlated (depending of the stage of life cycle), however in many cases, especially older 

adults, due to individualistic environmental factors, and non-uniformity in the rate of bone 

degeneration between and within populations, there will be a large difference between the two 

measures (Buckberry and Chamberlain 2002). This could mean that an unknown individual may 
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have an age assigned that is either considerably older (or younger) than their actual 

chronological age, thereby potentially compromising the biological profile. Skeletal age is, 

however, the closest possible proxy to the actual chronological age of an unidentified individual, 

but an associated error rate must always be provided (Garvin et al. 2012).  

4.3 Juvenile Age Estimation 

The following is provided to facilitate comparisons of the accuracy of juvenile and adult age 

estimation. As that topic is not the specific focus of the present study, only a brief overview is 

given. Estimation of age in the juvenile is based on the growth and development of the skeleton, 

relative to full maturity. As these factors are generally highly genetically regulated, it is possible 

to achieve relatively high accuracy; e.g. narrower age ranges (Zwaan 1999). Juvenile age is 

often estimated based on long bone length, the timing of the  appearance and morphology of 

ossification centres, degree of epiphyseal fusion, and dental development (Scheuer and Black 

2000).  

The dentition is widely recognized as the most accurate skeletal marker, particularly in children, 

where the deciduous teeth are replaced with their permanent successors; standard error rates 

vary between ±2 months to 3 years (Demirjian et al. 1973; Ubelaker 1989). Whilst the dentition 

is accurate for age estimation in younger juveniles, as age increases there is a drop in 

predictive accuracy. Usually by around 14 years of age most teeth will be fully developed, with 

the exception of the third molar. The latter tooth is however, not always a reliable marker of age, 

as there is considerable variation in its formation, and timing of eruption, along with a high 

frequency of congenital absence (Levesque et al. 1981; Mincer et al. 1993). 

Skeletal growth can also be used to supplement dental age estimation, particularly in the later 

teenage years. Usually these developmental skeletal changes occur at relatively predictable 

rates, and as such, there is a high degree of correlation between skeletal maturity and 

chronological age. The most common methods used to assess skeletal maturity involve metric 

analysis and the macroscopic assessment of ossification centres, particularly their size and the 

timing of their appearance and fusion (Braga and Treil 2007; Franklin et al. 2008). As there is a 

lack of documented sub-adult skeletal collections, medical imaging has been used as an 

alternative source of data when developing methods.  
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Franklin et al. (2008) applied geometric morphometric methods to examine the relationship 

between mandible size and chronological age, with standard error rates ranging between ±1.3 

to 3 years. Braga and Treil (2007b) developed a method in which the centroid size of the 

juvenile facial skeleton can be used to estimate age, with a standard error rate of <2.1 years. 

The Gruelich and Pyle method is based on the analysis of epiphyseal fusion of the hand-wrist 

complex to estimate sub-adult age, and is commonly used to assess age in the living (Gruelich 

and Pyle 1959).  

Several skeletal signs mark the onset of adulthood: the complete fusion of all long bone 

epiphysis; eruption of the third molars; and the fusion of the spheno-occipital synchondrosis. 

The growth and development of the skeleton is completed at this point, with a few exceptions 

such as the medial clavicle (Tangmose et al. 2014), and the sacrum (Rios et al. 2008). 

4.4 Adult Age Estimation 

As there is a lack of developmental markers (e.g. dental eruption, long bone length) in the adult 

skeleton, age estimation is generally based on the analysis of skeletal degradation. The 

degeneration of the human skeleton is highly variable, due to individualistic factors, such as 

health, lifestyle and genetics, which can all influence skeletal remodelling throughout life; this 

causes different bones to ‘age’ at different rates, both between and within individuals (Folkens 

and White 2005). To minimize this effect, a multifactorial approach is often used when 

estimating the age of unknown individuals. By using multiple methods of age estimation based 

on different skeletal indicators, the error associated with adult age estimation may be reduced 

(Blau and Briggs 2011). There is also a degree of variation in skeletal degeneration, both within 

and between populations, due to differing environmental adaptions that have evolved over 

multiple generations. Adult age estimation has traditionally focused on three skeletal elements; 

the skull; the pelvis; and the sternal rib ends (Franklin 2010).  

The closure of cranial sutures follow a general trend that progresses with age, and as such, 

assessment of the degree of closure can be used as an age marker. Both the ecto- and endo-

cranial sutures can be examined and scored relative to their degree of closure. Most methods 

involve macroscopically grading the amount of fusion, from open through to obliteration (Boyd et 

al. 2015; Chiba et al. 2013; Meindl and Lovejoy 1985; Nawrocki 1998). A composite score can 
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then be generated and a mean age with an associated range derived. This age range is 

generally at least 30 years, somewhat limiting the use of cranial sutures in forensic investigation 

(Key et al. 1994; Sahni et al. 2005).  

The sternal rib ends are considered a forensically useful indicator of adult skeletal age. It has 

been shown that as age progresses, the sternal extremity of the rib undergoes several 

morphological changes that can be macroscopically quantified. Iscan (1984) developed a 

method examining the 4th sternal rib end (later expanded to the 3rd and 5th sternal ribs) based on 

scoring the formation, depth and shape of a pit, the walls and rim around this pit, and the state 

of the bone. With increasing age, the sternal rib end changes from a flat surface, to a deep V 

shape, and then a wide U shaped pit, with the rim wearing away to thin sharp edges (Iscan et 

al. 1984).  

A nine phase system is used to score the rib end, each with an associated mean and age 

range, standard deviation and error, and 95% confidence interval, for both males and females. 

Iscan suggested that as the ribs are not influenced by locomotion, weight bearing, or pregnancy 

(compared to the pelvis) they exhibit less age related morphological variation (Iscan et al. 1984; 

Iscan et al. 1985). This method has been shown to be accurate within different recent 

populations; for example, Russel et al. (1993) showed that the method was applicable in mixed 

ancestry (Caucasian and African American) groups. Similarly, Salem et al. (2014) demonstrated 

that the method has a relatively high correlation between predicted age and chronological age 

in a Tunisian sample (R= 0.758 and R=0.717) when tested by two observers (Hartnett 2010; 

Russel et al. 1993; Salem et al. 2014). It has however, been noted that the methodology itself is 

not always suitable, as the fourth rib may not be present or easily identifiable. To further explore 

the method, Yoder et al. (2001) examined the left and right 2nd, 3rd, and 5th to 9th ribs to 

determine if there was significant bilateral asymmetry. Their statistical analyses determined that 

only ribs 2 and 3 showed significant bilateral asymmetry, and that a composite score derived 

from multiple ribs produced practically the same age estimate as using only the 4th rib (Yoder et 

al. 2001).  
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4.5 Pelvic Age Estimation 

4.5.1 Auricular Surface 

The first adult skeletal age estimation method for the auricular surface was developed by 

Lovejoy et al. (1985), in which morphological changes are used as indicators of age, in relation 

to defined phases. A total of eight phases were developed with corresponding age ranges. The 

auricular surface is often used in the ageing of skeletal remains as these age related 

morphological changes are known to be unaffected by sex or ancestry (Osborne et al. 2004). 

The pelvis is also more durable than other skeletal elements, and will therefore more likely be 

available for analysis in forensic or archaeological cases (Lovejoy et al. 1985). It has also been 

noted that age related changes to the auricular surface extend well beyond 50 years of age, 

making it a feasible method for application in older individuals. These morphological 

characteristics begin with a billowing surface (Phase 1), that reduce to transverse striae (Phase 

3). As middle age progresses, surface granularity increases (Phase 4), along with the 

appearance of micro- and macroporosity (Phase 6). The appearance of lipping, breakdown, and 

irregularities signals the onset of old age (Phase 8). The method was shown to be highly 

reproducible, with correlations between observers ranging between 0.76 and 0.81 in a sample 

of 110 pelves (Lovejoy et al. 1985).  

Re-analysis of this method by Buckberry and Chamberlain (2002a) demonstrated some overlap 

between the development of different features, resulting in an overlap of some phases, 

specifically the earlier ones (e.g. Phase 2-3). In an attempt to account for the latter, they 

developed a method that is easier to apply, as there is less confusion with assigning individual 

phases when each morphological feature is scored separately. This method records age related 

stages for different features of the auricular surface, following which a composite score is 

formulated to estimate age-at-death.  

Using this revised method a lower intra-observer error rate (K=0.66) was achieved, as well as 

an acceptable level of correlation with actual age (rs=0.609). This revised method has been 

tested and compared to the original Lovejoy method, demonstrating that whilst it is more 

accurate in older individuals (with an inaccuracy level of 8.61 years, compared to the original 

method of 12.8 years for those between 50-59 years of age) it is less accurate in younger 
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individuals (inaccuracy level of 12.58 years, compared to the original method of 6.63 years for 

those between 20-29 years of age) (Mulhern and Jones 2004). 

4.5.2 Pubic Symphysis 

The pubic symphysis is known to be one of the most reliable indicators of adult skeletal age 

(Meindl et al. 1985). As age progresses, the symphyseal surface of the pubis undergoes 

metamorphosis, which continues well into adulthood. The pubic symphysis was first formally 

developed into an age estimation system by Todd (1920). That, and other subsequent pubic 

symphysis methods, are reviewed below. 

i) Todd, 1920 

Todd was one of the first to describe age related morphological changes in the pubic 

symphysis. He detailed these age related changes according to 10 phases, each of which had a 

five-year range. The first phase (starting at 18 years of age) is characterized by ridges and 

furrows clearly visible in the symphyseal face. With increasing age the ridges and furrows start 

to fill in and ossific nodules form on the dorsal and ventral margins. As an individual progresses 

towards middle age, a symphyseal rim is formed. Following this, signs of degeneration can be 

seen, such as lipping, erosion and the eventual break down of the symphyseal rim. The last 

phase, beginning at age 50, does not have a definite upper age limit. This effectively reduces 

the use of the method for older individuals (Todd 1920; Todd 1921). The original work of Todd 

has been revised due to it consistently over estimating age and its lack of population specificity 

(Gilbert and McKern 1973; Hens et al. 2008). 

ii) Suchey-Books, 1990 

The most commonly applied revision of the Todd method is that of Brooks and Suchey (1990) 

who created a sex-specific six-phase model based on the analysis of a modern documented 

skeletal collection, from the Office of the Chief Medical-Examiner, Los Angeles. Brooks and 

Suchey introduced early and late phases (to facilitate distribution within and between phases) 

with accompanying written descriptions, diagrams and cast models (Table 4.1, Figure 4.1).  
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Table 4.1: Phase descriptions related to age related changes in both males and females 

(Brooks and Suchey 1990). 

Phase Description 

Phase 1 Ridges and furrows present on face, lack of delimitation of either extremity 

Phase 2 Billowing surface, ossific nodule may occur on upper extremity 

Phase 3 Ventral rampart in beginning stages, absence of lipping of dorsal margin 

Phase 4 Symphyseal face generally fine grained, hiatus can occur in upper ventral 
rim  

Phase 5 Symphyseal face completely rimmed, some depression of the face itself 

Phase 6 Symphyseal face shows depression, rim erosion, marked ventral 
ligamentous attachments 

 

 

  

Figure 4.1: Age related phases of the pubic symphysis (White and Folkens 2005). 

 

Each phase has a mean and corresponding 95% confidence age range (Table 4.2). An 

unknown symphyseal face can be compared to the different phase descriptions, along with the 
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known type casts, and the closest match found. As age increases, the method becomes less 

accurate, with the 95% age range greatly increased in the later phases (Table 4.2). Phase One, 

for example, has a mean age of 18.5 for males, with an age range of 15-23. Phase Six 

however, has a mean male age of 61.2, with an age range of 34-86 (Table 4.2). This method is 

widely used today, however it has been shown that the predicted accuracy rate may be 

compromised if the standards are used for a genetically different population to that of the 

original reference sample (Lottering et al. 2013).  

Table 4.2: Brooks and Suchey pubic symphysis descriptive statistics (Brooks and Suchey 

1990) 

 

4.6 Validation of the Suchey-Brooks method 

i) Wink, 2014 

The aim of this study was to evaluate the reliability of the Suchey-Brooks method as applied to 

clinical pelvic CT scans (1.125mm resolution) (Wink 2014). The study only involved 44 clinical 

CT scans collected from the Boston University Medical Centre, which is a very small sample. 

The lower age limit for the study was 19 and the upper limit was 89 years of age; the 

representation of sexes were close to equal (45.5% male, 54.5% female). The scans were 

visualized using OsiriX and analysed using both plaster cast standards of the pubic symphysis, 

and the relevant literature. In all but three cases the right os coxa was used, and all images 

were analysed blindly in order to avoid bias. To test intra-observer error, the scans were 

analysed a second time one week later. For both tests, the predicted age range was compared 

to the actual age of the individual to determine the variance.  

The intra-observer error test resulted in a Krippendorph’s alpha coefficient of 0.65, showing 

acceptable levels of agreement between assessments. The Suchey-Brooks method correctly 
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estimated age (assigned the individual into the correct phase) in 79.5% of individuals. Most of 

the error occurred in phases III and IV. There was a significant sex bias in trial one, with age 

correctly estimated 70% in males compared to 87.5% in females. All misclassifications in both 

trials were under estimations of age. Overall, this study showed that 3D representations of the 

pubic symphysis are suitable for analysis following the Suchey-Brooks method of age 

estimation, with the ossific nodule and the pubic symphyseal rim the most clearly visualized 

features on the CT scans. 

ii) Lottering et al., 2013 

The aim of this study was to assess the accuracy of the Suchey-Brooks method in a 

contemporary Queensland (Australian) adult sample, and to provide age parameters specific to 

that population (Lottering et al. 2013). The sample consisted of left and right pubic symphyseal 

CT scans taken from 195 autopsy patients (119 male; 76 female), all of Caucasian ancestry and 

between 15-70 years of age. The scans were collected from the Queensland Health Forensic 

and Scientific Services Forensic Pathology Mortuary. All scans were obtained at a 0.5 or 0.1 

mm slice thickness. Each scan was assigned into an early/late stage of one of the six Suchey-

Brooks phases, blind to the actual age of the individual. Suchey-Brooks plaster casts were 

scanned under the same parameters as the autopsy scans for comparison when scoring the 

individuals. The mean of the estimated age range was used to calculate inaccuracy and bias. 

Ten percent of the sample was randomly selected to assess intra- and inter-observer error 

using Spearman’s correlation coefficient and a weighted Kappa statistic. Both a novice and an 

experience anthropologist tested inter-observer error. Transition analysis and Bayesian 

statistics were then used to obtain age ranges specific to the Queensland population.  

It was found both examiners were in ‘almost perfect agreement’ (K= 0.878), showing a strong 

inter-observer agreement, and ‘substantial agreement’ (K= 0.748) in the intra-observer test.  

Spearman’s correlation between estimated age and chronological age was 0.77 for males and 

0.68 for females when using the left symphyseal face. Bilateral asymmetry was evident in 

53.33% of the sample. Applying age-at-transition means for the population resulted in correct 

phase classification of 63.9% of males and 69.7% of females. Overall, it was found that the 

method overestimated age in young individuals, and underestimated age in older individuals, 
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however error rates were higher in young individuals (<45 years: male: 6.29 ± 3.35, female: 

4.47 ± 11.07) than in older individuals (male: 7.24 ± 1.20, female: 5.49 ± 2.29) 

iii) Hartnett, 2010 

The aim of this study was to test the accuracy of the Suchey-Brooks method of age estimation 

in a contemporary skeletal sample. The sample comprised the remains of 620 individuals, 

between 18-99 years of age, from the Maricopa County Forensic Science Centre. The sample 

was primarily of Caucasian descent, however Asian, African and Native American individuals 

were also present. Age was estimated using the Suchey-Brooks methodology, with physical 

casts and phase descriptions used for comparison. Both inter- and intra-observer tests were 

performed, with two experienced forensic anthropologists and a moderately experienced 

physical anthropologist estimating the age of 50 males and 50 females. Each observer then 

rescored a sample of 15 males and 15 females after several days, in order to test intra-observer 

reliability. 

Intra-observer agreement was high, with Observer 1 and Observer 2 having a Spearman’s r 

coefficient of 0.89 and 0.85 respectively, and for the less experienced Observer 3, it was 0.89. 

Inter-observer agreement was also acceptable, with R-values of 0.79, 0.62 and 0.69 for 

Observers 1, 2 and 3 respectively. The known age-at-death Suchey-Brooks phase and 

estimated Suchey-Brooks phase were compared, and the correlation (R-value) was estimated 

for each observer, demonstrating a reasonable correlation ranging from 0.58-0.70.   

Relevant age ranges and phase descriptions were developed for the population, including the 

development of a 7th phase, to be used for elderly individuals, which had not been accounted for 

in the original method (>62 years of age). The age ranges developed in this study were varied, 

with the early phases quite accurate (Phase 1 range= 18-22, Phase 2 range= 20-26), whereas 

the later phases where quite large, and therefore less accurate (Phase 4 range = 27-61, Phase 

5 range =37-72). 

iv) Sakaue, 2006 

This study examined the influence of population variation on age related skeletal morphology in 

a Japanese population (Sakaue 2006). The sample consisted of 416 individuals (326 male, 90 
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female) with ages ranging between 14-83 years. This physical specimens, usually the right os 

pubis, were examined and assigned into its corresponding phase. Population specific mean 

ages and standard deviations were formed for each of the six Suchey-Brooks phases. Mean 

error between the estimated age and actual age was calculated at 10-year age intervals. The 

study concluded that the Suchey-Brooks method is relatively reliable in a Japanese sample for 

individuals up to 40 years of age, however, accuracy decreases significantly over this age. In all 

phases, differences between the Japanese and Suchey-Brooks mean age was less than 3 

years, suggesting the applicability of the system to a modern Japanese sample. 
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Chapter Five 

Materials and Methods 

5.1 Introduction 

The aims of the current research are to firstly quantify the degree of sexual dimorphism 

expressed in the pubic bone and secondly examine the degree of age related changes in the 

pubic symphysis. Two methods were evaluated in this study. Firstly, the Phenice method of sex 

estimation was tested, and secondly the Suchey-Brooks method of age estimation. Before data 

collection occurred, a precision test was performed for both methods to determine levels of 

intra-observer error. Data was then collected, first for Phenice, in which blind data acquisition 

took place, and thereafter for Suchey Brooks, in which sex was known. This was followed by the 

relevant statistical analyses of the acquired data. This chapter outlines the data collection 

methods and the statistical analyses applied. 

5.2 Materials 

This project involved the analysis of 448 adult individuals; 226 males and 222 females. The age 

range for both males and females was 18 to 64 years (Figure 5.1). Clinical MDCT scans of the 

pelvic region were examined; the slice thickness (resolution) ranged between 0.625 and 1.5mm. 

The MDCT scans were obtained from a Picture Archiving and Communication System (PACS) 

medical database. That database houses scans from all public hospitals in Perth, Western 

Australia, and is maintained by the Western Australian Department of Health. Any scans that 

presented trauma (or abnormalities) in the areas of interest (e.g. obvious asymmetry, 

osteoporosis or fractures) were discarded from the study. As this study involved data derived 

from human subjects, approval was required from the Human Research Ethics committee of the 

University of Western Australia. Approval was granted on 24/9/2014 (Project No: RA/4/1/4362) 

and data collection commenced thereafter. A visualisation of the sample distribution is shown 

below (Figure 5.1) and further explored in Appendix 1. 
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5.2.1 Visualisation 

The anonymised MDCT scans were visualised using the 3D volume rendering options in OsiriX; 

a software program that allows two and three dimensional representation of CT slices. The 3D 

image of the pelvic region can be rotated towards specific planes that facilitate visualization of 

structures of interest. The scans were visualized using a low-contrast setting for most 

individuals, however a glossy setting was applied in cases that showed some loss of bone 

density (Figure 5.2).  

  

[PEL000007: Female, 22y, 0.9mm slice thickness] 

Figure 5.2: Lateral view of a right symphyseal face visualised in OsiriX using the Glossy 

(Left) and Low Contrast (Right) settings.  

 

Once manipulated to achieve the highest resolution in the area of interest, the scan was 

orientated according to a set of predetermined views, selected because they facilitated 

observation and assessment of the required sex and age attributes of interest in this study. For 

consistency in analysis, and as a visual record of the collection, a series of five images were 

taken (Figure 5.3). The anterior surface of the pubic bone is used to assess ventral arc. The 

‘cutting tool’ is used to remove bony features such as the sacrum, which prevent visualisation of 

the posterior surface of the pubic bone, recorded for assessment of subpubic concavity. The 

cutting tool is also used to ‘separate’ the left and right pubic bones so as to generate the lateral 

view of each (left and right) pubic symphysis, which is used to assess age and presence of a 
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pinched ischiopubic ramus. This set of images was labelled by accession number (i.e. 

PEL000007) and saved for later analysis.  

 

  
[PEL000024: Female, 45y, 1.0mm slice thickness] 

Figure 5.3: Views used to analyse each os coxa: anterior surface of the pelvis (Top); 

Posterior surface of the left pubic bone (Bottom left); lateral surface of the left pubic bone 

(Bottom right). Note, right side views of the pubic bone are not shown in this example.  

 

5.3 The Phenice method for sex estimation 

A blind assessment (age and sex not known) of both the left and right ox coxae was performed 

following the visual and descriptive standards developed by Phenice (1969). The presence or 

absence of a ventral arc, subpubic concavity, and a sharp ridge on the ischiopubic ramus was 

determined for all scans.  
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5.3.1 Precision Test 

Prior to data collection, a precision test was performed to assess the magnitude of intra-

observer error. Precision is the consistency of repeated assessments using the same method. 

The precision of the Phenice method was evaluated using a Fleiss-Kappa test to determine 

intra-observer agreement (Landis and Koch 1977). Intra-observer error was measured based on 

the repeat assessment (three assessments) of 40 individuals, with a minimum of one day 

between each re-analysis (Salem et al. 2014). The left and right os coxae were assessed, and 

traits were scored as absent or present. The statistical package SPSS was used to calculate  

Fleiss-Kappa values for each trait, which is a measure of the level of agreement between repeat 

assessments of categorical data; the stronger the level of agreement, the more precise the 

estimate (Peat et al. 2002). The Landis and Koch descriptions were then used to interpret these 

results (Table 5.1) (Landis and Koch 1977). 

Table 5.1: Interpretation of Kappa agreement (following Landis & Koch, 1977). 

Kappa Interpretation 

< 0 Poor agreement 

0.0 – 0.20 Slight agreement 

0.21 – 0.40 Fair agreement 

0.41 – 0.60 Moderate agreement 

0.61 – 0.80 Substantial agreement 

0.81 – 1.00 Almost perfect agreement 

 

 

5.3.2 Data collection 

Prior to data collection all scans were anonymised (no sex or age details visible) by a third 

party, to ensure a blind assessment. Each os coxa was examined using the set of images 

previously obtained for each individual, with the right and left os coxa being scored 

simultaneously. For each pelvis the three sexually dimorphic traits described above (Section 

5.3) were scored as absent (0) or present (1) on each side (Phenice 1969). A total of six scores 
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were tabulated for each pelvis (left and right ventral arc, left and right subpubic concavity, left 

and right ischiopubic ramus). 

5.3.3 Bilateral Asymmetry 

A test of bilateral asymmetry was performed prior to further statistical assessment. A paired T-

test was used to compare the scores assigned to each left and right trait. This test determines 

the mean of two correlated samples (such as matched pairs in this case) and then assesses 

whether this difference is statistically significant (Bausell and Li 2002). 

5.3.4 Analysis of Data 

As no significant bilateral asymmetry was detected (see Chapter Six), only the left os coxa was 

used for further analysis. The scores assigned for each left os coxa were compared to the 

known sex of that individual. The ventral arc, subpubic concavity and ischiopubic ramus were all 

marked as correct if they aligned with the known sex, or incorrect if they differed from the known 

sex. An overall sum of correct assessments was then calculated for each trait; this was then 

used to determine the most commonly correctly identified trait and the least commonly correctly 

identified trait. Following this, the number of correct assessments when using the majority 

assessment (2/3 of the traits) was determined. This majority assessment was then used to 

compare known sex to estimated sex.  

5.4 The Suchey-Brooks method for age estimation 

The Suchey and Brooks (1990) method was used to assess the degree of joint degeneration of 

both the right and left symphyseal face of each individual. In particular, the presence of ridges 

and furrows, an ossific nodule, and any lipping and/or ridging are assessed (Figure 5.4). Visual 

comparison with plaster casts (France Casting), written descriptions, and illustrations specific to 

the Suchey-Brooks method were used to make phase estimations (Brooks and Suchey 1990). 

Assessments are made blind of sex and age data. 
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Figure 5.4: Lateral view of a female symphyseal face is assessed according to Suchey-

Brooks descriptions for age.  

 

The allocated phase was recorded and a corresponding mean age and range was assigned to 

each individual (Figure 5.5). This biological age range and mean was then compared to the 

chronological age of the individual to determine the accuracy of the method in a Western 

Australian population. Sex specific Western Australian standards were thereafter calculated to 

compare biological with chronological age according to the data recorded in order to determine 

if the accuracy increases compared to using the original published method.   

Ossific nodule 

Ridge/furrow 

Ridging 

No rampart 

[PEL000046: Female, 21y] 
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Figure 5.5: A female symphyseal face is assigned a Suchey-Brook phase (step 1) which 

corresponds to a mean age and 95% range (step 2).  

 

 
5.4.1 Intra-observer Precision 

A precision test was conducted prior to data collection to assess the magnitude of intra-observer 

error. The precision and accuracy of the Suchey Brooks methods was evaluated using a Fleiss-

Kappa test to determine intra-observer agreement. Calculation of the Fleiss-Kappa values 

followed the protocol outlined above (see 5.3.1) 

 

 

Unknown female symphyseal face Suchey Brooks Phase 2 
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5.4.2 Data Collection 

For each individual, the pubic symphysis was inspected for degree of degenerative change; left 

and right os coxae were observed and scored simultaneously. A combination of physical casts 

(France Casts) (Walker 2015) and written descriptions were used to assess the images and 

assign a score between 1-6. As the scans used in this study were acquired for clinical 

diagnostics, the resolution was lower (slice thickness between 0.625-1.5mm) than forensic post-

mortem scans, which typically have a slice thickness of less than 0.75mm (Ferrant et al. 2009; 

Villa et al. 2013) and as such, some detail could not be seen in the symphyseal face. The 

Suchey-Brooks method was therefore modified; the presence or absence of main features in 

each phase, such as an ossific nodule in Phase 2, or a depressed face in Phase 6, were used 

to determine phase assignment. Once a phase was assigned, the actual age was compared to 

the mean age of the predicted phase, and associated 95% range, to determine if it aligned with 

the Suchey-Brooks standards. 

5.4.3 Bilateral Asymmetry 

Due to the arrangement of the data, with data overlapping between groups, a traditional paired 

t-test, which requires distinct groups, could not be used for this data to analyse any bilateral 

asymmetry. As such, a simple count was performed to determine the number of individuals with 

left and right symphyseal face scores differing by more than one phase. This also allowed the 

determination of whether this phase difference represented an under- or over-estimation of 

chronological age. 

5.4.4 Statistical analyses 

i) Goodness of Fit and Assessment of Age Estimation Accuracy 

In order to statistically quantify the relationship between chronological and skeletal age, it is 

necessary to analyse the accuracy of the age estimation method applied. The Goodness of Fit 

(R2) and the Standard Error of the Estimate (SEE) were calculated using the mean age of the 

assigned phase and the actual chronological age, for the complete sample (both males and 

females). The R2 value shows the linear relationship between two variables; the closer the value 

is to 1, the stronger the relationship (Cameron and Windmeijer 1997). The SEE is a measure of 
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the prediction accuracy of a given method or regression formula (Dytham 2010). The formula 

used for the calculation is: 

 

 

ii) Transition Analysis 

A transition analysis was performed to determine the age at transition between phases for a 

Western Australian population, along with age ranges associated with this transitional age. This 

method can be used to model developmental stages in an ordered sequence (Konigsberg et al. 

2008). Transitional analysis is a Bayesian approach, applicable to any skeletal trait that shows a 

unidirectional morphological transition with advancing age, i.e. from Stage 1 to Stage 2 (Godde 

and Hens 2012; Tangmose et al. 2015). The Nphases2 program was used to perform the 

transition analysis (Franklin and Flavel 2014; Konigsberg et al. 2008). Transition analysis was 

used to calculate the mean age of transition between phases, along with the associated 

standard error. These age ranges were then used to form Western Australian specific standards 

for visual age estimation. Visual representations of the transitional ages were also developed, 

allowing for a simple visual comparison of the different transitional ages and ranges between 

the sexes in the Western Australian population.  
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i) Mean Skeletal Age Difference (SAD) 

The skeletal age difference refers to the variation between stated chronological and 

estimated skeletal age; this is typically presented as a mean value. While it is not a true 

measure of accuracy, since negative and positive values can factor each other out, it 

has been used in similar studies (e.g. Patil et al. 2012; Paxton et al. 2013) in place of a 

standard error value. It is therefore, necessary for comparative purposes. The SAD is 

calculated by subtracting estimated skeletal age from stated chronological age. 

 

ii) Standard Error of the Estimate (SEE) 

The standard error of the estimate (SEE) is a measure of the prediction accuracy of a 

given estimation method or regression formula (Dytham 2010).  The formula used for 

the calculation of the SEE is as follows: 

     √∑(       )
 

  

xi = chronological age 

xii = estimated skeletal age 

n = number of individuals 

5.4.5 Regression Analyses 

Correlation and regression share a similar mathematical basis, as well as the premise 

of assessing linear relationships between variables (Townsend 2012). In addition to the 

assumptions outlined in Section 5.4, regression analysis also requires that the 

dependent variable be continuous and non-categorical (Freund et al. 2006).  In regards 

to correlation, the assumption of normality broadens to include a bivariate normal 

distribution. Regression is different from correlation because there is an inherent 

presumption of prediction between the covariates (Freund et al. 2006). 

 

i) Correlation 

Pearson’s correlation is where a coefficient (r) describes a linear relationship between 

two continuous variables (covariates) (Townsend 2012:131; Dytham 2010).  Prior to 

performing the correlation analysis, linearity is evaluated by plotting estimated skeletal 
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Chapter Six  

Results 

6.1 Introduction 

The following chapter presents the results of the statistical analyses performed on the pelvic 

data collected from the Western Australian population. Preliminary assessments of the data 

include an intra-observer precision test, followed by an assessment of bilateral asymmetry. Data 

was then analysed for sex specific pelvic differences and age related changes in the pubic 

symphysis; the latter includes a transition analysis in order to formulate Western Australian 

specific predictive models. 

6.2 Intra-observer Accordance 

Prior to data acquisition, the level of intra-observer precision for the Phenice and Suchey-

Brooks methods was quantified; specifically the application of those methods to clinical MDCT 

scans and the levels of repeatability achieved. The level of agreement between three repeat 

assessments of 40 MDCT scans was tested using Fleiss Kappa. Results for the two methods 

are considered individually below. 

 
6.2.1 Phenice method 

Based on the repeat assessment of 40 individuals, the level of agreement for the right os coxa 

ranged from 0.894 (ventral arc) to 1.00 (subpubic concavity). The Kappa values for the left side 

range from 0.931 (ventral arc) to 0.964 (subpubic concavity and pubic symphysis) (Table 6.2). 

This demonstrates almost perfect agreement (above 0.81) between repeat assessments of all 

morphological attributes (see Table 5.1).  
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Table 6.2: Intra-observer accordance values for the Phenice method. 

Side Feature Kappa ASE Z-Value P-Value 

Left 

Ventral arc 0.931 0.091 10.194 <0.001 

Subpubic concavity 0.964 0.091 10.557 <0.001 

Ischiopubic ramus 0.964 0.089 10.847 <0.001 

Right 

Ventral arc 0.894 0.089 10.051 <0.001 

Subpubic concavity 1.000 0.091 10.954 <0.001 

Ischiopubic ramus 0.937 0.091 10.269 <0.001 

 

 

6.2.2 Suchey-Brooks Method 

Based on the repeat assessment of 40 individuals, the levels of agreement for the pubic 

symphysis ranged from 0.884 (right) to 0.932 (left) (Table 6.3). This demonstrates that the 

repeat assessments for phase assignment are in almost perfect agreement (above 0.81) as 

defined in Table 5.1.  

Table 6.3: Intra-observer accordance values for the Suchey-Brooks method. 

Pubic 
Symphysis Kappa ASE Z-Value P-Value 

Left 0.932 0.053 17.613 <0.001 

Right 0.884 0.053 16.808 <0.001 

 

6.3 Pelvic Sex Estimation 

To determine the accuracy of the Phenice method of sex estimation in a Western Australian 

population, several tests were undertaken. First, a paired t-test was performed to determine if 

any asymmetry existed between traits identified in the right and left os coxae. Following this, the 

sex classification accuracy of the three features was evaluated, along with the accuracy of the 

majority rules method. The majority rules method involved the analysis of the three pubic 

features, with the most commonly assigned sex (i.e. 2 out of 3) used.  
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6.3.1 Bilateral Asymmetry (Phenice Method) 

No significant bilateral asymmetry was evident in any of the three features assessed in the 

Phenice method (Table 6.4 and the left side was subsequently used in all subsequent analyses.   

Table 6.4:  Assessment of bilateral asymmetry in Phenice pelvic attributes. 

Feature P-value 

Ventral arc 0.318NS 

Subpubic concavity 1.000NS 

Ischiopubic ramus 0.739NS 

Key: NS= non-significant 

 

6.3.2 The Phenice Method 

A total of 448 individuals (226 male and 222 female) were assessed using the Phenice method,; 

the results are presented in Table 6.5 (see also Appendix 2 for results by age group). The trait 

most indicative of males was the absence of the ventral arc, with 92.98% correctly assessed 

using this feature. However, this typically female attribute was scored as present in 7.02% of the 

male sample (14/226) (Figure 6.1) and, in isolation, would have incorrectly assigned males as 

females in those individuals. In the female sample, the ventral arc only correctly classified 

79.64% of the sample, with 176/222 females displaying an identifiable ventral arc (Figure 6.2); 

this is clearly considerably lower than the male accuracy rate for the same feature. This result 

may be skewed by the relatively low performance of the younger females in the sample; only 

25% (6/24) females aged 18-20 years were correctly assigned using the ventral arc (Appendix 

2.2). Excluding this age group would increase the classification accuracy from 79.64% to 

85.86%. 
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Table 6.5: Accuracy rates of the three pubic features utilised by Phenice when applied to a 

Western Australian population. 

Sex Majority Rules 
(2/3) Ventral Arc Subpubic 

concavity 
Ischiopubic 

ramus 
Male  
(n=226) 198 (86.84%) 212 (92.98%) 168 (73.68%) 180 (78.95%) 

Female  
(n=222) 216 (97.74) 176 (79.64%) 219 (99.10%) 195 (88.24%) 

Combined 
(n=448) 414 (92.20%) 388 (86.41%) 387 (86.19%) 375 (83.52%) 

 

 
Figure 6.1: Anterior view of a typical male pelvis (left) and a male pelvis (right) with a 

distinct ventral arc (arrows). 

 
Figure 6.2: Anterior view of a typical female pelvis (left) with ventral arcs (arrows); and a 

young adult female pelvis (right) demonstrating the lack of ventral arc development. 

 

The most representative trait in the female sample was the subpubic concavity; a total of 

99.10% of Western Australian females exhibited this trait. For males, however, this was the 

least accurate feature, with only 73.68% correctly assessed, meaning that 26% of males had an 
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identifiable subpubic concavity (Figure 6.3). Interestingly, the youngest males in the group 

resulted in more accurate results than their over-25 years of age counterparts (Appendix 2.1). 

 
Figure 6.3: Posterior surface of a typical male pubic bone (left) and one 

exhibiting subpubic concavity (right), left side shown. 

 

The ischiopubic ramus was the least accurate indicator of sex overall, albeit still performing at 

an acceptable level of 83.52%. This may, in some part, be due to a lack of detail in the MDCT 

scans, which made visualizing the ischiopubic ramus the most difficult of the three traits. This is 

exemplified in Figure 6.4, whereby a male ischiopubic ramus appears to be ‘pinched’ while the 

female ischiopubic ramus has a broad appearance. Individually, the ischiopubic ramus was 

more accurate in males than the subpubic concavity, and more accurate than the ventral arc in 

females. 

  
Figure 6.4: Lateral view of the left ischiopubic ramus, atypically ‘broad’ in a female (left) and 

atypically ‘pinched’ in the male (right).  
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6.3.2.1 Majority Rule (2/3) method 

Each Phenice trait is scored as either absent (0) or present (1), giving an overall score of 0 or 1 

in males, and 2 or 3 in females. The estimated sex of an individual is found by using the 

aggregate scores of all three traits, and assigning sex based on the majority assessment. Of the 

total sample, 414 were correctly assigned (see above Table 6.5): 216/222 (97.74%) females 

and 198/226 (86.64%) males, resulting in an overall accuracy rate of 92.2%. An obvious bias 

was also present, with about 10% more females being correctly classified than males (females 

97.74%; males 86.84%). This method was found to provide the highest accuracy rate for a 

combined male/female sample (92.2%), however individual features did result in higher 

accuracy levels in each sex, such as the subpubic concavity which was present in 99.10% of 

females. 

6.4 Pelvic Age Estimation 

The accuracy of the Suchey-Brooks method of age estimation (Brooks and Suchey 1990) in a 

Western Australian population was determined based on several tests. First, any age related 

asymmetry in the symphyseal face was determined. Following this, the accuracy of age 

estimation using the symphyseal face was quantified, Western Australian specific standards 

were then formulated, and thus further statistically evaluated using transition analysis. 

6.4.1 Bilateral Asymmetry (Suchey-Brooks Method)  

The level of bilateral variation in pubic symphysis morphology, and by association age 

estimation using the Suchey-Brooks method, was quantified. Overall 96.43% of the individuals 

assessed had the same phase assigned for each symphyseal face. A total of 13 individuals (7 

male; 6 female) had a bilateral difference, albeit by only one phase (Table 6.6). The majority of 

these individuals were young, with only 3/13 aged 40 years or over. Due to low levels of 

bilateral asymmetry, and limited time, only the left side was used in all subsequent analyses.  
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Table 6.6: Bilateral asymmetry in pubic symphysis morphology following the Suchey-Brooks 

assessment.  

Specimen ID Sex Age Assigned 
Phase (R) 

Assigned 
Phase (L) Difference 

PEL000809 F 22 2 1 1 

PEL000918 M 20 2 1 1 

PEL000805 F 24 3 2 1 

PEL000868 F 25 1 2 1 

PEL000338 M 20 1 2 1 

PEL000061 F 37 4 3 1 

PEL000330 M 21 2 3 1 

PEL000351 M 40 4 3 1 

PEL000118 F 31 3 4 1 

PEL000012 F 41 3 4 1 

PEL000316 M 23 3 4 1 

PEL000227 M 53 3 4 1 

PEL000234 M 36 5 6 1 

 

 
6.4.2 Accuracy of the Suchey-Brooks Method in a Western Australian Population 

Each os coxa in the Western Australian sample was assessed based on degenerative changes 

visible in the pubic symphysis; individuals were assigned to a phase described by Brooks and 

Suchey (1990). The relationship between the Brooks and Suchey (1990) mean predicted age 

(Table 6.7) and known chronological age is shown in Figure 6.5 (see Appendix 3 for male and 

female relationships). An R2 value of 0.779 demonstrates a good fit between the regression  and 

the data (actual age of the individual and mean age of predicted phase), the associated 

standard error of estimate (SEE) was ±6.494 years.  
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Figure 6.5: Relationship between known chronological and Suchey-Brooks mean predicted 

age. 

 

Table 6.7: Original Suchey-Brooks age estimation standards 

Male 

Phase Mean age SD age 95% range 

1 18.5 2.1 15-23 

2 23.4 3.6 19-34 

3 28.7 6.5 21-46 

4 35.2 9.4 23-57 

5 45.6 10.4 27-66 

6 61.2 12.2 34-86 

Female 

Phase Mean age SD age 95% range 

1 19.4 2.6 15-24 

2 25.0 4.9 19-40 

3 30.7 8.1 21-53 

4 38.2 10.9 26-70 

5 48.1 14.6 25-83 

6 60.0 12.4 42-87 
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6.4.3 Modified Suchey-Brooks Phases for a Western Australian Population 

In order to achieve increased accuracy (based on the premise that population specific 

standards are more appropriate than using geographically or temporally removed standards) 

chronological age was assessed for each phase. An example for each phase is provided in 

Figure 6.6; images for males and females are taken from the Western Australian sample. To 

derive morphological time-points specific to this population, the mean age, standard deviation 

and a 95% range was quantified (Table 6.8). It is apparent that the mean ages of attainment of 

Phases One, Three, Four and Five are all higher in the Western Australian population compared 

to those in the original Suchey-Brooks population (Table 6.7). The Western Australian 

population shows males reaching Phase Three at 31 years of age, whereas the Suchey-Brooks 

data shows males reaching Phase Three at 28 years of age. Phase Four has an especially 

large difference between the Western Australian data and the Suchey-Brooks data, with a 

difference of more than seven years for males and six years for females. Conversely, mean age 

of Phases Two and Six are lower in the Western Australian sample than those published by 

Brooks and Suchey (1990).  

Table 6.8: Western Australian standards for the Suchey-Brooks method of age estimation. 

Male 

Phase Mean age SD 95% range 

1 22.64 2.29 18-27 

2 22.73 2.84 17-28 

3 31.12 7.37 16-45 

4 42.22 8.77 24-59 

5 49.77 6.46 36-62 

6 58.23 5.46 47-69 

Female 

Phase Mean age SD 95% range 

1 21.52 2.19 17-25 

2 22.65 3.94 14-30 

3 33.40 8.92 15-51 

4 44.52 7.08 30-58 

5 49.86 7.38 35-64 

6 58.63 3.28 52-65 
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It is also evident that the level of variation (SD) within each phase generally tends to increase 

with increasing age, with the exception of Phase Six (Table 6.8). The latter may be the result of 

a smaller number of individuals assigned to this phase in the Western Australian sample. The 

error rate (SD) within phases varies significantly between the Western Australian and the 

Suchey Brooks model. It is evident that Phases Three and Four have the highest associated 

error, with standard deviations of 8.77 (male Phase Four), and 8.92 (female Phase Three) in the 

Western Australian population. The Suchey-Brooks data, however demonstrates a much higher 

error rate in Phases Five and Six, with standard deviations of 12.2 (male Phase Six) and 14.6 

(female Phase Five).  

Western Australian males and females appear to have very similar mean age of phase 

attainment, typically within two years of each other (Table 6.8). Phases Three and Four have 

the highest variation between the sexes, with the female mean age being 33.40 and 44.52 

years respectively, and the male being 31.12 and 42.22 years. 

6.4.4 Transition Analysis 

As the metamorphosis between phases is not necessarily a discrete phenomenon, transition 

analysis was performed to provide an estimate of the age at transition between phases, with 

associated error rates. The results of the transition analysis demonstrate a significant overlap, 

especially between the later phases, due to the broad age ranges associated with each phase. 

In both females and males the transition between Phase Four and Phase Five is the longest in 

duration, with the 95% interval between 27-61 years for males and 25-69 years for females. 

i) Male Sample 

The male transition analysis shows broad (relatively inaccurate) age at transition ranges, with 

every transitional age having a SD above 6, except for phase 2-3 (Table 6.9). It is evident in 

Figure 6.7 that the transition between Phases Four-Five is the broadest and flattest, supporting 

a high level of error (SD=8.40) in that phase. The transition between Phases Two-Three 

appears to be the most narrow, with a relatively low standard deviation (3.45).  
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Table 6.9: Descriptive statistics for the male Western Australian age at transition distribution 

from one Suchey-Brooks phase to the next 

Transition Mean Age Estimate SD 

Phase 1-2 22.20 7.25 

Phase 2-3 26.66 3.45 

Phase 3-4 34.16 6.77 

Phase 4-5 44.65 8.40 

Phase 5-6 56.39 6.70 

 

 

 

Figure 6.7: Representation of the male ages of transition between phases (left pubic 

symphysis). 

ii) Female sample 

The female sample has relatively narrow age of transition ranges (Table 6.10). It is apparent in 

Figure 6.8 that the age at transition range between Phases One-Two, Two-Three and Five-Six 

is reasonably narrow and high, whereas Phases Three-Four and Four-Five have a relatively 

broad (SD over 6) age at transition, representing a high degree of variation in these phases, 

and thus increased error when assessing age. The transition between Phases Four-Five is 

especially broad, with a standard deviation of 10.96.(Table 6.10).  
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Table 6.10: Descriptive statistics for the female Western Australian age at transition 

distribution from one Suchey-Brooks phase to the next. 

Transition Mean Age Estimate SD 

Phase 1-2 23.03 4.82 

Phase 2-3 26.42 4.24 

Phase 3-4 35.47 7.75 

Phase 4-5 47.38 10.96 

Phase 5-6 58.55 5.19 

 

 

 

Figure 6.8: Representation of the female age of transition between phases (left pubic 

symphysis). 

 

 

The difference between male and female transitional age is shown in Figure 6.9. It can be seen 

that both males and females have comparable ages of transition for all phases (with all male 

mean transitional ages being within 4 years of the associated female age), however it appears 

that the female (solid lines) ages are slightly more precise, and are less spread out in the graph. 

In all Phases, especially the later phases (Three-Four, Four-Five, Five-Six) it appears that the 

transition occurs at a slightly older mean age in females. 
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Figure 6.9: Comparison of the transitional ages of male (solid lines) and female (dashed 

lines) using the left pubic symphysis in a Western Australian population. 

iii) Combined sample 

The combined transition analysis shows age at transition values that are still quite broad, 

however not as variable as for the individual male sample (Table 6.11). When compared to the 

male only results, the combined Phase One-Two is significantly narrower, with a SD of 5.17 

compared to a SD of 7.25 for males. The combined data still showed a high level of error for the 

transitional age between phases Three-Four and Four-Five (Figure 6.10). 
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Table 6.11: Combined (male and female) transitional ages. 

Transition Mean Age estimate SD 

Phase 1-2 22.72 5.17 

Phase 2-3 26.60 4.04 

Phase 3-4 34.83 7.45 

Phase 4-5 45.96 9.69 

Phase 5-6 57.46 6.22 

 

 

 

Figure 6.10: Representation of the combined sex transitional age between phases using the left 

pubic symphysis in a Western Australian population. 
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Chapter Seven 

Discussion 

7.1 Introduction 

The primary aims of this project were to quantify the accuracy of two foreign methods of sex and 

age estimation when applied to Australian pelvic bones. Prior to data acquisition, intra-observer 

error and bilateral asymmetry was assessed, which is briefly discussed. Pelvic sexual 

dimorphism according to the Phenice method of sex estimation was then examined and the 

Suchey-Books age estimation was analysed. Those findings are discussed in this chapter. The 

limitations of this study, avenues for possible future research, and conclusions are then 

presented. 

7.2 Precision 

As morphoscopic methods are known to be somewhat subjective (McDowell et al. 2012), a 

precision test was undertaken before any data was acquired to quantify any intra-observer error. 

This occurred for both methods, with all tests showing almost perfect accordance according to 

Landis and Koch (1977). Intra-observer accordance for the Suchey-Brooks method resulted in a 

Kappa value of 0.9 for both the left and right os coxa. This is considerably higher than previous 

studies, which achieved Kappa values of 0.66 and 0.63 (Buckberry and Chamberlain 2002; 

Fleischman 2013). This high Kappa value not only demonstrated that the method could be 

applied in clinical MDCT scans, but also achieved a level of certainty that the observer could 

confidently assess the areas of interest repeatedly. As such, all areas of interest could be 

analysed in the study, as it was deemed that the method was applicable to both a Western 

Australian population and for use in MDCT scans.  

7.3 Bilateral Asymmetry 

For the Phenice method the ventral arc, subpubic concavity and ischiopubic ramus were 

separately assessed for the right and left pubic bone. Using the Suchey-Brooks method the 

symphyseal face was also assessed in both pubic bones. None of the assessments were found 
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to have significant bilateral asymmetry and as such, it can be assumed that both the left and 

right pubic bone can be used interchangeably. Whilst the level of bilateral asymmetry was low 

(13/445), there were 13 individuals who were deemed to have some asymmetry of the 

symphyseal face albeit by no more than one phase. These individuals were not heavily 

weighted as male or female, however the majority of the individuals were young. This may 

suggest that the individuals were still developing pubic bone features, or may imply a medical 

condition in which one side of the body was more heavily stressed than the other, and as such, 

had more degeneration. The low level of significant asymmetry contradicts a reasonably high 

level found in a study by Overbury et al. (2009), in which over 60% of the sample was found to 

have asymmetrical symphyseal faces (Overbury et al. 2009). The latter may be a population 

effect, but as that is unlikely, this finding could warrant further investigation. 

7.4 Accuracy of the Phenice Method 

When applied to a Western Australian population the Phenice method for sex estimation 

resulted in an overall accuracy of 92.2%. This value is close to the statistical range of the 

original 96-100% (Phenice 1969). When compared to other published studies in different 

populations, the Western Australian population accuracy rate was comparable, with the majority 

of studies reporting accuracy rates above 80% e.g. t(Lovell 1989; McFadden and Oxenham 

2016; Sutherland and Suchey 1991; Ubelaker and Volk 2002). More specifically, 97% of 

females, and 86% of males were correctly assigned by sex. This presents an obvious sex bias, 

which may be a concern when using the method within a forensic context. A similar sex bias 

was reported by Ubelaker and Volk (2002), in which accuracy was much higher for females 

(97%) than for males (79%). Lovell (1998) however, found no sex bias, with 18% of males and 

17% of females incorrectly assessed. This may be due to the difference in sample population, 

both geographically and temporally, along with differences in gender roles in the last 20 years.  

Phenice, in his original method, suggested that there would always be at least one region in 

which sex was apparent, even if the other two were undetermined, and this should be used to 

assign sex. Other studies have attempted to determine which region is the most accurate, and 

as such should carry the most weight when assigning sex. Whilst some studies have 

recommended that the ventral arc is the most accurate feature (Kelley 1978; Rogers and 
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Saunders 1994; Sutherland and Suchey 1991), this was not evident in the present study. For 

males, the ventral arc did present the highest accuracy rate (92%), however for females it had 

the lowest accuracy (80%). This is an issue previously discussed by Sutherland and Suchey 

(1991), who demonstrates the development of the ventral arc in females is often not complete 

until the mid-twenties, possibly leading to misclassification of the trait. Rogers and Saunders 

(1994) also demonstrate the increasing accuracy of the ventral arc as age progresses, with only 

71.5% of those under 25 correctly assessed, but 90% of individuals over 25 years of age 

correctly assessed. This, along with irregular bone surfaces, particularly in aged individuals, 

may lead to such a low accuracy rate for females with this trait (Lovell 1989). This was 

demonstrated in the present study, with only 50% of females under the age of 25 being correctly 

identified, and 85% of those over 25 being correctly assessed (see Appendix 2). 

However, as this study demonstrated that no one single region was most accurate in both males 

and females, a different approach was taken. In order to determine sex, all three regions were 

separately assessed as present or absent, and the most common assessment was taken as the 

sex of the individual. This method gave the highest overall accuracy rate of 93%. All three traits, 

when used individually, had accuracy rates below 90% in both sexes. This suggests that whilst 

the individual traits can be used (e.g. if necessary for damaged remains) the most accurate 

results are achieved when using all three traits. 

7.5 Accuracy of the Suchey-Brooks method 

When analysing the Suchey-Brooks method, a set of Western Australian methods were formed 

based on the data collected. As the method involves the calculation of a series of mean ages 

and associated ranges, a specific accuracy rate was not formed. However, a series of mean 

ages, and 95% ranges were calculated for both males and females in Western Australia. It can 

be seen in section 6.4.2 that both females and males have higher mean ages for Phases Three, 

Four and Five than the original Suchey-Brooks study (Phase Six is lower, however this may be 

due to the small sample size in that age group). These higher mean ages may suggest that the 

modern Western Australian population has a slightly slower rate of degeneration of the pubic 

symphysis compared to the original Suchey-Brooks sample. This may be in part due to 

improved modern health and a change in physical actions in the last century (e.g. less physical 
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labour) (CDC 2013; WHO 2016). However, both mean age and SD values achieved in the 

Western Australian study were relatively similar to those of Hartnett (2010) with the exception of 

Phase Six, which has a considerably higher SD than the present  sample. This difference may 

be due to the lack of older individuals in the Western Australian sample. 

Similarly to the Suchey-Brooks data, the age range for each phase progressively increases, 

showing decreasing lack of accuracy. These large age ranges make the method somewhat 

impractical, as an age range of 30+ years may not be of much evidentiary value when 

attempting to classify an unknown. One of the main differences that can be seen between the 

Western Australian population in relation to the Suchey-Brooks data is the associated SD 

values of the phases. The Suchey-Brooks data shows that Phases 5 and 6 have the highest 

SD, and as such the broadest range. However, The Western Australian data has the highest SD 

for Phases Three and Four. This difference may be due to the sample distribution, as there 

were more individuals in these age groups in the Western Australian population, and the oldest 

individual was only 64 years of age. When compared to Kimmerle et al, (2008),the age ranges 

achieved in this study, although different, were comparable. However the standard deviations 

achieved for each phase in the Western Australian population were considerably lower than the 

American sample (Kimmerle et al. 2008).  

Males and females appeared to have similar rates of degeneration in the Western Australian 

population, with mean phases being within two years of each other. This contrasts with the 

Suchey-Brooks data, where males reach the mean age for each phase slightly earlier than 

females. This difference could be due to the difference in gender roles when the Suchey-Brooks 

standards were formed, with men performing more physical labour than females. However, in a 

modern context, it is much more common for both females and males to have less active jobs 

(e.g. office workers) (Wyatt and Hecker 2006). 

In order to calculate the accuracy of the method, the fit of the model was tested by comparing 

actual age to the mean age of the assigned phase. This facilitates a physical representation of 

the data and provides an R2 value of 0.779, thus demonstrating a good fit between the data. 

Although this method does give an indication of the accuracy of the method, it is only used to 

compare actual age to mean predicted age, which may not be close to the estimated age. For 

example; the pubic symphysis of a 51 year old female been scored as a late Phase Three, 
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according to the standards derived from a Western Australian population, her mean age would 

be 33 years (±8.92).  

A number of previous studies have similarly determined the number of individuals whose actual 

age fell within the age range of their phase to determine the accuracy of the method e.g. (Wink 

2014) When this was applied to the Western Australian sample, a very high accuracy rate of 

96.43% (or 432/445) was achieved. This is relatively higher than most other documented 

accuracy rates, such as those reported by Millan et al. (2013) as 85.8% (139 individuals), Djuric 

et al. (2006) with 79% (85 individuals) and  Wink (2014) with 79.5% (44 individuals), possibly 

due to the larger sample size utilized in the current study (448 individuals). However, it may be 

unwise to use this as a reliable accuracy indictor of the method. Although the number of 

correctly identified individuals is high, it is unlikely that this represents the accuracy of the 

method, due to the extraordinarily large age ranges presented in the method. A 96% accuracy 

rate does not reflect the age ranges that may span over 30 years. 

As many of the age ranges overlap each other, thus blurring the age at transition, transitional 

analysis was performed to devise a mean age, and associated age range for this transitional 

period. As expected, there was a significant overlap between the phases, especially the later 

phases, as the standard deviation and accuracy decreases. The transition between Phases 

Four and Five was the broadest, which reflects the large age range associated with these 

phases. Overall, the male transitional ranges were much broader than their female counterparts, 

suggesting that females have a more definite transitional age between most phases.  

7.6 Forensic Applications 

As previously discussed (Section 1.4), the development and use of population specific 

standards is critical in the field of forensic anthropology. Skeletal remains that are referred for 

anthropological assessment require the formation of a biological profile, which can be used to 

aid in identification (Brough et al. 2014). In these cases, sex and age estimation can be vital 

when attempting to form a biological profile, as both the estimate of ancestry and stature will 

often depend on the correct assessment of the former. If sex and/or age are incorrectly 

assigned, in part due to using foreign standards, subsequent assessments will most likely also 

be inaccurate, leading to an unnecessary waste of resources.  
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Due to a lack of anthropological standards for Western Australia, two commonly used methods 

for sex and age estimation have been explored in the current study, both of which represent 

data from geographic and temporally distant populations. The accuracy of these methods has 

been tested when applied to a Western Australian population, along with a set of specific 

standards for age estimation in Western Australian adults. The test of the Phenice method has 

shown that it can confidently be used in a Western Australian population, as it achieved a high 

accuracy rate. The Suchey-Brooks method performs adequately, but the population specific 

phase definitions developed herein may be more appropriate in forensic and humanitarian 

investigations.  

7.7 Limitations 

The present study only included individuals over the age of 18, as both methods being tested 

have been formulated for adult remains. Sex estimation in the immature skeleton can be 

inaccurate, as prior to puberty, the skeleton is generally androgynous (Scheuer 2002).  

However, it may be beneficial to test the Phenice method on individuals aged 14 and over, once 

puberty has commenced, to determine when these sex specific morphologies develop in the 

pubic bone. Age estimation in the immature skeleton is often sex specific, and depends on the 

growth of bones at predictable rates. This is usually highly specific, whereas adult age 

estimation uses the degeneration of bones, such as the pubic symphysis, which usually does 

not occur until adulthood (Franklin 2010).  

As this study was based on images taken from clinical MDCT scans, a lack of resolution made 

some features difficult to visualise. It may be beneficial to perform a study where both dry bone 

and MDCT scans can be assessed for the same morphological features, to determine any 

differences in sex and age estimation when using the different data sources. 

The MDCT scans used in this study omit all personal information, excluding age and sex. As 

such, the ancestral background of the individuals studied is unknown, as it is usually medically 

irrelevant. Individuals may also identify with a cultural ancestry, rather than a population that 

genetically differs. This may mean that certain differences related to ancestry in sex or age 

markers on the pubic bone are undetected. However, as discussed in section 1.8, the sample 

used in this study is expected to offer an acceptable representative population. 
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7.8 Future Research 

It would be advantageous to test the applicability of Western Australian age estimation 

standards across Australia. When applying Western Australian specific standards to other 

Australian states, it would be expected that the accuracy rate would be lower than presented in 

this study. If, as predicted, there were a difference in accuracy, it would be beneficial to 

compare the aspects of the symphyseal face that account for these differences.  

Similarly, it would also be useful to compare the accuracy of the Phenice method when used in 

other Australian states. This would allow an analysis of how the pubic bone morphology differs 

between different populations, with differing ancestral backgrounds. By extension, both methods 

would benefit from testing that takes into account ancestral background, as this may provide 

further insight into how and when the pubic features examined in this study develop in different 

populations. 

It may also be valuable to examine individuals under the age of 18, to determine when the pubic 

features of interest begin to develop, allowing a better understanding of how and why the 

method can be applied. 

It would also be useful to perform a larger-scale project, involving assessments by multiple 

assessors. This would allow evaluation of both intra- and inter- accordance, and would further 

delve into the issue of subjectivity in morphoscopic methods. Given that both methods are 

morphoscopic, and therefore highly subjective, further testing can determine its ease of 

application. A test involving those unfamiliar with the method, those with a moderate knowledge 

and those who are experts in the field, would demonstrate whether the method was easily 

applicable, and if the high accuracy achieved herein could be replicated.  

7.9 Conclusions 

The current research has demonstrated the advantages and limitations of two commonly used 

morphoscopic methods: the Phenice method of sex estimation; and the Suchey-Brooks method 

of age estimation. Intra-observer accordance was high and shown to be ‘almost perfect’. The 

Phenice method was shown to be highly accurate, whereas the Suchey-Brooks method had 

relatively low accuracy rates. These results support previous research, and the idea that 
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morphoscopic methods are less accurate than morphometric methods, particularly for age 

estimation, due to their highly subjective nature. Whilst an overall high accuracy rate was 

achieved using the Phenice method of sex estimation (92%), the near perfect accuracy rate 

observed by Phenice of 96-100% was not achieved. This may be due to both the population 

and temporal differences. There was little to no sex bias found when using the Phenice method, 

and as an acceptable level of 92% accuracy was achieved, it is thus possible to stat that the 

method can be used for a Western Australian population. However, the Phenice method did 

present a high sex bias, which may be a cause of concern when applying these standards. 

When compared to the original Suchey-Brooks data, the derived Western Australian age ranges 

were similar, however there were notable differences. This shows that whilst the method may 

still be applicable to a Western Australian population, there will be a resulting loss of accuracy, 

as demonstrated by an increasing age range. The study also showed, that although the method 

can be used for adult age classification in a Western Australian population, its reliability may be 

low, as the age ranges provided are so broad that in some cases that they may be of little 

evidentiary value.  
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Appendix 1 

Table A1.1: Sample distribution by age 

Age Male Female Total  

18 1 1 2 

19 5 11 16 

20 7 7 14 

21 11 11 22 

22 6 10 16 

23 12 9 21 

24 9 6 15 

25 10 11 21 

26 5 2 7 

27 4 2 6 

28 4 0 4 

29 4 0 4 

30 2 3 5 

31 4 2 6 

32 3 5 8 

33 1 0 1 

34 4 4 8 

35 0 5 5 

36 3 3 6 

37 4 2 6 

38 0 2 2 

39 1 5 6 

40 4 3 7 

41 3 3 6 

Age Male Female Total  

42 5 4 9 

43 4 3 7 

44 3 9 12 

45 3 6 9 

46 6 8 14 

47 12 9 21 

48 4 3 7 

49 4 6 10 

50 4 1 5 

51 3 3 6 

52 5 6 11 

53 4 3 7 

54 6 11 17 

55 8 4 12 

56 4 7 11 

57 7 5 12 

58 9 5 14 

59 5 13 18 

60 7 0 7 

61 4 0 4 

62 4 3 7 

63 4 4 8 

64 4 2 6 

Total 226 222 448 
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Appendix 2 

Table A2.1: Percent of Males correctly assigned using Phenice traits, by age group 

Age N Ventral Arc Subpubic 
concavity 

Ischiopubic 
ramus 

Majority Rules 
(2/3) 

18-‐20 18 100% (18) 94% (17) 77% (14) 94% (17) 

21-‐25 46 96% (44) 91% (42) 87% (40) 93% (43) 

26-‐30 16 93% (15) 75% (12) 75% (12) 81% (13) 

31-‐35 12 83% (10) 50% (6) 75% (9) 83% (10) 

36-‐40 12 83% (10) 66% (8) 75% (9) 83% (10) 

41-‐45 18 100% (18) 77% (14) 83% (15) 94% (17) 

46-‐50	   30 93% (28) 63% (19) 70% (21) 80% (24) 

51-‐55	   26 92% (24) 58% (18) 84% (22) 84% (22) 

56-‐60	   32 97% (31) 62% (20) 81% (26) 84% (27) 

61-‐65	   16 88% (14) 75% (12) 75% (12) 93% (15) 

Total	   226	   92.98% (212) 73.68% (168) 78.95% (180) 86.84% (198) 

 

 

Table A2.2: Percent of females correctly assigned using Phenice traits, by age group 

Age N Ventral Arc Subpubic 
concavity 

Ischiopubic 
ramus 

Majority Rules 
(2/3) 

18-‐20 24 25% (6) 92% (22) 87% (21) 87% (21) 

21-‐25 43 74% (32) 98% (42) 84% (36) 98% (42) 

26-‐30 6 66% (4) 100% (6) 100% (6) 100% (6) 

31-‐35 16 94% (15) 100% (16) 87% (14) 100% (16) 

36-‐40 15 100% (15) 100% (15) 80% (12) 100% (15) 

41-‐45 25 92% (23) 100% (25) 96% (24) 100% (25) 

46-‐50	   27 96% (26) 100% (27) 85% (23) 100% (27) 

51-‐55	   27 92% (25) 100% (27) 88% (24) 100% (27) 

56-‐60	   30 76% (23) 100% (30) 86% (26) 93% (28) 

61-‐65	   9 77% (7) 100% (9) 100% (9) 100% (9) 

Total	   222	   79.64% (176) 99.10% (219) 88.23% (195) 97.74% (216) 
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Appendix 3 

 

Figure A3.1: Relationship between male chronological age and Suchey-Brooks mean predicted 

age. R2 value = 0.791 

 

 

Figure A3.2: Relationship between female chronological age and Suchey-Brooks mean 

predicted age. R2 value = 0.773 

y = 0.893x + 2.0125 
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y = 0.8021x + 5.558 
R² = 0.77283 
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