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Abstract 
 

This project involves establishing an age estimation method for sub-adult individuals 

(<18 years of age) based on the measurement of open root apices of the developing 

permanent dentition. To accomplish this, the method developed by Cameriere et al. 

(2006) based on a sample of Italian sub-adult individuals is applied. While the 

Cameriere method has been validated in several populations (e.g.(Cameriere et al. 

2007a; Rai et al. 2010; Fernandes et al. 2011; De Luca et al. 2012; Gulsahi et al. 2015) 

with comparable rates of accuracy, this particular method has not yet been quantified in 

a large Australian sample.  

 

The overall aims of this project are: i) to statistically quantify intra-observer agreement 

of apical width and tooth length measurements in OPG images; ii) to determine the 

accuracy of the Cameriere method in a sample of Western Australian sub-adults; and iii) 

to develop an age estimation standard specific to a Western Australian population based 

on the Cameriere methodology. 

 

Based on the analysis of 187 orthopantomographs (OPG) of sub-adult individuals (97 

male, 90 female) aged 3 to 14 years drawn from a contemporary Western Australian 

population, the accuracy of the Cameriere dental age method is explored. The OPG 

scans are visualised using ImageJ and OsiriX; apical width and tooth length 

measurements are acquired in the first seven permanent left mandibular teeth in each 

OPG scan. Prior to primary data collection intra-observer error is quantified. The 

aforementioned measurements are then entered into the multiple linear regression 

formula established by Cameriere et al. (2006) to derive an estimate of age.  

 

Statistical analysis of the accuracy of the age estimations produced by the Cameriere 

model shows that the difference between actual and estimated age is significant in both 

sexes (p<0.001). On average, age is slightly overestimated in males and females; 0.803 

years, standard error of the estimate (SEE) ±1.29 years and 0.587 years (SEE ±1.31 

years) respectively. Based on the results of the age estimations using the Cameriere 

formula, population-specific statistical models (both individual- and pooled-sex) for the 

quantification of apical closure of Western Australian sub-adults in relation to 

chronological age are produced. The individual-sex model has an r2 value of 0.958 with 

an associated SEE of ±0.959 years. The pooled-sex model has an r2 value of 0.953 and 
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an associated SEE of ±1.017 years. The latter Western Australian-specific models were 

also tested in a holdout sample of 66 Western Australian sub-adult individuals (36 male, 

30 female) aged 3 to 14 years; the difference between actual and estimated age is not 

statistically significant for both males (p=0.515) and females (p=0.379). On average age 

is slightly overestimated for both males and females; 0.107 years (SEE ±0.99 years) 

and 0.150 years (SEE ±0.95 years) respectively. Analysis of the Western Australian 

pooled-sex model shows that the difference between actual and estimated age is not 

statistically significant (p=0.275) and on average age is slightly overestimated (0.134 

years); the SEE was ±1.01 years. 

 

The results of the present study demonstrate that accurate and precise linear 

measurements of the dentition can be acquired in digital OPG scans. The measurement 

precision values were deemed statistically acceptable and are comparable to previously 

published validations of the Cameriere method (e.g.(Cameriere et al. 2006; Cameriere et 

al. 2007a; Fernandes et al. 2011; De Luca et al. 2012; Gulsahi et al. 2015). The present 

project has reinforced the continued need for population specific standards to be 

developed for forensic application, and further demonstrates the need for 

standardisation of both measurements and statistical methods (where possible) to 

facilitate meaningful comparisons across populations and methods. 

 

The present project produced population-specific age prediction models based on 

odontometric measurements of the developing permanent dentition acquired in OPG 

scans for a Western Australian population. The results of the present thesis have the 

potential to influence forensic investigations in Western Australia specifically and in 

Australia more generally. It is intended that it will facilitate the development of a 

Western Australian age estimation standard for use in routine casework that will assist 

towards establishing the identity of unknown sub-adult remains. 
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Chapter One: 

Introduction, Objectives and Research Summary 
 

1.1 Introduction 

Forensic anthropology involves the study of human skeletal remains in order to estimate 

sex, age, stature and ancestry to assist law enforcement in the identification of an 

unknown individual (Stewart 1979). Forensic anthropology requires extensive 

knowledge of its parent discipline of physical anthropology (Stewart 1979), and also 

training in archaeological techniques for cases involving body recovery (Snow 1982). 

While the majority of work involves the study of deceased individuals, it is becoming 

more frequent that forensic anthropologists are referred cases involving the living, in 

which the identity or age of an individual(s) is subject to legal question (Komar & 

Buikstra 2008). These situations are often related to issues of illegal immigration and/or 

where it must be determined whether an individual has reached the age of legal 

responsibility (Schmeling et al. 2003). 

 

1.2 Biological profiling 

One of the main roles of the forensic anthropologist is to provide a biological profile of 

unknown individual(s) (Cattaneo 2007). This is accomplished based on the analysis of 

morphological markers (or attributes) in the skeleton (Franklin 2010). In doing so, the 

forensic anthropologist can assist investigating authorities to narrow the list of potential 

missing persons that fit the biological profile. In addition to the latter, forensic 

anthropologists are able to assess skeletal trauma and classify the timing and type 

sustained (Cattaneo 2007). 

 

1.3 Methods of skeletal analysis 

Methods used by forensic anthropologists in the formation of a biological profile can be 

divided into two main categories: metric (morphometric) and nonmetric (morphoscopic) 

(Komar & Buikstra 2008). While there are a variety of methods available, forensic 

anthropologists often rely on a combination of both approaches (Bass 2005). 

Morphometric methods involve acquiring measurements between defined homologous 

anatomical landmarks, which are then used in statistical models (equations), or 

compared to standardised reference data. As the estimation is measured and calculated, 

the degree of associated error can be calculated. This allows the forensic anthropologist 

to quantify the degree of confidence associated with their estimations. Conversely, 
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morphoscopic methods do not require physical measurement and thus rely on the 

expertise of the forensic anthropologist to match morphological features to a range of 

options provided in reference standards, typically based on written descriptions and/or 

illustrations (Rogers & Saunders 1997). Morphoscopic methods are thus usually more 

rapid to apply and simpler to use, but are subsequently more subjective (Decker et al. 

2011). Any potential error associated with estimations made using morphoscopic 

methods are inherently more difficult to quantify statistically. 

 

1.4 Brief introduction to age estimation in the sub-adult skeleton 

The following section provides a brief introduction to sub-adult age estimation methods, 

with a more detailed review to follow in Chapter Three. With specific reference to 

performing an age estimation, it is well documented that the most reliable and accurate 

age estimation methods are those specifically for sub-adult individuals (Franklin 2010). 

This is because as growth occurs, skeletal structures undergo predictable changes that 

can be visualised macroscopically and/or using radiographic imaging and multi-slice 

computed tomographic (MSCT) scans (Greulich & Pyle 1959). When growth ceases, 

usually in the late teenage or early adult years of life, these morphological 

developmental changes in the skeleton also cease. Once the latter occurs, it is 

considerably less reliable to estimate age in the adult skeleton (Saunders 2000). While 

adult age can be broadly estimated based on the degradation of the skeleton, the derived 

estimate is generally unreliable, as many factors (such as lifestyle, nutrition, genetics, 

excessive or repetitive sporting activities and hard manual labour) alter the rate of 

skeletal degradation (Franklin 2010). The speed at which the skeleton ‘degrades’ is thus 

individualistic and therefore inherently less reliable in terms of trying to ascertain an 

accurate estimation of age. As demonstrated above, the accuracy of the majority of age 

estimation methods is dependent on the age of the individual being assessed. Typically 

as an individual ages, the accuracy of age estimation decreases (Noble 1974). For 

example, in sub-adults dental age prediction accuracy of within ±1 to 2 years is 

acceptable however in adults accuracy of ±10 or more years is expected. Two of the 

most important skeletal regions for age estimation include the hand-wrist complex and 

the dentition (Cameriere et al. 2006). 

 

1.4.1 Hand-wrist complex 

The hand-wrist complex is frequently used as a morphological indicator of age. This is 

mostly due to the large number of bones available in a relatively small area, and the 
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ease of medical imaging the hand-wrist. Greulich and Pyle (1959) developed a growth 

standard that can be used to estimate age by comparing a radiograph of an unknown 

individual to an atlas that categorises the growth and development of the hand-wrist 

complex according to sex-specific age groups (stated accuracy of ±0.6 to 1.1 years). 

Their choice to use the hand-wrist complex was due to how readily visible the skeletal 

morphologies associated with growth and ageing are in radiographs and because the 

development of the hand-wrist complex occurs in a predictable progressive sequence 

(Greulich & Pyle 1959). Similarly, the Tanner-Whitehouse growth standards (TW1-3) 

can be used to estimate age by assessing skeletal maturity in radiographs; however in 

those methods a maturity score is assigned for each bone, which is then summed to 

derive an estimate of chronological age (Tanner et al. 2001). The TW3 method does not 

have a stated accuracy rate, however when it was applied in a Western Australian 

population, it was accurate to within ±1.31 to 3.61 years in males ±2.37 to 2.65 years 

in females (Maggio et al. 2016).  

 

1.4.2 Epiphyseal fusion 

Similar to methods using the hand-wrist complex, estimation of sub-adult age can be 

achieved by observing the pattern of epiphyseal fusion in the body (White & Folkens 

2005). Postcranial epiphyseal fusion occurs in a predictable and ordered sequence, thus 

it can be used to estimate skeletal age. While epiphyseal fusion occurs mostly between 

the ages of 15 and 23 (Scheuer & Black 2004), the process does occur from childhood 

through to skeletal maturity and the cessation of growth in adulthood (Scheuer & Black 

2004; White & Folkens 2005). For example, in Buikstra and Ubelaker (1994) the degree 

of epiphyseal fusion is scored as unfused, united or fully fused based on comparison to 

written descriptions and images (i.e. the femoral head is scored based on fusion 

occurring between 16-19.5 years of age).  

  

1.4.3 The dentition 

There are a number of methods used to estimate age based on the analysis of the 

dentition; this is because the formation of the teeth is tightly controlled by genetics and 

less affected by environmental influences relative to skeletal development (Cameriere et 

al. 2006). Ubelaker (1989) examined a Native American and Caucasian American 

sample and provided an approach to estimate age in individuals from 5 months (in 

utero) to 35 years (Ubelaker 1989). Individual teeth are compared to diagrammatic 

illustrations of the development of the deciduous and permanent dentition. Each stage of 
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development has a corresponding age estimate with a plus or minus range. For example, 

an age estimation of 6 months has a range of ±3 months, whereas an estimation of 15 

years has a range of ±3 years. On the whole, regardless of the dental age estimation 

method, it has been shown that dental methods are more accurate in younger individuals 

(Stewart 1963). This is because once all the permanent dentition has erupted (by 

approximately 12-15 years), the developmental changes to the teeth that facilitate age 

estimation begin to decrease and eventually cease when tooth development is complete, 

thus the potential error range of the estimate is much larger and by association less 

reliable.  

 

1.4.3.1 Radiographic imaging of the dentition  

Orthopantomograms (OPG) are a routine form of dental imaging that acquires a 

panoramic radiograph of the whole mouth, including the teeth, upper and lower jaw, 

and the bones of the lower face (Habets et al. 1988). OPG scans are typically taken by 

dentists who are assessing an individual for the presence of impacted teeth or the extent 

of trauma (or infection) in the teeth or jaw (Molander 1995). OPGs are particularly 

useful for diagnosing and assessing paediatric and orthodontic patients (Duterloo 1991). 

These scans also expose patients to a lower dose of radiation relative to having several 

bitewing dental films taken to image the whole mouth (Duterloo 1991). Furthermore, 

bitewing dental films are often of poorer quality in children, as the dental films are 

difficult for some children to fit in their mouths, thus not facilitating high quality 

imaging of the dentition (Duterloo 1991).  

 

As dental imaging enables both the erupted deciduous and the developing permanent 

teeth to be readily visualised, a number of sub-adult age estimation methods are based 

on the assessment of dental radiographs. Moorrees et al. (1963a) studied a sample of 

American sub-adults to examine deciduous tooth formation and resorption patterns 

using oblique and lateral jaw radiographs. The development of the deciduous canine and 

the first and second molars, are each scored from initial crown formation through to root 

apex closure (Moorrees et al. 1963a). Age is estimated by averaging the scores for each 

of the teeth assessed; the final estimation is presented with a range of ±2 standard 

deviations (95% confidence interval). While an age estimation can be acquired using 

less than all three teeth, it is stated that using all three provides the most accurate 

estimate (Moorrees et al. 1963a). 
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Similarly, the Cameriere et al. (2006) method uses panoramic x-rays (OPGs) to 

visualise the first seven left mandibular teeth to derive an age estimation. This method 

was developed based on the analysis of a sample of Italian sub-adults. Root width and 

tooth height measurements are acquired from the OPGs, which are then converted to a 

ratio. The number of teeth with closed apices are summed. Using the linear regression 

formula established by Cameriere et al. (2006), the estimated age of a sub-adult can be 

derived. The regression model has an associated r2 value of 0.836, however no standard 

error of the estimate is calculated (note: the Cameriere method is discussed in more 

detail in Chapter Three). 

 

1.5 Population specificity 

Forensic anthropologists use reference standards (statistical models) available in the 

literature to estimate sex, age, stature and ancestry. Most standards are based on the 

study of various global documented skeletal collections (i.e. Hamann-Todd or Raymond 

A. Dart). Those collections largely comprise non-contemporary individuals, some of 

whom have birthdates as early as the 19th century (Hunt & Albanese 2005). The large 

increase in global admixture of previously separated populations (Floud et al. 1990) 

contributes to those skeletal collections no longer accurately representing contemporary 

populations. Due to this notion of population specificity, published standards based on 

those collections reliably estimate sex, age, stature and ancestry for individuals from 

those collections; however accuracy decreases when they are applied to contemporary 

individuals, even from the same population. The further removed (spatially, temporally 

and geographically) an unknown individual is from the documented individuals in such 

collections, the less accurate the estimation will be (Steyn & İşcan 1999; Franklin et al. 

2012a). 

 

1.6 Medico-legal considerations 

The formulation of population specific standards has an important role in regard to the 

contribution of expert evidence in court. In the United States forensic expert evidence 

can only be accepted if it adheres to the Daubert Guidelines (Christensen 2004). Those 

guidelines came into effect in 1993 following the Daubert v. Merrell Dow 

Pharmaceuticals, Inc. trial. The Daubert ruling states that the methods used by the 

expert must be scientifically reliable; must have been subject to peer review and 

publication; and must be relevant to the particular case (Daubert v. Merrell Dow 

Pharmaceuticals, Inc.  1993). The method used by the expert must have a known error 
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rate and also must be accepted within the scientific discipline (i.e. not novel) (Daubert 

v. Merrell Dow Pharmaceuticals, Inc.  1993). 

 

The notion of population specificity demonstrates that the known error rate for a 

particular method will vary depending on the population. Thus, this reinforces the need 

for population specific standards, with known error rates, to be developed and peer 

reviewed. While the Daubert criteria is relevant to American court systems, Australia 

follows a similar process to ensure any evidence given during expert testimony has a 

known error rate and is a widely accepted scientific method within the discipline. In 

Australia there is a greater emphasis placed on the experience and qualification of the 

expert giving the evidence, rather than the validity of the method used (Evidence Act 

1995, Australian Government  2012). Despite this, it is of upmost importance that 

expert evidence presented by a forensic anthropologist is as accurate as possible. 

 

1.7 Sample population  

Australia does not have documented skeletal collections available to develop population 

specific standards. To overcome this, recent research has shown that instead of 

requiring large collections of physical specimens, measurements taken from multi-slice 

computed tomographic (MSCT) scans can be used to develop contemporary Australian 

standards (Franklin et al. 2012a; Franklin et al. 2012b; Franklin et al. 2014). In the 

present study, a total of 187 OPG scans obtained from the Western Australian 

Department of Health Picture Archiving and Communication System (PACS) database 

are examined. Those scans are collected from public hospitals around the Perth 

metropolitan area. It is acknowledged, however, that this type of data inherently 

excludes individuals who either choose not to seek dental treatment, or who cannot 

access dental clinics due to financial reasons or geographical location (i.e. rural/remote 

communities); see also Chapter Four. 

 

1.8 Project aims  

The Cameriere et al. (2006) method for dental age estimation has been validated in a 

number of global populations (e.g. European - Cameriere et al. 2007a; Indian - Rai et al. 

2010; Brazilian - Fernandes et al. 2011; Mexican - De Luca et al. 2012; Turkish - 

Gulsahi et al. 2015), but since the original study was published (based on an Italian 

population) in 2006, comparatively little research has been conducted to establish an 

Australian specific standard using that method.  
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This present project aims to add to the above body of knowledge by developing a 

Western Australian specific sub-adult standard for age estimation using the Cameriere 

method. The resulting Western Australian standard could then be applied when 

unidentified sub-adult remains are referred for forensic investigation, or applied when 

the estimation of age of a living individual is required. Digital orthopantomograms 

(OPGs) are used to assess the development of the first seven left permanent mandibular 

teeth. Statistical analyses will be performed to evaluate the accuracy of the Cameriere 

method in the Western Australian sample. The resulting accuracy is explored in the 

context of previous research. The specific aims of this research project are detailed 

below. 

 

i) Statistical quantification of intra-observer agreement of apical width and tooth 

length measurements in OPG images 

Quantification of intra-observer error is important to ensure repeat measurements are 

reliable and replicable; this helps establish data quality and the statistical reliability of 

the standards subsequently formulated. Statistical quantification of observer precision 

and accuracy also allows researchers to validate analytical outcomes and make reliable 

comparisons. While the method of measuring open apices in OPGs has been 

successfully validated in several other populations, it has not been validated in the 

Western Australian population, nor has it been quantified relative to the visualisation 

approaches employed here (e.g. ImageJ; OsiriX). 

 

(ii) To determine the accuracy of the Cameriere method in a sample of Western 

Australian sub-adults 

The present project aims to investigate whether the Cameriere method for assessing 

chronological age is accurate when applied to a Western Australian sample of sub-

adults (aged 3 to 14 years). The original study reported an r2 value of 0.836 for their 

regression model and median residual error between actual and estimated age of -0.035 

years, however no standard error of the estimate is calculated. A large sample of 

contemporary Western Australian individuals will thus be assessed using the original 

Cameriere method and the resulting accuracy and associated error will be statistically 

quantified. 
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(iii) To develop an age estimation standard specific to a Western Australian 

population based on the Cameriere methodology 

Predictive models with appropriate statistical quantification of associated error for the 

Western Australian population will subsequently be formulated based on the most 

accurate dental predictor(s). It is anticipated that the accuracy of the resulting Western 

Australian specific age estimation model will improve upon the accuracy of the Italian 

model. 

 

1.9 Expected outcomes 

This research project aims to statistically quantify the accuracy and precision of apical 

measurements acquired in digital OPG scans and to statistically quantify the accuracy of 

the Cameriere method when applied to a Western Australian sample. It is intended that 

this research project will facilitate the development of an age estimation standard 

specific to Western Australian sub-adults that can be applied in forensic casework. 

 

1.10 Sources of data 

Digital OPG scans are acquired from the Western Australia Department of Health 

Picture Archiving and Communications System (PACS) database. The scans are of 

patients presenting to public hospitals in the Perth metropolitan area for clinical cranial 

(head/neck) evaluation or full mouth panoramic imaging. Therefore, these patients may 

present with trauma or other pathological conditions that may fully (or partially) 

obstruct the area to be measured. Likewise some individuals will present with agenesis 

of the permanent teeth; this may be congenital and/or due to previous trauma or 

orthodontic treatment. Any such scans are accordingly discarded from the sample. All 

scans are anonymised prior to receipt with only the associated age and sex data retained. 

The UWA Human Research Ethics Office (HREO) approved this project on 21 April 

2016; see Appendix 1. 

 

1.11 Potential limitations 

All scientific research, regardless of the discipline, can be improved with further work. 

There will also be certain inevitable limitations due to the nature of the research, or the 

timeframe in which the research must be completed. It is thus acknowledged that the 

present project is potentially limited by two main factors: 
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i) Background information of sample 

Any medical scans used for research purposes are anonymised to protect the privacy of 

those individuals and to conform to standard ethical requirements. However, an 

associated inherent limitation is that the true ancestral and socioeconomic diversity of 

the sample is unknown, thus introducing a potential, and unknown, source of variation. 

Whilst this is one of the acknowledged limitations of the present research, it is also a 

limitation of all studies using medical scans, thus it is both not unique to this project, 

nor something for which there is an immediate solution. 

 

ii) Size of the available sample 

The sample is restricted to the number of suitable scans available in the PACS database 

at the time of project commencement. The overall number of suitable scans is somewhat 

limited by the number of scans that cannot be used due anatomical features being 

obscured, blurred or affected by any trauma or pathology. However, the two main 

factors that limit the total size of the sample are time constraints and cost. The amount 

of time required to complete data collection has significantly affected the size of the 

final sample. Furthermore, the cost of acquiring the scans has also limited the final size 

of the sample.  

 

1.12 Thesis outline 

! Chapter One: Introduction 

! Chapter Two: Cranial and Dental Anatomy 

! Chapter Three: Sub-Adult Age Estimation 

! Chapter Four: Materials and Methods 

! Chapter Five: Results 

! Chapter Six: Discussion and Conclusions 

 

Chapter Two introduces the theoretical background to the study, including a review of 

cranial and dental anatomy relevant to the present research, and discusses the 

importance of accuracy and precision in the forensic sciences. Chapter Three evaluates 

the contemporary literature relevant to sub-adult age estimation methods. Chapter Four 

presents the materials and methods used in this study; it summarises the accuracy and 

precision studies that will be performed to ensure that the data acquired is accurate and 

reliable. That Chapter also describes how the OPG scans are measured and includes a 

summary of the statistical analyses performed. Chapter Five presents the results of the 
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various analyses performed and Chapter Six interprets that data and draws conclusions 

in the context of existing knowledge. The final Chapter also discusses the potential 

limitations of the present project and relevant future directions. 
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Chapter Two: 

Cranial and Dental Anatomy 
 

2.1 Introduction 

This Chapter introduces the theoretical background for the subsequent analyses that are 

addressed in this thesis. Firstly, a brief outline of basic craniofacial anatomy, followed 

by an introduction to the development, anatomy and arrangement of the dentition. The 

Chapter concludes by explaining the importance of accuracy and precision in the 

forensic sciences. 

 

2.2 Basic anatomy of the craniofacial region 

The bones of the cranium and the mandible comprise the entire underlying bony 

structure of the head (White & Folkens 2005). While colloquially all of the bones of the 

head are collectively termed the skull, there are a number of anatomical divisions. The 

neurocranium is the portion of the skull that entirely encases and protects the brain; it 

comprises the frontal, parietal, temporal, occipital, sphenoid and ethmoid bones (Wilkie 

& Morriss-Kay 2001) (Figure 2.1). The viscerocranium is the part of the skull that 

provides the structural support for the soft tissues of the face. The bones of the facial 

skeleton include the nasal, lacrimal, palatine, zygomatic, vomer, maxilla and mandible 

(Wilkie & Morriss-Kay 2001) (Figure 2.1). When the mandible is absent, the remaining 

bones of the skull are collectively termed the cranium; when all facial bones are absent, 

the remaining bones are collectively termed the calvarium; and when just the superior 

vault is present, it is termed the calotte (White & Folkens 2005). 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. The bones of the adult skull. (A) The neurocranium (right lateral view);  
(B) The viscerocranium (right lateral view). Adapted from (Martini et al. 2014). 
	

	
	 (A) 

(B) 
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At birth the bones of the skull are unfused and joined by cartilaginous (hyaline) 

membranes (fontanelles) that allow the head to fit through the birth canal, and to 

thereafter allow expansion of the brain post-birth (Cunningham et al. 2016) (Figure 2.2). 

During the first two years of life those fontanelles are obliterated and the bones of the 

neurocranium encase the brain (Aisenson 1950; Duc & Largo 1986). The bones of the 

skull are firmly joined by fibrous immovable joints (synarthroses) called sutures. Once 

fusion of the cranial bones is complete the normal adult skull comprises 28 bones in 

total (including the bones of the inner ear).  

 

 

 

Two of the largest parts of the facial skeleton are the maxilla and the mandible, which 

are the bones of the upper and lower jaws. The maxilla comprises a body and four 

processes; frontal, palatine, zygomatic and alveolar (Carlson & Buschang 2011). The 

mandible is a singular bone that is anatomically divided into sections; body, ramus, 

alveolar process and the coronoid and condylar processes (Carlson & Buschang 2011). 

The dentition is positioned in the spaces in the alveolar process of the maxilla and 

mandible (Carlson & Buschang 2011). The sizes of the spaces in the alveolar process 

will vary depending on the size and type of tooth that is present in each space (Figure 

2.3). 

 

 

 

 

Figure 2.2. The foetal skull. (A) Superior view of the skull showing the anterior and 
posterior fontanelles; (B) Right lateral view of the skull showing the sphenoidal and 
mastoid fontanelles. Adapted from (Martini et al. 2014). 

	
(A) (B) 
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The maxillary and mandibular teeth are innervated by the maxillary (V2) and 

mandibular (V3) divisions of the trigeminal nerve respectively (Borges 2005). The 

anterior, middle and posterior divisions of the superior alveolar nerve (from V2) supply 

the maxillary teeth (Borges 2005). The inferior alveolar nerve, mental nerve and the 

incisive nerve (branches of V3) supply the mandibular teeth (Anderson et al. 1991; 

Borges 2005) (Figure 2.4). The blood supply to the dentition arises from the external 

carotid arteries that branch into the maxillary artery, supplying both the maxillary and 

mandibular dentition (Allen et al. 1973). Branching from the maxillary artery, the 

anterior, middle and posterior divisions of the superior alveolar artery supply the 

maxillary teeth and the inferior alveolar artery and the incisive artery supply the 

mandibular teeth (Allen et al. 1973).  

 

 

 

 

 

 

 

 

 

Figure 2.3. Anatomy of the maxilla and mandible. A diagrammatic representation of the 
permanent dentition within the maxilla and mandible and the associated alveolar 
processes and alveolae. Sourced from (Fehrenbach & Popowics 2015). 
	

Figure 2.4. Nerve supply to the maxilla, mandible and dentition. The maxillary branch 
of the second division of the trigeminal nerve gives off the anterior, middle and 
posterior divisions of the superior alveolar nerve - supplying the maxillary dentition. 
The mandibular branch of the third division of the trigeminal nerve gives off the inferior 
alveolar, incisive and mental nerves - supplying the mandibular dentition. Sourced from 
(Manjunatha 2012). 
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2.3 The human dentition 

Mammalian teeth have characteristic crown and root morphologies that facilitate their 

primary function of cutting, tearing and chewing food (Papagerakis & Mitsiadis 2013). 

Teeth start the mechanical digestion process by grinding up food to a small enough size 

to swallow. In addition to mechanical digestion, the teeth are also essential to speech, 

contribute to overall facial height and are a useful general indicator of overall health of 

an individual (Gift & Atchison 1995; Abdellatif & Hegazy 2011). 

 

Humans have two sets of dentition in their lifetime (diphydonts); the first to develop is 

the deciduous dentition (milk teeth). This set develops, erupts and is then exfoliated 

(shed) in a relatively predictable and orderly sequence throughout childhood to make 

room for the permanent dentition to erupt into the oral cavity (Nelson 2014). The 

permanent teeth begin their development inside the bones of the jaw within the first 

year after birth, however the permanent teeth only begin to erupt into the oral cavity at 

around 6 years of age. Until that time the permanent teeth are contained within the 

maxilla and mandible. The juvenile dental formula is 2.1.2. (incisors, canines and 

molars). The pattern of emergence is most commonly reported as the central incisor, 

lateral incisor, first molar, canine, then second molar (Woodroffe et al. 2010). The adult 

dental formula is 2.1.2.3. (incisors, canines, premolars and molars) (Figure 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5. Primary and secondary dentition. (A) Juvenile dental arcade 2.1.2. (B) 
Adult (permanent) dental arcade 2.1.2.3. Showing Fédération Dentaire Internationale 
(FDI - in brackets) and Universal (outside brackets) dental notation systems. Sourced 
from (Fehrenbach & Popowics 2015). 

A 

B 
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2.3.1 Development of the teeth  

The teeth begin developing within the bones of the jaw and then erupt into the oral 

cavity when the crown is complete, with root development still occurring. The 

precursors to the deciduous teeth (tooth-buds) are detectable within the alveolae of the 

maxilla and mandible as early as 7 weeks in utero (Tucker & Sharpe 2004) and the 

complete deciduous dentition will begin to erupt into the oral cavity usually within the 

first 9 to 12 months of life (Nelson 2014). The development of the individual teeth that 

comprise the dentition is tightly genetically controlled. Thus the timing of dental 

development can provide a reliable indication of biological age (Woodroffe et al. 2010).  

 

Teeth develop from within the embryonic surface epithelium and are regulated by 

various signalling molecules (Thesleff 2000). The signalling molecules (including: bone 

morphogenic proteins (BMPs), Wnts and Sonic hedgehog (Shh), and fibroblast growth 

factors (FGFs)) control tooth formation by coordinating cell production, differentiation, 

mineral deposition and synthesis of extracellular matrices (Papagerakis & Mitsiadis 

2013). The size, shape and location of the various teeth are determined very early in 

development by the aforementioned signalling molecules that interact with each other in 

complex systems (Thesleff 2000). Furthermore, the three main mineralised tissues 

(enamel, dentin and cementum) of the teeth are formed by the differentiation of the 

early dental cells under the control of the various signalling molecules (Papagerakis & 

Mitsiadis 2013). The first sign of tooth development is observed as a thickening of the 

oral epithelium leading to the formation of the dental lamina; it is within this structure 

that the dental cells begin to differentiate (Papagerakis & Mitsiadis 2013). 

 

2.3.2 Structure of the teeth 

Anatomically the teeth are divided into two parts; the crown and the roots (Scott 2011).  

The crown is the portion of the tooth that is visible in the mouth. It has a hard outer 

layer of enamel that extends only to the gum line (Scott 2011). Deep to the enamel is 

another mineralised layer known as dentin; this layer comprises the majority of the 

tooth and extends inferiorly from the crown into the roots (Scott 2011). Tooth roots are 

located deep in the jaw and usually cannot be visualised without radiographic imaging. 

The roots are covered by a thin layer of hard tissue known as cementum that primarily 

assists in anchoring the teeth to the bone (Carlsen 1987). The joint between the teeth 

and the bone is known as a gomphosis, and the fibrous connection that secures the teeth 
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to the bone is the periodontal ligament (Papagerakis & Mitsiadis 2013). The 

components of a tooth are shown in Figure 2.6 and are accordingly considered below. 

 

i) Enamel 

The enamel is the hardest tissue in the human body and it specifically functions to 

protect the teeth from wear and degradation associated with daily use (Fincham et al. 

1999; Yilmaz et al. 2013; Baumann et al. 2015; La Fontaine et al. 2016). Enamel is a 

biocomposite material: 96% mineral carbonated hydroxyapatite (HAP) that forms 

bundles known rods or prisms; the remaining 4% contains proteins and water that 

results in a distinctive characteristic of strength and resistance to wear and erosion 

(Yilmaz et al. 2013; Baumann et al. 2015). 

 

Similar to other calcified tissues of the human body, the dental enamel undergoes cycles 

of demineralisation and remineralisation, however these processes are tightly regulated 

(La Fontaine et al. 2016). Initial formation of dental caries occurs when there is an 

imbalance of acidogenic microbes in the enamel (La Fontaine et al. 2016). If it remains 

in this state for an extended period of time, the outermost layer of enamel degrades at an 

augmented rate, therefore leaving the tooth susceptible to further demineralisation and 

caries (La Fontaine et al. 2016).  

 

ii) Dentin  

Similar to the enamel, the dentin is a biocomposite material, however it is significantly 

less mineralised than the former and comprises 50% mineralised crystals, 20% water, 

and 30% organic components (Zaslansky et al. 2006). The dentin that is formed during 

the development of the tooth, until completion of root development, is known as the 

primary dentin (Arana-Chavez & Massa 2004). Any subsequent deposition of dentin 

(termed secondary dentin) generally occurs at the base and roof of the dental pulp 

chamber, which results in an overall reduction in the size of the pulp chamber (Arana-

Chavez & Massa 2004).  

 

The rigidity of the dentin changes depending on its location within the tooth. For 

example, the dentin immediately deep to the enamel (mantle dentin) is relatively soft in 

comparison to the underlying primary dentin (Ogawa et al. 1983; Wang & Weiner 

1998; Zaslansky et al. 2006), which enables the tooth to more effectively resist impact 

force (Wang & Weiner 1998). There is also a gradual reduction in rigidity commencing 
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at the primary dentin layer and continuing inwards towards the dental pulp (Ogawa et 

al. 1983; Wang & Weiner 1998). The dentin within the roots of the teeth is even softer 

than the dentin immediately below the enamel, which reflects a similar function of 

resistance to impact force (Wang & Weiner 1998). While the rigidity of the dentin is an 

important factor, the elastic properties of the dentin are essential to tooth strength and 

overall functioning (Kinney et al. 2003).  

 

iii) Cementum 

Cementum is a mineralised bone-like tissue that is mainly deposited into the surface of 

root dentin by cementoblasts (Diekwisch 2004). Cementum can be classified either 

based on its location in the tooth or according to its structure. When classified by 

location, cementum is either classed as radicular or coronal. Radicular cementum is 

found in the root surface and coronal cementum covers the enamel and crown 

(Diekwisch 2004). However, coronal cementum is only typically present in animal 

species (Yamamoto et al. 2016). When classified by structure, there are a number of 

types of cementum based on the presence or absence of enclosed cells, and the 

directionality, content and origin of the collagen fibres (Hammarström 1997). 

Cementum in the cervical two-thirds of the root is classified as acellular extrinsic fibre 

cementum, as it is densely packed with bundles of Sharpey’s fibres within a noncellular 

ground substance (Bosshardt & Schroeder 1991; Hammarström 1997). Acellular 

afibrillar cementum contains no cells or fibres and is typically found as coronal 

cementum (Hammarström 1997). Cellular mixed fibre cementum is usually in the 

apical-third of the roots and comprises irregularly distributed cells and intrinsic and 

extrinsic fibres (Schroeder 1992). Cellular intrinsic fibre cementum contains both cells 

and collagen fibres and is typically only located at sites of repair (Bosshardt & 

Schroeder 1992). 

 

iv) Dental pulp 

The centre of the tooth (dental pulp) is a living tissue that has vascular and nervous 

supply, functioning to provide nutrients to the inorganic components of the tooth (e.g. 

the enamel, dentin and cementum), it is also responsible for sensing pressure, 

temperature, and trauma to the dentin. The dental pulp contains the odontoblasts that are 

responsible for the formation of primary and secondary dentin (Arana-Chavez & Massa 

2004).  
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2.3.3 Developmental variation of the human dentition 

It is relatively common for various types of developmental anomalies to be present in 

any individual. These anomalies may be structural, where the development of enamel or 

dentin is affected or incomplete; the size or shape of the tooth may be affected, or the 

tooth may be missing altogether (Nieminen 2013). One of the most common problems 

is failure to develop all 20 deciduous and 32 permanent teeth. When one or more 

deciduous or permanent teeth fail to develop, it is known as congenital tooth agenesis 

(Luder & Mitsiadis 2012). Hypodontia refers to the congenital absence of six or less 

teeth (excluding third molars); oligodontia refers to the congenital absence of six or 

more teeth (excluding third molars); and anodontia refers to the congenital absence of 

all teeth (Shimizu & Maeda 2009; Rajendran & Sivapathasundharam 2014). In 

circumstances where the permanent tooth does not develop, the deciduous tooth will not 

be signalled to resorb, and it is thus retained throughout adult life (Luder & Mitsiadis 

2012); see Figure 2.7.  

 

 

 

 

 

Figure 2.6. Diagrammatic representation of a maxillary tooth in cross section showing 
the four components of the tooth relative to one another. Sourced from (Nelson 2014). 

Figure 2.7. Dental radiographs showing congenital tooth agenesis of permanent 
dentition. (A) The mandibular permanent left central incisor is absent; the deciduous 
incisor is retained. (B) The mandibular permanent second premolar is absent; the 
deciduous second molar is retained. Sourced from (Rajendran & Sivapathasundharam 
2014). 

A	 B	
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Another common developmental variation is the presence of supernumerary teeth; this 

refers to teeth that are present in addition to the normal dentition (Fleming et al. 2010). 

There is often wide variation in the morphology and orientation of supernumerary teeth, 

which can appear singly or multiple times within the maxilla or mandible (Fleming et 

al. 2010). Not all supernumerary teeth affect normal functioning, however if the 

supernumerary teeth are causing displacement of the permanent teeth, initiating 

resorption of adjacent teeth, or causing malocclusion, then their clinical removal is 

necessary (Fleming et al. 2010).  

 

While generalised wear to the teeth is not a developmental anomaly, the appearance of 

particular teeth can be severely distorted by wear, and thus this is briefly considered 

below. Occlusal wear is categorised into three different categories: i) erosion - the loss 

of tooth surface due to chemical substance (i.e. acid) or dissolving process; ii) attrition - 

the loss of tooth surface due to physiological wear of opposing teeth from mastication; 

and iii) abrasion - the loss of tooth surface due to mechanical wear that is not caused by 

opposing teeth (Lussi et al. 2004; Abrahamsen 2005). The amount of occlusal wear will 

vary between individuals depending on genetic and lifestyle factors, their diet, and 

access to adequate dental care.  

 

2.3.4 Using the dentition to establish forensic age estimation standards  

As previously discussed, the pattern and timing of the development of the dentition 

within the jaw and its subsequent eruption into the oral cavity is highly genetically 

regulated (Thesleff 2000). Thus it is considered that the assessment of the development 

of the dentition is a reliable method for estimation of dental age, from which 

chronological age is inferred (Woodroffe et al. 2010). Unlike other skeletal markers that 

are traditionally used in forensic age estimation (e.g. epiphyseal fusion of the long 

bones), it is more difficult to disrupt the normal development of the teeth (Elamin & 

Liversidge 2013). This is because the development of the dentition is less readily 

influenced by environmental factors than other parts of the skeletal system (Elamin & 

Liversidge 2013). Poor environmental conditions such as malnutrition causes the 

temporary cessation of long bone growth in order for energy to be used for other bodily 

processes and this consequently delays skeletal development, however the development 

of the dentition is less readily affected. 
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For example, several studies across numerous populations have investigated the effect 

of environmental factors (such as malnutrition) on dental development. Three separate 

studies found no significant link between dental maturity and delayed skeletal 

maturation or body mass index score in 3 to 13 year olds from Iran (Bagherian & 

Sadeghi 2011), 6 to 14 year olds from Brazil (Eid et al. 2002), or in 10 to 16 year olds 

from Peru (Cameriere et al. 2007b). Similarly, Psoter et al. (2008) observed that 

malnutrition during the first five years of life had little to no significant effect on the 

timing of eruption of the permanent teeth in a population of Haitian adolescents. 

(Psoter et al. 2008) 

2.4 Accuracy and precision in the forensic sciences  

Scientific work has little validity unless it can be accurately replicated and repeated. 

Thus being able to statistically quantify the accuracy and precision of measurements is 

important to enable direct comparisons between research studies to be made and for 

reliable methods to be established. Methods that are intended for forensic application 

must have quantifiable error rates, as stated by the Daubert Guidelines previously 

discussed in Chapter One (Daubert v. Merrell Dow Pharmaceuticals, Inc.  1993). In 

forensic anthropology skeletal age estimations must be accompanied by confidence 

ranges, standard error values (± ! years), or a 95% confidence interval. For example, 

using the Ubelaker (1989) atlas approach to estimate dental age, an age estimation of 5 

years (±1.5 years) has an overall range of 3.5 – 6.5 years. 

 

2.4.1 Accuracy and precision defined 

True size is the desired value of a measurement (Harris & Smith 2009). Using a 

bullseye metaphor, the true size value is represented by the centre of the bullseye. 

Accuracy is when repeat measurements are close to the true value, whereas precision is 

the closeness of the re-measurements to each other (Harris & Smith 2009). Thus, one 

can be accurate, but not necessarily precise, and vice versa. The latter concept is 

perhaps most clearly explained using the bull’s eye metaphor shown in Figure 2.8. Low 

accuracy and low precision is depicted in Figure 2.8(A) where the measurements are 

divergent and distant from the true value. High precision and low accuracy is depicted 

in Figure 2.8(B) where the measurements are tightly grouped, but the measurements are 

all equally distant from the true value. High precision and high accuracy is shown in 

Figure 2.8(C), where the measurements are all tightly grouped and are close to the true 

value. 
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2.5 Quantification of measurement error 

There are two main effects of measurement error on the quality of data that is collected 

(Habicht et al. 1979). These effects limit the degree to which repeated measurements 

result in the same value, and how far the measurements are from the true value 

(Ulijaszek & Kerr 1999). Unreliability is the within-individual variability due to 

measurement error variance. Inaccuracy is systemic bias and may be due to instrument 

or measurement technique error. Imprecision is the variability of repeated 

measurements, and is due to the intra- and inter-observer measurement differences 

(Ulijaszek & Kerr 1999). 

 

2.5.1 Intra- and inter-observer error 

Intra-observer error is the quantification of difference between re-measurements of a 

particular set of defined landmarks made by the same individual over a period of time. 

Inter-observer error is the quantification of difference between re-measurements of a 

particular set of defined landmarks made by two or more individuals over a period of 

time. It is important that any forensic methods used to estimate the biological profile of 

an unknown individual have statistically quantified error rates and that these rates are 

appropriately reported. 

 

 

 

Figure 2.8. The relationship between precision and accuracy. The bull’s eye metaphor 
demonstrates the difference between precision and accuracy with the centre of the 
bull’s eye being representative of the true value of the particular measurement. (A) 
Illustrates low accuracy and low precision as the measurements are divergent and 
distant from the true value. (B) Depicts high precision as the measurements are tightly 
grouped, however the measurements are all equally distant from the true value. (C) 
Displays high precision and accuracy, as the measurements are tightly grouped and all 
measurements are close to the true value. Sourced from (Harris & Smith 2009). 
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2.5.2 Statistical quantification of measurement error  

In order to quantify measurement error, three statistical methods are often applied: 

 

i) The technical error of measurement (TEM) is the quantification of the amount of 

variation between repeated measurements of the same object (Harris & Smith 2009);  

 

!"# =  (Σ!!)/2! 

 

ii) the relative technical error of measurement (rTEM) is used to quantify the 

measurement error relative to measurement size (Goto & Mascie-Taylor 2007). Thus it 

enables direct comparisons of measurement values of a different scale; 

 

!"#$ = !"#
!"#$ ×100 

 
and iii) the coefficient of reliability (R) is the amount of repeated measurement variation 

that is not due to observer error, the closer the ‘R’ value is to 1, the closer the repeat 

measurements are to each other (Franklin et al. 2007). 

 

! = 1− (!"!#$ !"!)!
!!!  
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Chapter Three: 

Sub-Adult Age Estimation 
 

3.1 Introduction to sub-adult age estimation 

This Chapter reviews a selection of current sub-adult age estimation methods available 

to the forensic anthropologist. The accuracy of any method is inherently dependent on 

the age of the individual being assessed; typically as an individual ages, the accuracy of 

the calculated estimate decreases (Noble 1974). This is because (in general) sub-adult 

age estimation methods focus on the analysis and quantification of defined growth 

markers (Scheuer & Black 2004), in comparison to adult age estimation, which is based 

on less reliable assessments of skeletal degradation over time (Franklin 2010). There are 

a number of key skeletal areas used for sub-adult age estimation; the most important of 

these include the assessment of epiphyseal fusion, the hand-wrist complex and the 

dentition (Cameriere et al. 2006).  

 

3.2. Skeletal age estimation: relationship to bone growth and selected method 

Typically the long bones of the limbs are used as skeletal markers for age. This is 

because (assuming the individual is healthy) the growth of those bones, particularly the 

lower limb, positively correlates with age (Hansman & Maresh 1961; Rissech et al. 

2008). That is, as an individual ages, the length of their long bones increases, eventually 

ceasing when epiphyseal fusion occurs. The exact timing of these developmental 

changes to the bones during growth varies between individuals and is dependent on sex, 

population and environmental factors, including diet and socioeconomic status (Scheuer 

& Black 2004). In order to understand forensic age estimation methods, it is important 

to have a working understanding of bone growth.  

 

Osteogenesis, the process of bone formation, occurs according to two processes: 

intramembranous or endochondral ossification. The flat bones of the cranium, the 

mandible and the clavicle are formed via intramembranous ossification. This means that 

they develop from a template of embryonic mesenchymal cells that differentiate into 

osteoblast cells that secrete bone-matrix and calcium, which mineralises (hardens) the 

matrix (Scheuer & Black 2004). Almost all other bones are formed via endochondral 

ossification (see Figure 3.1), meaning they develop from a hyaline cartilage precursor 

that is gradually replaced by bone cells over a number of years (Scheuer & Black 2004). 
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Beginning as early as 6 weeks after fertilisation, bone cells are brought to the cartilage 

model via a vascular supply that is established for the developing bone. The 

vascularised area is known as the primary ossification centre, and the introduction of 

bone cells leads to the shaft of the bone (diaphysis) beginning to mineralise (Gilsanz & 

Ratib 2011). Gradually the bone cells replace the cartilage that comprises the matrix. 

This initiates bone growth from the centre outwards towards the ends of the bone 

(epiphyses). Secondary ossification centres subsequently appear at each end of the long 

bone (Gilsanz & Ratib 2011). Eventually the bone replaces nearly all of the cartilage 

model, except for the articular cartilage that covers the outer surfaces of the epiphyses, 

and a small segment of cartilage separating the epiphyses and the diaphysis, known as 

the epiphyseal growth plate (Scheuer & Black 2004). Growth of the bone overall can 

continue for as long as the epiphyseal plate is present. Once the rate of bone growth 

exceeds the rate of cartilage growth the bones will knit together, leaving only a faint 

trace (epiphyseal line) of the cartilage; this marks the cessation of growth (Scheuer & 

Black 2004). Once epiphyseal fusion has occurred, longitudinal growth is no longer 

possible, however the bone can thicken in response to load or repetitive stress. 

 

 

 

 

Figure 3.1. Diagrammatic representation of the endochondral ossification process. 
Sourced from: (Gilsanz & Ratib 2011). 
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i) Epiphyseal fusion 

Estimation of sub-adult age can be achieved by observing the pattern of epiphyseal 

fusion in the body (White & Folkens 2005). Postcranial epiphyseal fusion occurs in a 

somewhat predictable and ordered sequence, thus it can be used to estimate skeletal age 

(Franklin 2010). The process of postcranial epiphyseal fusion occurs continuously from 

infancy through maturity and the cessation of growth in adulthood (White & Folkens 

2005). During this time the bones begin and cease growth at different times; the fusion 

of various skeletal elements over time, and how the timing of many elements overlap, is 

summarised in Figure 3.2. For example, the fusion of the femoral head is shown to 

occur between approximately 16-19.5 years of age, however the fusion of the medial 

clavicle generally occurs between 18-30 years of age (Buikstra & Ubelaker 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There is a long history of age estimation methods that involve epiphyseal fusion at 

various sites. These include: the clavicle (Todd & D'Errico 1928; Flecker 1932; Black 

& Scheuer 1996); elbow (Paterson 1929; Flecker 1932; Brodeur et al. 1981); knee 

(Paterson 1929; Flecker 1932; Pyle & Hoerr 1955; O’Connor et al. 2008); ankle 

(Flecker 1932; Crowder & Austin 2005); wrist (Flecker 1932; Greulich & Pyle 1959; 

Stewart 1979; Tanner et al. 2001) and os coxa (Flecker 1932; Cardoso 2008).  

Figure 3.2. Timing of epiphyseal fusion as presented by Buikstra and Ubelaker 
(1994). The data indicates the mean age at which fusion is occurring for various 
skeletal elements (as indicated by the black horizontal bars). Sourced from: (White & 
Folkens 2005). 
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The accuracy of any of the above methods of age estimation based on quantifying bone 

fusion are dependent of a number of factors, including sex, population and environment 

(e.g. nutrition and lifestyle). Thus, these methods are not equally accurate when applied 

to individuals who are removed from the original sample population from which any 

given method was developed. For example, Flecker (1932) assessed os coxa skeletal 

development in a Caucasian Australian population and found that at 13 years of age half 

of the females presented fused os coxae, however the majority of males did not have 

any evidence of fusion until 15 years of age (Flecker 1932). Cardoso (2008) assessed 

skeletal development in the os coxa in a Portuguese population and found that fusion of 

the os coxa commenced around 11 years of age in females and had ceased by 15 years 

of age in most cases (slightly later in males) (Cardoso 2008). This difference in fusion 

times is most likely due to population variation (more so than environmental factors). 

Thus, it demonstrates that while a particular method may be accurate for the individuals 

that comprise the original sample, the same level of accuracy will not be achieved for 

other individuals who are geographically or temporally removed from the original 

sample. Generally therefore, if a method of age estimation developed in one population 

is applied to another population, the overall accuracy of the estimation is significantly 

reduced.  

 

ii) The hand-wrist complex 

The hand-wrist complex has been studied in detail towards developing age estimation 

standards; this is mostly due to a large number of bones available in a relatively small 

area, and the ease of medical imaging the hand-wrist. The Greulich and Pyle (1959) 

method was established based on the analysis of hand-wrist radiographs of sub-adult 

individuals enrolled in the Brush Foundation Growth Study (between 1931 and 1942).  

Using this method, skeletal age is estimated by comparing a radiograph of an unknown 

individual to the atlas of hand-wrist radiographs that categorises the growth and 

development of the hand-wrist complex according to sex-specific age groups (stated 

accuracy of 0.6 – 1.1 years). The hand-wrist complex is particularly useful and practical 

in the estimation of age, as the skeletal morphologies associated with growth and ageing 

are readily visible in radiographs and their development occurs in a predictable 

progressive sequence (Greulich & Pyle 1959). However it is important to note that this 

method was originally established as a growth standard for use on individuals of known 

age, it was never intended for use as an age estimation method.  
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Somewhat similarly, the Tanner-Whitehouse methods (TW1-3) were established based 

on the analysis of radiographs of sub-adult males and females from the London group of 

the International Children’s Centre longitudinal study, and the Harpenden Growth 

Study. The Tanner-Whitehouse methods involve the assessment of skeletal maturity by 

assessing the radiographic development of the bones of the hand-wrist complex. The 

Tanner-Whitehouse methods differ slightly from the Greulich and Pyle method in that a 

maturity score is assigned for each bone, which is then summed to derive an estimate of 

chronological age (Tanner et al. 2001). The TW3 method does not have a stated 

accuracy rate, however when it was applied in a Western Australian population, it was 

accurate to within ±1.31 to 3.61 years in males ±2.37 to 2.65 years in females (Maggio 

et al. 2016) 

 

The FELS method (1988) differs again from the previously discussed Greulich and Pyle 

(1959) and Tanner-Whitehouse (2001) methods. The FELS method was developed 

based on the analysis of 13,823 left hand-wrist radiographs (taken between 1932-1972) 

of sub-adult males and females from the FELS Longitudinal study (commenced in 

Ohio, 1929) which was originally designed to study child growth and development 

(Chumela et al. 1989). This method for age estimation is based upon 85 graded maturity 

indicators and the analysis of 13 morphometric indicators that are all visualised 

radiographically (Chumela et al. 1989). The results of the study showed that the FELS 

method for estimating age was more accurate for American individuals than the 

Greulich and Pyle (1959) and the Tanner-Whitehouse (2001) methods (Chumela et al. 

1989). The standard error rates ranged from ±0.3 to 0.6 years for boys aged 1 month to 

15 years of age and ±0.2 to 0.3 years for girls aged 1 month to 14 years of age 

(Chumela et al. 1989).  

 

More recently, Gilsanz and Ratib (2011) published a digital atlas of hand-wrist 

radiographs established by designing idealised sex- and age-specific images of skeletal 

development. A total of 522 hand-wrist radiographs of male and female sub-adult 

individuals (ranging 8 months to 18 years of age) were acquired from the Los Angeles 

Children’s Hospital. Scans from each age group were assessed and the final digital 

images were derived from combining several hand-wrist radiographs of individuals of 

the same age and sex, creating a composite image, to present a model image of the 

developmental changes expected at each age. As this atlas is digital it enables more 

precise visualisation of the radiographs as observers can magnify specific features and 
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the overall clarity of the images is higher than that of the original printed Greulich and 

Pyle atlas. A selection of radiographs from the digital atlas are shown in Figure 3.3 to 

illustrate how developmental changes to the hand-wrist can be visulised 

radiographically for the purpose of age estimation.  

 

 

3.2.1 Limitations of skeletal methods 

As previously noted, optimal methods for age estimation must be population specific in 

order to achieve the highest accuracy (Ubelaker 1999). If population specific standards 

are not available, the next closest population standard may be used, however it must be 

applied with due caution, as the estimation is likely to have an inherent degree of 

inaccuracy. The age estimation methods described above are established using 

individuals that display no bone pathologies or other developmental abnormalities, thus 

the overall accuracy of the method is optimised for ‘normal’ individuals and may 

decrease when estimating age of an individual who has evidence of abnormal 

development.  

 

3.3 Dental age estimation  

There are numerous methods used to estimate age based on the analysis of the dentition 

because the formation and development of the teeth is tightly controlled by genetics and 

less affected by environmental influences relative to skeletal development (Cameriere et 

al. 2006). The dentition can be assessed macroscopically by evaluating the eruption of 

specific teeth into the oral cavity, or through the radiographic analysis of the 

mineralisation and development of the teeth and their roots. Dental age estimation can 

thus be achieved based on assessing the mineralisation of the teeth and roots, or by 

assessing eruption patterns, or a combination of both (Smith 1991). On the whole, 

regardless of the dental age estimation method, it has been shown that dental methods 

are more accurate for younger individuals (Stewart 1963), simply because once all the 

A B C D E 

Figure 3.3. Progressive radiographs of the female hand-wrist complex. A) female 10 
months; B) female 2.5 years; C) female 5 years; D) female 10 years; E) female 18 
years. Sourced from (Gilsanz & Ratib 2011). 



	

	 29	 	

permanent dentition has erupted (by approximately 12 to 15 years), the developmental 

changes to the teeth that facilitate age estimation begin to decrease and eventually cease 

when tooth development is complete. Therefore, the potential age range of the estimate 

for older individuals (who present fully developed dentition) is much larger and less 

reliable. The following considers some current morphometric and morphoscopic dental 

age estimation methods. 

 

i) Ubelaker (1989) 

Ubelaker (1989) examined a Native American and Caucasian American population and 

provided an approach to estimate age in individuals from 5 months (in utero) to 35 

years of age (Ubelaker 1989). Stages of dental development are compared to 

diagrammatic illustrations of the development of the deciduous and permanent dentition 

(see Figure 3.4A). These diagrammatic illustrations present dental development at 

regular age intervals as it was observed in the American sample. The illustrations show 

the teeth in a sagittal (lateral) view in order to display the timing of crown and root 

development within the bones of the jaws as well as the timing of eruption of the 

dentition into the oral cavity. The age of an unknown individual can be estimated by 

comparing a radiograph of their dental development to the illustrations provided. Each 

stage of development shown has a corresponding age estimate with a plus or minus 

error range. For example: an age estimation of 6 months has a range of ±3 months, 

whereas an age estimation of 15 years has a range of ±3 years (Ubelaker 1989).  

 

Recently, Karkhanis et al. (2015) developed an atlas approach with visualisations akin 

to those of Ubelaker (1989) adapted to reflect the development of Western Australian 

individuals by (see Figure 3.4B). Slight variation in the timing of tooth eruption can be 

seen when comparing the data developed using the American individuals to the data 

developed using Western Australian individuals. For example, at 12 years of age the 

dental development in the American sample is more advanced relative to the Western 

Australian population. Thus it provides further evidence supporting the importance of 

population specific standards. 
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ii) Liversidge et al. (1993) 

This study examined the skeletal remains of 63 sub-adult individuals from birth to 5.4 

years of age in the Spitalfields skeletal collection (London). A total of 304 developing 

deciduous and 269 developing permanent teeth were measured. The main focus of the 

study was to examine the sequence and timing of tooth mineralisation for the deciduous 

and permanent teeth. That data were then used to develop a quantitative method of 

estimating age by measuring tooth length and crown and root development. The 

resulting data enabled charts of initial mineralisation, crown and root completion of the 

deciduous and permanent teeth to be established. A linear regression formula was also 

developed to enable estimation of dental age from the deciduous teeth. The data showed 

that the latest age of deciduous central incisor crown completion was 0.1 years of age 

and the completion of the deciduous canine crown ranged between 0.4 to 0.8 years of 

Figure 3.4. Diagrammatic illustrations of dental development. A) Original illustrations 
established using an American sample aged 5 months (in utero) to 35 years of age. 
Adapted by White and Folkens (2005) from Ubelaker (1989). B) Dental development in 
a Western Australian sample. Sourced from (Karkhanis et al. 2015). 
	

A B 



	

	 31	 	

age. It was found that the earliest age for attainment of the crown completed stage for 

the permanent central and lateral incisors was 4.5 years.  

 

Overall, their data suggested that the measurement of crown height and the use of linear 

regression models may be more accurate than the use of morphoscopic radiographic 

methods of analysis (Liversidge et al. 1993). This is because when using morphoscopic 

methods crown development is classified into developmental stages, which can become 

problematic if the crown is between stages. The crown may then either be downgraded 

or upgraded to another stage, or may be completely excluded from the analysis, which 

can have a large affect (approximately ±1 to 2 years) on the dental age estimation 

(Liversidge et al. 1993). 

 

iii) Cardoso (2007) 

This study examined the skeletal remains of 30 Portuguese sub-adults (19 male, 11 

female buried between 1921 and 1974) in order to test the accuracy of the regression 

equations developed by Liversidge et al. (1993). This study compared the accuracy of 

dental age estimations using the developing deciduous and permanent dentitions. Their 

results showed that the average difference between actual and estimated age ranged 

from -0.14 to 0.20 years (using single teeth) and was 0.06 years when using all available 

teeth (Cardoso 2007). Overall it was found that age estimations could be made to within 

0.10 years (with a 95% confidence interval). There are some caveats associated with 

this study. First, they used a combination of maxillary and mandibular teeth, which may 

have affected the accuracy of their results; this is because the mandibular dentition is 

typically imaged more clearly in radiographs (particularly OPG scans) compared to 

maxillary dentition, and is thus less affected by distortion and overlapping. Therefore, 

measurements of the maxillary dentition from radiographic images may result in less 

accurate dental age estimations. Second, the authors could not quantify how accurately 

crown length, as visualised in a radiograph, correlates to actual crown length in a 

physical specimen (Cardoso 2007).  

 

iv) AlQahtani et al. (2010) 

This study examined the developing teeth of 72 prenatal and 104 postnatal skeletons 

aged between 28 weeks (in utero) and 23 years of age. The Royal College of Surgeons 

of England and the Natural History Museum (London) collections were used to collect 

the data, which was further supplemented by the dental radiographs of 528 living 
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individuals (264 male and 264 female) (AlQahtani et al. 2010). The age of all 704 

individuals was estimated using the Moorrees (1963b) method (discussed later in this 

Chapter) and the assessment of the tooth position relative to the alveolar bone level was 

performed using a modification of the Bengston stages (Bengston 1935; Liversidge & 

Molleson 2004). Following the assessment of developmental and eruption stages of all 

individuals, the median stage for each tooth was identified for both sexes and in the 

pooled-sex sample. Based on the results, AlQahtani et al. (2010) then formulated a 

dental atlas that facilitates age estimation in individuals from 28-weeks (in utero) to 23 

years of age. An example of the illustrations in the atlas is presented in Figure 3.5.  

 

Analysis of the dental development of the sample found that (in general) females 

preceded males, and that the latter difference was most notable between 6 and 14 years 

of age (AlQahtani et al. 2010). The dental atlas was subsequently tested in documented 

skeletal remains from various collections: Luis Lopes (Portugal), De Froe and Vrolik 

(The Netherlands), Hamann-Todd (United States), Belleville’s (Canada) and the 

Collection d’Anthropologie Biologique (France) collections, in addition to dental 

radiographs from the Institute of Dentistry, Bart’s and The London School of Medicine 

and Dentistry, London (AlQahtani et al. 2014). The lowest absolute mean difference 

was reported for the prenatal age group (0.08 years) and the highest difference was for 

the 23.5-years age group (1.83 years) (AlQahtani et al. 2014). This atlas improves 

previously established dental atlases, as the age range it covers is far greater and thus 

incorporates the whole range of dental development. The illustrations also consider the 

internal structure of the tooth, which can help distinguish between developmental 

stages, thus increasing accuracy (AlQahtani et al. 2010). 

 

 

 

 

 

 

 

 

Figure 3.5.  An example of the illustrations in the London atlas of dental development 
and eruption at 5 years of age. Sourced from (AlQahtani et al. 2010). 
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3.3.1 Limitations of dental methods 

The limitations of dental methods are somewhat similar to those of the skeleton. As 

noted earlier, any age estimation method must be population specific to achieve the 

most accurate result. Dental methods are known to be most accurate for sub-adult 

individuals (while the teeth are still developing) as the timing and sequence of 

mineralisation, formation and eruption can be quantified. Around the age of 

approximately 18 to 25 years the development of all the teeth is complete and age 

related developmental changes can no longer be quantified. Any further observable 

changes that may occur to the dentition (such as attrition of the occusal surfaces) are 

almost impossible to accurately predict, as the amount of wear to the dentition varies 

greatly between individuals. During adulthood, observable changes to teeth include: a 

decrease in pulp chamber size (due to deposition of secondary dentin), tooth wear, 

attrition, caries, clinical removal of teeth and dental work. These changes vary 

depending on lifestyle and environmental factors, therefore introducing variation that 

makes it much less accurate to estimate age. Also, sub-adult age estimation methods are 

established using individuals who show no pathologies or other developmental 

abnormalities, therefore the presence of supernumerary teeth, or conversely 

developmentally absent teeth, can affect the reliability of age estimation. 

 

3.4 Radiographic dental methods 

While the development of the dentition can be assessed in the physical tooth specimens 

of deceased individuals, the only way to accurately assess the mineralisation and 

development of the teeth and roots in living individuals is to acquire radiographic 

images. It is important to note that some of the previously discussed methods have 

radiographic components, however the majority of the data was collected from the 

dentition of individuals that comprise several documented skeletal collections. The 

following considers a selection of current morphometric and morphoscopic radiographic 

dental age estimation methods. 

 

i) Demirjian et al. (1973)  

This study aimed to establish a method for estimating dental maturity (dental age) by 

individually classifying the first seven teeth on the left side of the mandible into stages 

based on their development. To achieve this, 2,928 (1,446 male, 1,482 female) OPG 

scans of French Canadian sub-adult individuals, aged 3 to 17 years, were assessed 

(Demirjian et al. 1973). The teeth were rated and classified based on their level of 
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development in lieu of changes in size; from this eight stages (A-H) were defined, 

beginning at initial mineralisation and finishing at the closure of the root apex (see 

Figure 3.6). In cases of missing teeth (e.g. agenesis, extraction) a ninth category (Stage 

O) is used. Using the method devised by Tanner et al. (2001) the teeth were assessed 

and classified into stages using written descriptions and visual representations of each 

stage, from which a maturity score is assigned. These maturity scores assigned to each 

tooth are then summed and subsequently converted directly into a dental age estimation. 

As the Demirjian method is designed as a clinical tool to assess whether the dental 

development of an individual of known age is advanced or stunted, it is not 

recommended for forensic use. It should be noted that the original study does not report 

an associated accuracy rate for the dental age estimations, however when an Australian-

specific scoring system was developed based on the above developmental stages and the 

Demirjian et al. (1973) methodology, the resulting 95% confidence interval was ±1.8 

years for both males and females (Chiam et al. 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. The eight stages (A-H) of tooth development from initial mineralisation 
through to root completion as developed by Demirjian et al. (1973). The written 
descriptions of each stage are provided below the diagrams. Adapted by Schaefer et al. 
(2009). (Schaefer et al. 2009) 
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ii) Moorrees et al. (1963b) 

Moorrees et al. (1963b) aimed to provide developmental data on the formation and 

growth of 10 permanent teeth, specifically the central and lateral maxillary incisors and 

all eight mandibular teeth. The maxillary posterior teeth were not studied because they 

cannot be clearly visualised using lateral jaw radiograph films. The data for the 

maxillary and mandibular central and lateral incisors was collected from Forsyth Dental 

Infirmary (longitudinal study of child health and development) based on 99 sub-adult 

individuals (48 male, 51 female) from Boston USA. The data for the canines, premolars 

and molars was collected from the FELS longitudinal study (commenced in Ohio, 1929) 

using 246 (136 male, 110 female) lateral jaw radiographs. Dental development was 

determined by visually assessing and assigning teeth to stages (see Figure 3.7) that 

varied depending on whether they were single or double rooted. The charts that were 

produced were based on mean age of attainment (±2 standard deviations) of crown 

completion, root ¼, root ½, root ¾, and root completion. For example, the 

developmental chart used to estimate female sub-adult age using the central and lateral 

maxillary incisors is shown in Figure 3.8.  

 

 

Figure 3.7. Developmental changes to the dentition according to Moorrees et al. 
(1963b). A) Stages of development for single rooted teeth. B) Stages of development for 
double rooted teeth. Sourced from (Moorrees et al. 1963b). 

A B 
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The standards provided by Moorrees et al. (1963b) provide the mean age and standard 

deviation in a cumbersome graphical format that can be difficult to work with when 

several cases are being assessed. However, this method provides tooth specific data and 

thus is appropriate for application in cases that involve fragmented skeletal remains, or 

in cases involving individuals with congenitally absent teeth (Lewis & Senn 2013). 

Where possible, it is preferable that dental age estimations acquired in this method are 

performed based on analysis of the crown development (rather than the root) as there is 

greater variation in the timing of root development (Lewis & Senn 2013). Overall, the 

Moorrees et al. (1963b) study provides acceptable developmental charts specifically 

produced for the prediction of dental age in sub-adults based on the assessment of 

individual teeth. 

 

iii) Cameriere et al. (2006) 

Cameriere et al. (2006) developed an age estimation method based on the measurement 

of the open apices of the seven left mandibular permanent teeth. Using OPG scans of a 

sample of Italian sub-adults aged 3 to 14 years, the inner width of the open tooth roots 

were measured (for teeth with two roots the measurements are summed). The total 

vertical length of each tooth is then divided by the width measurement to standardise 

each tooth (Cameriere et al. 2006) (see Figure 3.9). The total number of teeth with 

complete root development (closed apical end) are counted; in young individuals the 

total number is zero, however as age increases the number of teeth with complete root 

development increases, until all teeth present with fused roots. The authors found that 

Figure 3.8. Developmental charts used to estimate female sub-adult age established for 
the central and lateral maxillary incisors. Sourced from Moorrees et al. (1963b).  
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there was a significant relationship between open apices and age; as age increased the 

size of the open apices of the teeth decreased (Cameriere et al. 2006). The r2 value of 

the linear regression model is 0.836 (reported as 83.6%), which accounts for the total 

variance that can be explained by the model alone, with a median residual error of  

-0.035 years between actual and estimated age (Cameriere et al. 2006).  

 

Since that study was published, the method has been repeated and tested in a number of 

other populations (e.g. European - Cameriere et al. 2007a; Indian - Rai et al. 2010; 

Brazilian - Fernandes et al. 2011; Mexican - De Luca et al. 2012; Turkish - Gulsahi et 

al. 2015) with comparable results; median residual errors of -0.114, -0.063 and  

-0.014 years respectively for the first three of the aforementioned studies. While the 

Cameriere method based off the seven left mandibular teeth has been repeated and 

reproduced several times, none are specific to a Western Australian population. The 

aforementioned studies based on the Cameriere methodology are further considered 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. A radiographic image illustrating the apical width and tooth length 
measurements described in the Cameriere method. This example displays 
measurements acquired from the permanent canine, premolars and first and second 
molars (central and lateral incisors not shown). Sourced from Cameriere et al. (2006). 
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3.5 Validations of the Cameriere method 

i) European - Cameriere et al. (2007a) 

This study assessed a sample of sub-adults from various European countries. A total of 

2,652 (1,382 males, 1,270 females) OPG scans of European sub-adult individuals aged 

4 to 16 years were assessed. These individuals originated from Croatia, Kosovo, Italy, 

Germany, Spain, Slovenia and the United Kingdom. The original Cameriere linear 

regression formula was adapted to improve the estimation accuracy for this broader 

population. Based on the resulting age estimations, the linear regression formula 

explained 86.1% (r2 = 0.861) of the total deviance (Cameriere et al. 2007a). When the 

observed age values were subtracted from actual age, the median residual error was  

-0.114 years. Initially, nationality was added to the regression formula as a variable to 

investigate whether the age estimations would be significantly improved. The fit 

showed a small, but not significant, improvement from r2 = 0.904 to r2 = 0.905 

(Cameriere et al. 2007a). Thus because it did not significantly improve the accuracy of 

the age estimations, it was excluded as a variable from the final linear regression 

formula. 

 

ii) Indian - Rai et al. (2010) 

This study investigated the accuracy of the Cameriere European formula in an Indian 

population. A total of 480 OPGs (253 male, 227 female) of Indian sub-adult individuals 

aged 3 to 15 years were assessed. These OPG scans were sourced from north (Haryana, 

New Delhi) central (Madhya, Pradesh) and south (Kerala, Pondicherry) India. It was 

found that two of the predictors (sex and the ratio of the 2nd premolar) in the European 

Cameriere formula were not contributing significantly to the age estimations in the 

Indian sample, thus an Indian specific linear regression model was formulated to 

improve age estimation accuracy (Rai et al. 2010). Using the new regression model all 

of the variables significantly contributed to the fit of the regression model, with the 

exception of sex and the ratio of second premolar. The Indian formula also included 

geographical region as a variable, as it was found to significantly contribute to the 

accuracy of the resulting age estimation (Rai et al. 2010). The resulting accuracy of the 

Indian regression model was 89.7% (r2 = 0.897), which is slightly more accurate than 

the original Cameriere model. The median residual error was -0.063 years, slightly less 

accurate than the original Cameriere formula at -0.035 years.  
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iii) Brazilian – Fernandes et al. (2011) 

This study aimed to assess the accuracy of the original Cameriere formula in a Brazilian 

population. A total of 160 OPG scans (66 male, 94 female) of Brazilian sub-adults aged 

5 to 15 were assessed. The original and unaltered Cameriere linear regression formula 

was applied. Overall the study found that the observed ages of the total male and female 

sample were not statistically different from chronological age (p = 0.603) (Fernandes et 

al. 2011). This meant the formula was providing an age estimate that was statistically 

the same as the actual age. However, when the age categories were analysed separately, 

it was found that there was a tendency for age to be slightly overestimated between 5 

and 10 years of age, and for age to be slightly underestimated for ages 11+ years 

(Fernandes et al. 2011). The median residual error reported in this study was -0.014 

years, which is slightly more accurate than the original Cameriere study. 

 

iv) Mexican – De Luca et al. (2012) 

This study investigated the accuracy of the Cameriere method in a sample of 502 OPG 

scans of Mexican sub-adults (248 male, 254 female) aged 5 to 15 years. Accuracy was 

assessed by estimating age using the European Cameriere formula and then comparing 

the result to actual age. The difference between known chronological age and the 

estimation was statistically analysed by calculating the mean prediction error, the 

standard deviation and the 95% confidence interval of the mean difference. The mean 

prediction error for females was 0.63 years and 0.00 years for males (De Luca et al. 

2012). While the statistics showed a mean of 0.00 years for males, it is important to 

note that this result must be carefully considered. This result is only true of the 

individuals who comprise the study; no method can correctly estimate age with 100% 

accuracy (no measurable error) because there are too many extraneous and unknown 

variables. Based on the results of the validation study it was concluded that the 

Cameriere method was suitable for use in a Mexican population (De Luca et al. 2012). 

However, further research should be conducted to test the affect that other variables 

(e.g. chronological age distribution of the sample, regional background of the 

individuals who comprise the sample, and the statistical analysis methods) may have on 

the accuracy and reliability of the method.  

 

v) Turkish – Gulsahi et al. (2015) 

This study aimed to examine the accuracy of the European Cameriere formula in a 

sample of 573 OPG scans of Turkish sub-adult individuals (275 males, 298 females) 
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aged 8 to 15 years. The values in the European Cameriere regression formula were not 

changed in any way from the original model for this population. The results showed that 

dental age of the Turkish sub-adults was slightly underestimated using the European 

formula, with a mean difference between estimated age and actual age of -0.24 years for 

females and -0.47 for males (Gulsahi et al. 2015). The median difference between 

estimated age and actual age was -0.21 years for females and -0.44 years for males. The 

mean prediction error was ±0.71 years for females and ±0.81 years for males. 

Additionally, the residual standard error of prediction for males was ±1.08 years, which 

was significantly higher than the residual standard error of the Cameriere model, 

whereas the residual standard error for females was ±0.94 years (not significantly 

different from Cameriere’s model). Thus, the results suggest that the European 

Cameriere formula is more accurate for females than males in the Turkish population 

(Gulsahi et al. 2015). To increase prediction accuracy, the regression model should be 

adapted for this specific population to achieve more accurate and reliable age 

estimations for Turkish sub-adults.  

 

3.5.1 Limitations of the Cameriere method  

As discussed earlier, radiographic images, particularly of the head, are rarely taken of 

sub-adults under 2 or 3 years of age unless deemed medically necessary. Thus dental 

age estimations of living sub-adults <3 years is not generally possible using this 

method. Additionally, the permanent 2nd molar crown has not commenced development 

in sub-adults younger than 3 years of age, thus the method could not be used. Therefore, 

the Cameriere method is not suitable for estimating age for individuals younger than 

approximately 3 to 4 years. Furthermore, the developmental changes of the first seven 

teeth that are visualised radiographically cease by approximately 14 years of age at 

which point all of the root apices close, thus the method is not suitable for estimating 

age for individuals older than that time point.  

 

The Cameriere method does not specifically define the required measurements using 

known landmarks. While intra-observer measurements can be statistically quantified, 

measurements taken by different observers in separate validation studies may not be 

directly comparable unless a standard measurement protocol is in place. There is also no 

protocol established for situations where any number of teeth are developmentally 

absent. By omitting the measurement of a tooth in the regression formula, the resulting 

age estimation is significantly affected (increasing the estimated dental age by 
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approximately 1 or 2 years). Further research is required to determine whether the 

Cameriere method can be applied to individuals who do not present with all seven left 

mandibular permanent teeth. A study of this nature would be useful as congenital 

absence of particular teeth is relatively common; for example, in Caucasians the 

permanent maxillary lateral incisors and the mandibular second premolars are 

congenitally absent most frequently (excluding third molars) (Mattheeuws et al. 2004; 

Sisman et al. 2007). 
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Chapter Four: 

Materials and Methods 
 

4.1 Introduction 

This Chapter outlines the material studied according to the methods defined in the 

current project. It also summarises the precision studies and statistical analyses 

performed. The aims of this project are threefold: firstly, to statistically quantify intra-

observer agreement of apical width and tooth length measurements in OPG images; 

secondly to determine the accuracy of the Cameriere method in a sample of Western 

Australian sub-adults; and thirdly to develop a sub-adult age estimation standard 

specific to a Western Australian population based on the Cameriere methodology. To 

achieve these aims, precision studies were performed prior to primary data collection to 

statistically demonstrate that all measurements are being acquired both accurately and 

precisely. Subsequent to collecting the required precision data, a series of statistical 

analyses were performed to determine whether there is a statistically significant 

difference between actual and estimated age. A Western Australian specific linear 

regression formula for estimating age was then formulated using SPSS by performing a 

step-wise regression analysis. This new formula was subsequently tested in a holdout 

sample of sub-adult individuals to establish whether the Western Australian specific 

formula is significantly more accurate at estimating age in that population relative to the 

original Cameriere formula based on an Italian population. 

 

4.2 Materials 

This project involved the assessment of a sample of Orthopantomogram (OPG) scans of 

Western Australian sub-adults collected from a medical Picture Archiving and 

Communications System (PACS) database. This database is a repository of medical 

scans sourced from public hospitals across Western Australia that is monitored by the 

Department of Health, Western Australia. The OPG scans required for this study were 

collected by Dr Rob Hart (Department of Radiology, Royal Perth Hospital) who 

anonymised the scans; the only information retained is the date of birth, date the scan 

was taken and the individual’s sex. No information regarding ancestry is provided at 

any stage throughout clinical evaluation, as it is not considered medically relevant 

(see(Franklin et al. 2014). The ethnic composition of the study sample is taken as being 

representative of the Western Australian population, which according to the latest 
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census data is predominately of Caucasian origin (Australian Bureau of Statistics 2011). 

(Statistics 2011) 

4.2.1 Sample demographics 

An initial sample of more than 220 OPG scans from the PACS database (sourced from 

Royal Perth Hospital) were acquired as a small representative sample of sub-adult 

individuals from the contemporary Western Australian population. However, within that 

sample, a number of those scans did not meet the required inclusion criteria and were 

accordingly excluded (see below). The individuals that comprise the sample analysed in 

this project range from 3 to 14 years of age. To simplify and clarify future discussion of 

the sample analysed in this project, the individuals are categorised by age groups. For 

the purpose of this project the age groups are divided into whole-year increments; for 

example individuals aged between 3.00 and 3.99 years are categorised into age group 3, 

individuals aged between 4.00 and 4.99 years are categorised into age group 4, and so 

on. 

 

The demographic information pertaining to the sample is presented in Table 4.1 and 

Figure 4.1. The total number of males slightly exceeded females (97 and 90 

respectively). The mean age of the sample was 8.42 years for males and 8.93 years for 

females; with a standard deviation of 3.25 years and 3.33 years respectively (Table 4.2). 

The mode age group was 6 years for males (12 individuals) and 10 years for females 

(10 individuals). The scans analysed represent individuals who presented to public 

hospitals requiring radiographic imaging of the lower face: the maxilla and mandible 

(upper and lower jaw), the erupted dentition, and the dentition that is still developing 

within the bones of the jaws.  The upper and lower age limits of the sample were 

determined firstly by the limited availability of scans of young individuals (<3 years), 

and secondly due to the cessation of development and closure of all the tooth roots 

around 14 years of age, because once all of the permanent teeth present with closed root 

apices the method is no longer able to be used to estimate dental age (see below). 

 

Due to the risk of radiation affecting the developing brain (including centres responsible 

for controlling puberty and growth) and other organs such as the eye, cranial scans of 

children are only performed if the medical necessity outweighs the risk of complications 

due to radiation exposure. The protocol followed by physicians and clinicians is known 

as ‘As Low as is Reasonably Achievable’ (ALARA), however this is not necessarily 

favourable for research studies that require the highest possible detail (thus a higher 
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dose of radiation) in order to produce the most accurate and reliable results. While 

panoramic radiographs expose patients to a lower dose of radiation than other 

modalities (such as Multi-Slice Computed Tomography - MSCT) they are still avoided 

where possible in young children. Therefore, the total number of available scans of 

individuals under 4 years of age was very limited, thus determining the lower age limit 

for the project. In comparison, the number of available scans of individuals over the age 

of 14 years was numerous, however the developmental changes that are assessed and 

measured in this project cease after approximately 14 years of age (as discussed above), 

thus these features could not be visualised in older individuals. Therefore, the upper age 

limit of the sample was capped at 14 years of age. 

 

Table 4.1. Age and sex distribution of the individuals in the Western Australian sample.	

 

 

 

 

 

Age (years) Male (n) Female (n) Total 

3 4 4 8 

4 9 6 15 

5 8 9 17 

6 12 8 20 

7 10 5 15 

8 8 8 16 

9 10 7 17 

10 7 10 17 

11 8 8 16 

12 6 9 15 

13 7 7 14 

14 8 9 17 

Total 97 90 187 
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Table 4.2. Descriptive statistics of the Western Australian sample. 

 

4.2.2 Inclusion/exclusion criteria 

For the purpose of this project, the exclusion criteria applied deemed that scans 

presenting abnormal dental development (such as supernumerary teeth) or facial trauma 

(such as fractures to the teeth - where measurements were to be acquired) were removed 

from further analysis. A number of individuals were missing one (or more) of the 

permanent teeth (either developmentally absent or clinically removed) required for this 

study, thus they were also excluded from the final sample. Similarly, scans that were 

not of a high enough resolution, overexposed or distorted in any way, were also duly 

excluded. After excluding scans that did not meet the required criteria, the final number 

of suitable scans for this project was reduced to 187 individuals. 

 

4.2.3 Human research ethics 

Prior to acquiring the scans required for this project, ethics approval was obtained from 

the Human Ethics Committee of the University of Western Australia. This project has 

 Number of individuals Age range Mean age SD (years) 

Male 

Female 

97 

90 

3-14 

3-14 

8.42 

8.93 

3.25 

3.33 

Figure 4.1. Diagrammatic representation of the age and sex distribution of the Western 
Australian sample.  
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been appended to Professor Daniel Franklin’s UWA HREC approved (RA/4/1/4362) 

research program: ‘Novel approaches to the forensic identification of human remains: 

bone morphometrics’. This approval was granted on 21 April 2016; a copy of the letter 

is provided in Appendix 1. 

 

4.3 Methodology 

4.3.1 Cameriere method  

Measurements of the open root apices and tooth lengths are acquired following the 

Cameriere method (2006). The Cameriere method is based on the assessment of the 

development of the permanent dentition. Before the teeth erupt into the oral cavity, they 

begin to form within the alveolus of the jaws; the crowns form first, followed by the 

roots. As the roots develop, they remain open at their apical end; this opening is known 

as the apex (White & Folkens 2005). Tooth development is considered complete when 

the root apex is completely closed. This method only uses the first seven permanent 

teeth on the left side of the mandible (FDI #31-37). Using the landmark and 

measurement definitions outlined below (see 4.3.2), the apical width and length of each 

tooth is measured. For teeth with two roots, the sum of the two open apices is 

calculated. All teeth are standardised by dividing the apical measurement by the total 

length of the entire tooth. A series of calculated measurement ratios (for each tooth – 

see below for definition) are summed and entered into a linear regression formula, from 

which a dental age estimate is calculated. 

 

4.3.2 Landmarks and measurement definitions 

Homologous landmarks are biologically significant anatomical locations that can be 

identified in the same location between individuals. In forensic anthropology skeletal 

variation is commonly explored and subsequently quantified using Type 1, 2, and 3 

landmarks, that are defined according to local homology (Bookstein 1991). These 

landmarks are the biological foundation for measurement data. Type 1 landmarks are 

the most reliable, and thus desirable in quantified skeletal standards, as they have the 

strongest biological homology between individuals (i.e. the intersection of two cranial 

sutures) (Bookstein 1991). Type 2 landmarks are the next most reliable as they have 

moderate biological homology that is only supported by geometric evidence (i.e. the tip 

of a tooth) (Bookstein 1991). Type 3 landmarks are the least accurate and they are often 

difficult to reliably attain as they can lack precision due to having poor biological 

homology between individuals (i.e. the tip of a rounded bump) (Bookstein 1991).  
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The original Cameriere and several subsequent validation studies did not specifically 

define the anatomical landmarks required to acquire the measurements for this method. 

It is, however, possible to classify these landmarks/measurements based on their 

locations and the biological homology expected between individuals at these locations. 

The landmarks assessed in this project include: ‘Point 1’ – the most inferior point of the 

mesial border of the root; ‘Point 2’ – the most inferior point of the distal border of the 

root; and ‘Point 3’ – the most superior point of the crown at the midline of the tooth. All 

of these landmarks are defined by geometric features (such as the tip of the crown) that 

are moderately biologically homologous between individuals, thus they meet the 

classification criteria of Type 2 landmarks. In order to aid future validation studies, the 

anatomical landmarks and measurements are specifically defined herewith in Tables 4.3 

and 4.4, and illustrated in Figure 4.2. 

 

Table 4.3. Definitions of the dental landmarks used in the present study. 

Landmark Description Illustration 

Point 1 
 

The most inferior point of the 
inner aspect of the mesial border 
of the root apex. 

 
 

 
 
 
 
 
 

Point 2 
 

The most inferior point of the 
inner aspect of the distal border of 
the root apex. 

 
 

Point 3 
 

The most superior aspect of the 
tooth crown at the midline of the 
tooth. 
 

 

 

 

 

 

1 

2 

3 
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Table 4.4. Definitions of the measurements acquired throughout the present study. 

Measurement Description Illustration 

Apical width 
(single root) 

Apical root width is acquired by 
measuring a straight line between the 
inner sides of the mesial and distal 
borders of the open root apex at its most 
inferior point. 
Where root development has not 
commenced, the maximum width of the 
inner sides of the crown is measured 
instead. 

 
 
 
 
 
 

Apical width 
(double root) 

Apical width measurement is acquired in 
the same manner as for single rooted 
teeth, however the two root widths are 
measured individually; the mesial root 
width is measured, followed by the distal 
root width. These measurements are then 
summed. 

 

Tooth length 

Tooth length is acquired by measuring a 
straight line along the mid-line of the 
tooth, perpendicular to the apical width. 
The upper limit of the measurement is 
defined by the crown height at the mid-
line. This measurement combines crown 
height and root length into one single 
measurement. 
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4.3.3 Visualisation software 

The OPG scans analysed in this project were visualised using two separate software 

packages; ImageJ and OsiriX. Both programs are designed to enable digital radiographs 

(including OPGs) and MSCT scans to be readily visualised. Medical scans can be 

imported into these software programs in order to acquire direct measurement data with 

statistically the same accuracy as would be achieved based on measuring the physical 

specimens (Franklin et al. 2013). The specific applications of each software as required 

by this project are described below. The scans analysed in this project were received in 

two formats; JPEG (compressed image) and DICOM (Digital Imaging and 

Communications in Medicine) files, which required specific software for each type. The 

JPEG scans were visualised using ImageJ and DICOM files were visualised using 

OsiriX. Before the anonymised scans were analysed they were assigned new accession 

numbers so that the file names did not give the observer any indication of the actual age 

or sex of the individual being assessed. The whole database of scans (including adult 

individuals that were not required for this project) were thus assigned an arbitrary 

accession number starting at OPG000001 through OPG000666.  

 

 

 

Figure 4.2. OPG scan (OPG000640) with the seven left mandibular teeth showing 
the apical width and tooth length measurements.  
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i) ImageJ 

The JPEG image captures of the digital OPG scans were individually imported into 

ImageJ. The ‘line tool’ was then used to measure apical width and tooth length in each 

tooth as per the definitions described above; measurement units were set to millimetres 

using the set scale function (rather than record data in pixels). The scale has to be 

manually set for each individual scan; thus, while there may be small variation in scale 

between the repeated measurement of the same scans, any differences in scaling are 

removed when all the measurements are converted to ratios prior to their use in the 

linear regression formula. This results in a series of standardised measurements.  

 

 

ii) OsiriX 

All of the DICOM scans were imported into OsiriX prior to being individually assessed. 

The process was in essence the same as for ImageJ (see above), however the scale did 

not require manual calibration due to the scan containing volumetric data. In the same 

manner as for ImageJ, the ‘line tool’ was used to acquire the apical width and tooth 

lengths directly in the digital OPG scans. It is again important to reiterate that any 

potential difference in measurement scale between data acquired from either ImageJ or 

OsiriX is irrelevant as the measurements are all converted to ratios prior to further 

analysis, thus standardising the data. 

 

 

Figure 4.3. An example of a JPEG image capture of a digital OPG scan (OPG000123) 
received from the PACS database. 
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4.3.4 Measurement acquisition and age estimation 

Following the method outlined by Cameriere et al. (2006) (defined earlier in this 

Chapter) measurements of the open root apices and tooth lengths of the first seven 

permanent mandibular teeth (on the left side) are acquired in the digital OPG scans. 

First, the landmarks (defined above) were identified and then inter-landmark 

measurements (apical width and tooth length) were acquired. The apical width 

measurements are then divided by the tooth length measurements of each respective 

tooth to produce ratios (x1, x2… x7). For teeth with two roots, both root apex widths are 

measured and then summed to provide a single width prior to dividing that total by the 

tooth length measurement; the resulting tooth ratios are then summed and this is the 

value used in the age prediction model.  

 

The linear regression model (see below) established by Cameriere et al. (2006) for the 

estimation of age in an Italian population uses the following predictors: constant; sex 

(g); ratio of the first premolar (x5); number of teeth with closed apices (N0); summed 

tooth ratios (s); and the interaction between the summed ratios and the number of teeth 

with closed apices (s∗N0). Cameriere et al. (2016) published a more recent method for 

age estimation that uses a Bayesian Calibration model instead of a linear regression 

model; this method, however, was not used as it did not significantly outperform the 

original linear regression model in relation to prediction accuracy. (Cameriere et al. 

2016) 

Cameriere linear regression model 

Age = 8.971+ 0.375! + 1.631!5+ 0.674!! − 1.034! − 0.176! ∗ !! 

 

4.4 Statistical analysis  

4.4.1 Measurement precision 

To assess the precision data, the technical error of measurement (TEM), the relative 

technical error of measurement (rTEM) and the coefficient of reliability (R) values were 

calculated to establish whether repeat measurements made by a single observer were 

statistically similar, thus demonstrating high accuracy and precision. As explained in 

Chapter Two, the TEM is the quantification of the amount of variation between 

repeated measurements of the same object (Harris & Smith 2009).  

 

!!" =  (Σ!!)/2! 
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The rTEM is used to quantify the measurement error relative to measurement size (Goto 

& Mascie-Taylor 2007), thus enabling direct comparison between measurements of 

different scales.  

 

!"#$ = !"#
!"#$ ×100 

 

The coefficient of reliability is the amount of repeated measurement variation that is not 

due to observer error (Franklin et al. 2007). 

 

! = 1− (!"!#$ !"!)!
!!!  

 

In order to enable statistical quantification of intra-observer measurement error 

(accuracy and precision) a number of 4x4 precision studies, spanning all age groups, 

were conducted. These precision studies involved measuring apical width and tooth 

length (as defined earlier) of the first seven left mandibular teeth of four specimens (two 

males and two females) per study. For example: one single precision study comprised a 

male and female three year old and a male and female five year old (totalling four 

scans). The measurements were taken following the Cameriere method. Each scan was 

assessed four times with a minimum of 24 hours between each re-assessment. As half of 

the scans were received and stored as JPEG files they were measured using the line tool 

on ImageJ. The remaining scans were received and stored as DICOM files, therefore 

were visualised and measured using OsiriX. Accordingly, separate precision studies 

were performed for each software program to ensure measurements acquired using 

either were accurate and precise.  

 

The precision study performed using ImageJ consisted of one male and one female 

selected from each of the following age groups 3, 5, 7, 9, 11, 13 years (totalling 12 

scans). Each scan was assessed four times with at least 24 hours between re-assessment. 

The precision study for OsiriX was performed in the same manner as the ImageJ study, 

however the individuals were selected from the following age groups 4, 6, 8, 10, 12, 14 

years (also totalling 12 scans). As the precision studies were designed to test observers 

measurement accuracy and precision, rather than compare the measurement accuracy 

between visualisation software, the age groups tested did not need to be the same for the 
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two precision studies. Furthermore, by testing the odd numbered age groups in ImageJ, 

and the even numbered age groups in OsiriX, the observer was familiar with measuring 

all age groups prior to data collection, which in turn improves the overall accuracy of 

measurements taken during the data collection phase.  

 

4.4.2 Statistical analysis: measurement data 

i) Descriptive statistics 

The data was initially explored using descriptive statistics; mode, mean, standard 

deviation, minimum and maximum age for males and females. These descriptive 

statistics were used to assess how similar the male and female groups are within the 

sample.  

 

ii) Validation of the Cameriere method 

A t-test is a statistical method used to establish whether the difference between two 

group means is statistically significant, or whether the difference is only due to chance 

(Lucy 2013; Townend 2013). In this study t-tests were performed to assess the 

difference between actual and estimated age. The male and female data were initially 

assessed, to give an overall significance value for the males and for the females. Then 

following that, each age group for both the males and females were analysed separately. 

Analysis of the t-test results determines whether the Cameriere method estimates dental 

age accurately in the Western Australian sample. 

 

iii) Multiple regression analysis 

A step-wise multiple regression analysis of all the measurement data is performed to 

assess the contribution of each measurement variable to the accuracy of the derived 

predictive model. This facilitated the formulation of a modified linear regression model 

established specifically for the Western Australian sample. A holdout sample of 66 

additional OPG scans (not used in the original analysis) was used to quantify the 

accuracy of the Western Australian specific model. The accuracy of the dental age 

estimations using the Western Australian model was then compared to the accuracy of 

the estimations made with the original Italian model to determine whether the modified, 

Western Australian-specific model estimated age more accurately in the Western 

Australian sample. 
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Chapter Five: 

Results 
 

5.1 Introduction 

The aims of the present study are as follows: (i) to statistically quantify the intra-

observer agreement of apical width and tooth length measurements in OPG images; (ii) 

to determine the accuracy of the Cameriere method in a sample of Western Australian 

sub-adults; and (iii) to develop an age estimation standard specific to a Western 

Australian population based on the Cameriere methodology. This Chapter accordingly 

outlines the results of the present study, including the analysis of accuracy and 

precision, the accuracy of the age estimations when the Cameriere method (Italian 

formula) is applied, and the accuracy of age estimations relative to the Western 

Australian specific formulae. 

 

5.2 Intra-observer error 

Intra-observer error was determined to assess whether repeated measurements are 

statistically comparable, thus quantifying the accuracy and precision of the apical width 

and tooth length measurements according to the following age groups (3 and 5; 4 and 6; 

7 and 9; 8 and 10; 11 and 13; and 12 and 14). The TEM, rTEM and R-values for each 

age group in the intra-observer study are shown in Table 5.1. Overall the highest TEM 

value was 0.147 (tooth length 6 - 7 and 9 age group), the lowest TEM value was 0 

(tooth ratio 4 - 12 and 14 age group). The highest rTEM% value was 10.54% (tooth 

ratio 4 - 11 and 13 age group), the lowest rTEM% result was 0.40% (tooth length 5 - 11 

and 13 age group). The highest R-value was 1.000, which was shared by a number of 

measurements: ratio 7 (8 and 10 age group), apical width 5 (11 and 13 age group), 

apical width 4 and 5 and tooth ratio 4 and 5 (12 and 14 age group). The lowest R-value 

was 0.879 (tooth length 1 - 8 and 10 age group). The range and mean values for the 

TEM, rTEM and R results were calculated and are presented in Table 5.2. Based on the 

above results it was found that there is no systemic bias in measurement precision 

according to tooth or age. For teeth in which root development was complete (presented 

with closed root apices) the apical width measurement cannot be acquired, thus a score 

of zero was assigned. Scores of zero cannot be statistically analysed using TEM, rTEM 

and R, thus these results are represented by N/A in Table 5.1. However it was found that 

all re-measurements of closed apex teeth were consistent (i.e. a score of zero was 

assigned each time the tooth was assessed).  
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Table 5.2. Intra-observer descriptive statistics of measurement precision according to 

age group. 

Age Group  TEM  
! (range) 

R 
! (range) 

rTEM 
! (range) 

3 - 5  0.064 (0.010 - 0.120) 0.997 (0.987 - 0.999) 2.04% (0.71 - 3.80%) 

4 - 6  0.020 (0.007 - 0.116) 0.991 (0.958 - 0.998) 2.62% (0.78 - 6.59%) 

7 - 9  0.056 (0.001 - 0.147) 0.995 (0.987 - 0.998) 3.45% (1.09 - 9.61%) 

8 - 10  0.010 (0.001 - 0.045) 0.986 (0.965 - 1.000) 1.58% (0.52 - 4.13%) 

11 - 13  0.051 (0.001 - 0.129) 0.995 (0.970 - 1.000) 2.77% (0.40 - 10.54%) 

12 - 14  0.012 (0.000 - 0.044) 0.991 (0.949 - 1.000) 1.84% (0.47 - 3.09%) 

 

 

5.3 Statistical validation of the Cameriere method 

Tooth measurements were used to predict the age of the individuals in the Western 

Australian sample according to the original Cameriere model based on an Italian 

population. The accuracy of those estimations was assessed by comparing the deviation 

between actual and estimated age, and by calculating the standard error of the estimate. 

Overall age was slightly overestimated in both males and females; the mean difference 

was 0.803 and 0.587 years respectively (Table 5.3). The standard error of the estimates 

(SEE) for dental age estimation following the Cameriere formula in the Western 

Australian sample are ±1.29 years (male) and ±1.31 years (female). Scatter plots of the 

differences between actual and estimated age for males and females are illustrated in 

Figures 5.1 and 5.2. 

 

NS: Non significant; *<0.05; ** <0.01; ***<0.001 

 

 

 

 

Table 5.3.  Results of the paired t-tests comparing actual and estimated age (Cameriere 
formula) of males and females of the Western Australian sample. 

Group 

 

t df Sig.  
Mean 

Difference 
Std. 

Deviation 
Std. Error 

Mean 
95% C.I. 

Lower Upper 
Male 0.803 1.004 0.102 0.600 1.005 7.872 96 <0.001*** 

Female 0.587 1.163 0.123 0.344 0.831 4.790 89 <0.001*** 
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Individuals were also analysed according to defined age groups (see Chapter 4). The 

mean differences between actual and estimated age were categorised by these age 

groups to demonstrate which were over or underestimated by the Italian Cameriere 

model; shown below in Figure 5.3. Male individuals were overestimated by between 

0.414 and 2.485 years across all age groups, except for age groups 5 and 6, who were 

underestimated by -0.200 and -0.285 years respectively (Table 5.4). In females the 

majority of age groups were overestimated by between 0.209 and 2.230 years, except 

for age groups 3, 5, 6, and 7, who were underestimated by -1.270, -0.122, -0.303, -0.248 

years respectively (Table 5.5).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Scatter plot with allocated regression lines showing the relationship between 
actual chronological age and estimated age (Cameriere formula) of male individuals in 
the Western Australian sample. SEE ±1.29 years. 
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Figure 5.2. Scatter plot with allocated regression lines showing the relationship 
between actual chronological age and estimated age (Cameriere formula) of female 
individuals in the Western Australian sample. SEE ±1.31 years. 
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Figure 5.3. Mean differences (in years) between actual chronological age and 
estimated age (Cameriere formula) of individuals within each age group of the 
Western Australian sample. 
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A series of t-tests were performed to establish whether differences between actual and 

estimated age were statistically significant in males and females; it is evident that the 

difference between actual and estimated age is significant in both sexes (see Table 5.3 

above). A series of subsequent t-tests were then performed for each age group 

separately for both males and females to further clarify whether there is an age bias 

associated with the age prediction; this was performed to identify whether the formula 

was more accurate for estimating age in any particular age group (Tables 5.4 and 5.5). 

For males there is a significant difference between actual and estimated age at 4 and 8+ 

years of age. For females there is a significant difference at 3, 9 and 11+ years of age. 

 

Table 5.4. Results of the paired t-tests comparing actual and estimated age (Cameriere 
formula) for each individual male age group in the Western Australian sample. 

Age  
Group 

 

t df Sig.  
Mean 

Difference 
Std. 

Deviation 
Std. Error 

Mean 
95% C.I.  

Lower Upper 

3  0.605 1.136 0.568 -1.203 2.413 1.065 3 0.365NS 

4  0.869 0.722 0.241 0.314 1.424 3.609 8 0.007** 

5  -0.200 0.360 0.127 -0.501 0.101 -1.572 7 0.160NS 

6  -0.285 0.555 0.160 -0.638 0.068 -1.778 11 0.103NS 

7  0.414 0.950 0.300 -0.266 1.094 1.378 9 0.201NS 

8  0.435 0.495 0.175 0.021 0.849 2.485 7 0.042* 

9  0.828 0.558 0.176 0.429 1.227 4.694 9 0.001*** 

10  1.287 0.923 0.349 0.434 2.141 3.691 6 0.010** 

11  0.931 0.318 0.112 0.665 1.197 8.282 7 <0.001*** 

12  1.435 0.507 0.207 0.903 1.967 6.935 5 <0.001*** 

13  1.687 0.877 0.331 0.876 2.498 5.092 6 0.002** 

14  2.485 0.638 0.225 1.951 3.019 11.014 7 <0.001*** 

NS: Non significant; *<0.05; ** <0.01; ***<0.001 

Key: 3 = 3.00-3.99 years; 4 = 4.00-4.99 years…14 = 14.00-14.99 years 
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Table 5.5. Results of the paired t-tests comparing actual and estimated age (Cameriere 
formula) for each individual female age group in the Western Australian sample. 

Age  
Group 

 

t df Sig.  
Mean 

Difference 
Std. 

Deviation 
Std. Error 

Mean 
95% C.I . 

Lower Upper 

3  -1.270 0.748 0.374 -2.460 -0.080 -3.397 3 0.043* 

4  0.473 1.204 0.491 -0.790 1.737 0.963 5 0.380NS 

5  -0.122 0.348 0.116 -0.390 0.145 -1.054 8 0.323NS 

6  -0.303 0.382 0.135 -0.622 0.017 -2.240 7 0.060NS 

7  -0.248 0.980 0.438 -1.465 0.969 -0.566 4 0.602NS 

8  0.209 0.649 0.230 -0.334 0.752 0.909 7 0.393NS 

9  0.859 0.454 0.172 0.439 1.278 5.005 6 0.002** 

10  0.390 1.230 0.389 -0.490 1.270 1.003 9 0.342NS 

11  0.643 0.526 0.186 0.203 1.082 3.456 7 0.011* 

12  1.460 0.658 0.219 0.954 1.966 6.655 8 <0.001*** 

13  2.230 0.887 0.335 1.409 3.051 6.649 6 <0.001*** 

14  1.600 1.250 0.417 0.639 2.560 3.841 8 0.005** 

NS: Non significant; *<0.05; ** <0.01; ***<0.001 
Key: 3 = 3.00-3.99 years; 4 = 4.00-4.99 years…14 = 14.00-14.99 years 
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5.4 Age standards for a Western Australian population 

5.4.1 Univariate comparisons 

The descriptive statistics for all apical width and tooth length measurements are 

summarised in Appendix 5.1 and 5.2. Overall it was found that there were no specific 

patterns evident in the descriptive statistic data relevant to age prediction accuracy. 

Therefore, in consideration of the latter, and the large volume of data it comprises, the 

descriptive statistics are not considered further.  

 

5.4.2 Multiple variable regression analysis 

i) Individual-sex 

A step-wise and a series of enter-method regression analyses were performed to 

determine which predictor variables provide the most accurate model for estimating age 

in the Western Australian population. The step-wise multiple regression analysis 

identified five predictors that significantly contribute to age prediction. The step-wise 

regression (Model #1) selected the following predictors: sex, tooth ratio of the 1st 

premolar (x4), the sum of all the tooth ratios (s), the number of teeth with closed root 

apices (N0) and the interaction between the summed ratios and the number of teeth with 

closed apices (s∗N0); the associated r2 value is 0.958 with an SEE of ±0.959 years 

(Table 5.6a). The corresponding coefficients for the predictors in Model #1 are 

presented in Table 5.6b. 

 

 

Table 5.6a Model #1 summary results from the step-wise regression analysis. 

Model R R Square Adjusted R Square Std. Error of the Estimate 

1 0.958a 0.919 0.916 ±0.959 

a. Predictors: (Constant), sex, x4, s, N0, s*N0 

Dependent variable: Age 
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Table 5.6b. Predictor variable coefficients and their corresponding significance values 

for multiple regression Model #1. 

Model 

Unstandardised 
Coefficients 

Standardised 
Coefficients 

t Sig. 

95% Confidence 
Interval for B 

B 
Std. 

Error Beta Lower  Upper  

 

Const 10.000 0.230  43.502 0.000 9.546 10.454 

x4 -3.037 0.864 -0.284 -3.514 0.001 -4.743 -1.332 

N0 0.731 0.054 0.428 13.437 0.000 0.623 0.838 

Sex 0.696 0.143 0.105 4.864 0.000 0.414 0.978 

s -0.508 0.104 -0.370 -4.895 0.000 -0.713 -0.303 

s*N0 -0.287 0.095 -0.071 -3.006 0.003 -0.475 -0.099 

 

 

Western Australian-specific linear regression model (#1) 

Age =  10.00 + 0.696! − 3.037!4 − 0.508! + 0.731!0 − 0.287! ∗ !0  
(SEE ±0.959 years) 

  
Worked example: 

Estimation of age (individual-sex model) for OPG000670 (3.99 years of age) 

 

Estimated Age =  10.00 + 0.696×1 + −3.037×0.982 + −0.508×8.187  
+ 0.731×0 + (−0.287×0) 

= 3.55 years (2.59 – 4.51 years 95% CI) 
 

 

Another step-wise regression analysis was performed to test whether the age prediction 

could be simplified (whilst maintaining accuracy) by removing the ‘sum’ (s) predictor. 

Removal of this variable reduces the overall number of measurements required to 

estimate age from 14 to 4. The r2 value for that model is 0.956 and the standard error of 

the estimate is only slightly higher at ±0.981 years (Table 5.7a). The corresponding 

coefficients for the predictors in Model #2 are presented in Table 5.7b. 
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Table 5.7a. Model #2 summary results for the multiple regression analysis without 

the sum (s) variable in the model. 

Model R R Square Adjusted R Square Std. Error of the Estimate 

2 0.956a 0.914 0.912 ±0.981 

a. Predictors: (Constant), sex, x4, x7, N0 
Dependent variable: Age 
 

 

 

The same predictors that Cameriere et al. (2006) used for the Italian formula were then 

specifically used in an enter-method regression analysis to test the accuracy of those 

predictors in the Western Australian population (see Chapter 4.3.4). The summary of 

Model #3 (Cameriere predictors) is shown in Tables 5.8a and 5.8b; the r2 value is 0.956 

and the standard error of the estimate is ±0.990 years. These results show that the 

predictors that were most accurate for the Italian population were evidently not the most 

accurate combination in the Western Australian population. 

 

 

 

 

Table 5.7b. Predictor variable coefficients and their corresponding significance values 

for multiple regression Model #2. 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. 

95% Confidence 

Interval for B 

B 

Std. 

Error Beta Lower Upper 

 Const 9.824 0.215  45.653 0.000 9.399 10.248 

x4 -4.615 0.562 -0.432 -8.213 0.000 -5.724 -3.507 

N0 0.707 0.055 0.414 12.783 0.000 0.598 0.816 

Sex 0.718 0.147 0.108 4.892 0.000 0.428 1.007 

x7 -0.710 0.158 -0.211 -4.497 0.000 -1.021 -0.398 
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Table 5.8a. Model #3 summary results for the multiple regression analysis using the 

same predictors as the Italian Cameriere formula. 

Model R R Square Adjusted R Square Std. Error of the Estimate 

3 0.956a 0.913 0.911 ±0.990 
a. Predictors: (Constant), sex, x5, N0, s, s*N0 

Dependent variable: Age 

 

 

Table 5.8b. Predictor variable coefficients and their corresponding significance 

values for multiple regression Model #3. 

Model 

Unstandardised 

Coefficients 

Standardised 

Coefficients 

t Sig. 

95% Confidence 

Interval for B 

B 

Std. 

Error Beta Lower Upper 

 Const 9.631 0.225  42.759 0.000 9.187 10.076 

Sex 0.713 0.150 0.108 4.761 0.000 0.417 1.008 

x5 0.373 0.559 0.049 0.667 0.506 -0.730 1.475 

N0 0.809 0.053 0.474 15.320 0.000 0.705 0.914 

s -0.904 0.104 -0.657 -8.697 0.000 -1.109 -0.699 

s*N0 -0.280 0.099 -0.069 -2.823 0.005 -0.476 -0.084 

 

 

ii) Pooled-sex 

In the event that the biological sex of a sub-adult is unknown, a pooled-sex model 

would be the most appropriate method for deriving an estimation of age. To that end, a 

step-wise regression analysis was performed for the pooled-sex sample, which 

identified that all of the same predictors as the individual sex model contributed 

significantly to age prediction without the need to input a variable for sex. The r2 value 

of the pooled-sex model is 0.953 and the standard error of the estimate is ±1.017 years 

(Table 5.9a). The corresponding coefficients for the predictors in the pooled-sex model 

are presented in Table 5.9b. The model is expectantly slightly less accurate than the sex-

specific model. 
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Table 5.9a. Model summary for the multiple regression analysis excluding sex as a 

variable to produce a pooled-sex Western Australian model. 

Model R R Square Adjusted R Square Std. Error of the Estimate 
Pooled 
model 

0.953a 0.908 0.906 ±1.017 

a. Predictors: (Constant), x4, N0, s, s*N0 

Dependent variable: Age 
 
 

Table 5.9b. Predictor variable coefficients and their corresponding significance 

values for the pooled-sex multiple regression model. 

Pooled-sex  
Model 

Unstandardized 
Coefficients 

Standardized 
Coefficients 

t Sig. 

95% Confidence 
Interval for B 

B 
Std. 

Error Beta Lower  Upper  
 Const 10.352 0.231  44.739 0.000 9.895 10.808 

s -0.493 0.110 -0.358 -4.480 0.000 -0.710 -0.276 

N0 0.709 0.057 0.415 12.338 0.000 0.596 0.822 

s*N0 -0.273 0.101 -0.068 -2.697 0.008 -0.472 -0.073 

x4 -3.041 0.917 -0.285 -3.318 0.001 -4.850 -1.233 

 
 

5.5 Statistical validation of the Western Australian models 

i) Individual-sex 

Using the Western Australian specific formula (Model #1), age was estimated in a 

holdout sample of 66 (36 male, 30 female) Western Australian sub-adults not 

previously analysed. The accuracy of Model #1 is assessed by comparing the difference 

between actual and estimated age and calculating the standard error of the estimate. The 

holdout sample age prediction data for Model #1 is summarised in Table 5.10. Overall it 

was found that age was slightly overestimated in both males and females; the mean 

difference between actual and estimated age was 0.107 and 0.150 years respectively 

(Table 5.11). The standard error of the estimates (SEE) for the age estimations produced 

by the individual-sex model are ±0.99 years (male) and ±0.95 years (female), which is 

comparable to the stated accuracy of Model #1 (±0.959 years).  
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The mean differences between actual and estimated age were categorised by age group 

to demonstrate which age groups in the holdout sample were over or underestimated by 

the Western Australian specific model (Figure 5.4). A clear pattern is apparent whereby 

almost all individuals <8 years of age are underestimated, and almost all individuals >8 

years of age are overestimated. Scatter plots of the differences between actual and 

estimated age for males and females in the holdout sample are illustrated in Figures 5.5 

and 5.6.   

 

Table 5.10. Difference between actual and estimated age (Model #1) for all individuals 

in the holdout sample.  

Individual Sex Actual Age Estimated Age Difference (years) 
OPG000667 M 3.71 2.35 1.36 
OPG000668 M 3.78 4.58 -0.80 
OPG000669 M 3.78 4.29 -0.51 
OPG000670 M 3.99 3.55 0.44 
OPG000745 M 4.49 5.25 -0.76 
OPG000682 M 4.84 4.68 0.16 
OPG000677 M 4.86 5.90 -1.04 
OPG000681 M 4.87 5.22 -0.35 
OPG000686 M 5.49 5.97 -0.48 
OPG000685 M 5.76 6.04 -0.28 
OPG000726 M 5.78 4.75 1.03 
OPG000741 M 5.78 7.19 -1.41 
OPG000671 M 6.05 7.20 -1.15 
OPG000699 M 6.13 5.30 0.83 
OPG000701 M 6.18 6.08 0.10 
OPG000696 M 6.61 7.57 -0.96 
OPG000702 M 7.14 6.97 0.17 
OPG000683 M 7.70 7.86 -0.16 
OPG000675 M 7.78 8.73 -0.95 
OPG000690 M 7.92 7.77 0.15 
OPG000723 M 8.31 8.04 0.27 
OPG000705 M 8.50 8.35 0.15 
OPG000688 M 8.74 8.17 0.57 
OPG000711 M 8.83 8.30 0.53 
OPG000694 M 9.13 8.88 0.25 
OPG000698 M 9.80 9.35 0.45 
OPG000718 M 10.46 8.82 1.64 
OPG000692 M 11.18 11.90 -0.72 
OPG000693 M 11.40 9.04 2.36 
OPG000731 M 12.87 12.45 0.42 
OPG000673 M 12.91 11.01 1.90 
OPG000722 M 13.24 13.29 -0.05 
OPG000710 M 13.98 14.99 -1.01 
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OPG000700 M 14.44 14.19 0.25 
OPG000703 M 14.78 12.33 2.45 
OPG000672 M 14.82 15.81 -0.99 
OPG000752 F 3.48 4.68 -1.20 
OPG000713 F 3.62 3.57 0.05 
OPG000747 F 4.75 4.37 0.38 
OPG000754 F 4.97 4.63 0.34 
OPG000724 F 5.71 5.52 0.19 
OPG000709 F 6.11 6.36 -0.25 
OPG000735 F 6.38 6.42 -0.04 
OPG000712 F 6.68 6.19 0.49 
OPG000758 F 6.99 8.18 -1.19 
OPG000743 F 7.06 7.47 -0.41 
OPG000729 F 7.72 7.59 0.13 
OPG000760 F 7.94 7.92 0.02 
OPG000707 F 8.09 7.06 1.03 
OPG000716 F 8.10 7.35 0.75 
OPG000738 F 8.47 8.76 -0.29 
OPG000756 F 8.53 7.86 0.67 
OPG000739 F 9.19 9.00 0.19 
OPG000725 F 10.11 10.80 -0.69 
OPG000733 F 10.33 8.62 1.71 
OPG000720 F 10.34 9.14 1.20 
OPG000695 F 11.63 13.34 -1.71 
OPG000759 F 11.71 12.53 -0.82 
OPG000746 F 11.71 10.24 1.47 
OPG000761 F 12.38 11.14 1.24 
OPG000762 F 12.48 13.35 -0.87 
OPG000704 F 12.98 12.73 0.25 
OPG000708 F 13.10 13.45 -0.35 
OPG000678 F 13.50 11.68 1.82 
OPG000753 F 14.08 12.65 1.43 
OPG000717 F 14.09 15.12 -1.03 

   SD 0.94 
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Figure 5.4. Mean differences (in years) between actual chronological age and 
estimated age (Model #1) of individuals within each age group of the Western 
Australian holdout sample. 
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Figure 5.5. Scatter plot with allocated regression lines showing the relationship 
between actual chronological age and estimated age (Model #1) of male individuals in 
the Western Australian holdout sample. SEE ±0.99 years. 
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Similar to the original sample, a series of t-tests were performed on the holdout sample 

data to establish whether the differences between actual and estimated age were 

statistically significant for males and females as collective groups; the results are 

presented in Table 5.11. The difference between actual and estimated age is not 

statistically significant for both males and females. A series of subsequent t-tests were 

also carried out for each age group that comprised two or more individuals to determine 

whether the differences between actual and estimated age were statistically significant 

within each group, this was performed to identify if the model was more accurate for 

specific age groups. Those results for both sexes are presented in Tables 5.12 and 5.13. 

 

 

Table 5.11.  Results of the paired t-tests comparing actual and estimated age (Model #1) 
of males and females of the Western Australian holdout sample. 

Group 

 

t df Sig. 
Mean 

Difference 
Std. 

Deviation 
Std. Error 

Mean 
95% CI 

Lower Upper 
Male  0.107 0.975 0.162 -0.223 0.437 0.657 35  0.515NS 

Female  0.150 0.922 0.168 -0.194 0.495 0.893 29 0.379NS 
NS: Non significant; *<0.05; ** <0.01; ***<0.001 

 

Figure 5.6. Scatter plot with allocated regression lines showing the relationship between 
actual chronological age and estimated age (Model #1) of female individuals in the 
Western Australian holdout sample. SEE ±0.95 years. 
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Table 5.12. Results of the paired t-tests comparing actual and estimated age (Model 
#1) for each individual male age group in the Western Australian holdout sample. 

Age 
Group 

 

t df Sig.  
Mean 

Difference 
Std. 

Deviation 
Std. Error 

Mean 
95% CI 

Lower Upper 

3  -0.979 0.622 0.311 -1.970 0.011 -3.146 3 0.051NS 

4  -1.114 0.392 0.196 -1.738 -0.490 -5.681 3 0.011* 

5  -0.664 0.726 0.363 -1.819 0.491 -1.830 3 0.165NS 

6  -0.567 0.503 0.252 -1.367 0.234 -2.252 3 0.110NS 

7  -0.136 0.541 0.271 -0.997 0.725 -0.503 3 0.650NS 

8  0.659 0.250 0.125 0.261 1.056 5.276 3 0.013* 

9  0.877 0.291 0.205 -1.733 3.488 4.270 1 0.146NS 

13  1.497 0.213 0.150 -0.414 3.408 9.954 1 0.064NS 

14  1.974 0.377 0.267 -1.418 5.365 7.395 1 0.086NS 

NS: Non significant; *<0.05; ** <0.01; ***<0.001 
Key: 3 = 3.00-3.99 years; 4 = 4.00-4.99 years…14 = 14.00-14.99 years 
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ii) Pooled-sex 

The age of the individuals in the holdout sample was also estimated using the Western 

Australian specific pooled-sex model. The accuracy of the pooled-sex model is assessed 

by comparing the difference between actual and estimated age (Table 5.14). Overall it 

was found that age was slightly overestimated in all individuals; the mean difference 

between actual and estimated age was 0.134 years (Table 5.15). The associated SEE for 

the age estimations produced by the pooled sex model is ±1.01 years, which is 

comparable to the stated accuracy of the pooled sex model (±1.017 years).  

 
The age groups were then analysed separately and it was found that (on average) age 

was underestimated in age groups 3 to 7 years inclusive by between -0.331 and -0.060 

years. All other age groups were overestimated by between 0.081 and 0.775 years 

Table 5.13. Results of the paired t-tests comparing actual and estimated age (Model 
#1) for each individual female age group in the Western Australian holdout sample. 

Age 
Group 

 

t df Sig.  
Mean 

Difference 
Std. 

Deviation 
Std. Error 

Mean 
95% CI 

Lower Upper 

3  -0.575 0.884 0.625 -8.516 7.366 -0.920 1 0.527NS 

4  0.360 0.028 0.020 0.106 0.614 18.000 1 0.035* 

6  -0.248 0.701 0.351 -1.363 0.868 -0.706 3 0.531NS 

7  -0.087 0.285 0.165 -0.796 0.622 -0.526 2 0.651NS 

8  0.540 0.574 0.287 -0.374 1.454 1.880 3 0.157NS 

10  0.740 1.264 0.730 -2.401 3.881 1.014 2 0.417NS 

11  -0.353 1.641 0.947 -4.429 3.722 -0.373 2 0.745NS 

12  0.207 1.056 0.609 -2.416 2.829 0.339 2 0.767NS 

13  0.735 1.534 1.085 -13.051 14.521 0.677 1 0.621NS 

14  0.200 1.739 1.230 -15.429 15.829 0.163 1 0.897NS 

NS: Non significant; *<0.05; ** <0.01; ***<0.001 

Key: 3 = 3.00-3.99 years; 4 = 4.00-4.99 years…14 = 14.00-14.99 years 
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(Table 5.16). A scatter plot of the differences between actual and estimated age (as 

estimated by the pooled-sex model) for all individuals in the holdout sample is shown in 

Figure 5.7.  

 

Table 5.14. Difference between actual and estimated age (pooled-sex model) for all 

individuals in the holdout sample. 

Individual Actual Age Estimated Age Difference (years) 
OPG000752 3.48 5.12 -1.64 
OPG000713 3.62 4.04 -0.42 
OPG000667 3.71 2.13 1.58 
OPG000668 3.78 4.34 -0.56 
OPG000669 3.78 4.05 -0.27 
OPG000670 3.99 3.33 0.66 
OPG000745 4.49 5.00 -0.51 
OPG000747 4.75 4.81 -0.06 
OPG000682 4.84 4.42 0.42 
OPG000677 4.86 5.62 -0.76 
OPG000681 4.87 4.97 -0.10 
OPG000754 4.97 5.07 -0.10 
OPG000686 5.49 5.70 -0.21 
OPG000724 5.71 5.94 -0.23 
OPG000685 5.76 5.76 0.00 
OPG000726 5.78 4.51 1.27 
OPG000741 5.78 6.91 -1.13 
OPG000671 6.05 6.92 -0.87 
OPG000709 6.11 6.76 -0.65 
OPG000699 6.13 5.03 1.10 
OPG000701 6.18 5.79 0.39 
OPG000735 6.38 6.83 -0.45 
OPG000696 6.61 7.27 -0.66 
OPG000712 6.68 6.61 0.07 
OPG000758 6.99 8.57 -1.58 
OPG000743 7.06 7.86 -0.80 
OPG000702 7.14 6.68 0.46 
OPG000683 7.70 7.56 0.14 
OPG000729 7.72 7.98 -0.26 
OPG000675 7.78 8.43 -0.65 
OPG000690 7.92 7.47 0.45 
OPG000760 7.94 8.30 -0.36 
OPG000707 8.09 7.45 0.64 
OPG000716 8.10 7.74 0.36 
OPG000723 8.31 7.73 0.58 
OPG000738 8.47 9.13 -0.66 
OPG000705 8.50 8.04 0.46 
OPG000756 8.53 8.24 0.29 
OPG000688 8.74 7.86 0.88 
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OPG000711 8.83 8.00 0.83 
OPG000694 9.13 8.56 0.57 
OPG000739 9.19 9.37 -0.18 
OPG000698 9.80 9.03 0.77 
OPG000725 10.11 11.13 -1.02 
OPG000733 10.33 9.00 1.33 
OPG000720 10.34 9.51 0.83 
OPG000718 10.46 8.51 1.95 
OPG000692 11.18 11.51 -0.33 
OPG000693 11.40 8.72 2.68 
OPG000695 11.63 13.60 -1.97 
OPG000759 11.71 12.81 -1.10 
OPG000746 11.71 10.58 1.13 
OPG000761 12.38 11.45 0.93 
OPG000762 12.48 13.60 -1.12 
OPG000731 12.87 12.06 0.81 
OPG000673 12.91 10.66 2.25 
OPG000704 12.98 13.00 -0.02 
OPG000708 13.10 13.70 -0.60 
OPG000722 13.24 12.87 0.37 
OPG000678 13.50 11.99 1.51 
OPG000710 13.98 14.51 -0.53 
OPG000753 14.08 12.93 1.15 
OPG000717 14.09 15.32 -1.23 
OPG000700 14.44 13.74 0.70 
OPG000703 14.78 11.93 2.85 
OPG000672 14.82 15.32 -0.50 

  SD 0.99 
 

 

A t-test was performed on the pooled-sex holdout sample data to establish whether the 

difference between actual and estimated age was statistically significant. It was found 

that the difference between actual and estimated age was not statistically significant 

(p=0.275); the results of the t-test are presented in Table 5.15. A series of subsequent t-

tests were then carried out for each age group of the holdout sample separately to 

determine whether the differences between actual and estimated age were statistically 

significant within each age group, this was performed to identify if the model was more 

accurate in particular age groups. It was found that the difference between actual and 

estimated age was not significant for all age groups, except age group 8. Those results 

are presented in Table 5.16. 
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NS: Non significant; *<0.05; ** <0.01; ***<0.001 
 

 

 

 

 

 

 

Table 5.15. Results of the paired t-test comparing actual and estimated age (pooled-sex 
model) of all males and females of the Western Australian holdout sample. 

Group 

 

t df Sig.  
Mean 

Difference  
Std. 

Deviation 

Std. 
Error 
Mean 

95% CI 

Lower Upper 
Holdout 
sample 

individuals 
 0.134 0.992 0.122 -0.110 0.378 1.100 65 0.275NS 

Figure 5.7. Scatter plot with allocated regression lines showing the relationship between 
actual chronological age and estimated age (pooled-sex model) of all individuals in the 
Western Australian holdout sample. SEE ±1.01 years. 
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Table 5.16. Results of the paired t-tests comparing actual and estimated age (pooled-
sex model) for each age group in the Western Australian holdout sample. 

Age  
Group 

 
   

Mean 
Difference 

Std. 
Deviation 

Std. 
Error 
Mean 

95% CI 

Lower Upper t df Sig. 

3  -0.108 1.105 0.451 -1.267 1.051 -0.240 5 0.820NS 

4  -0.188 0.408 0.166 -0.616 0.240 -1.129 5 0.310NS 

5  -0.060 0.860 0.385 -1.128 1.008 -0.157 4 0.883NS 

6  -0.331 0.829 0.293 -1.024 0.361 -1.131 7 0.295NS 

7  -0.145 0.508 0.192 -0.615 0.324 -0.757 6 0.478NS 

8  0.421 0.485 0.171 0.016 0.826 2.456 7 0.044* 

9  0.387 0.504 0.291 -0.865 1.638 1.329 2 0.315NS 

10  0.775 1.280 0.640 -1.263 2.812 1.210 3 0.313NS 

11  0.081 1.845 0.825 -2.210 2.371 0.098 4 0.927NS 

12  0.570 1.249 0.559 -0.981 2.121 1.021 4 0.365NS 

13  0.189 0.989 0.494 -1.385 1.762 0.382 3 0.728NS 

14  0.596 1.573 0.704 -1.358 2.549 0.847 4 0.445NS 

NS: Non significant; *<0.05; ** <0.01; ***<0.001 

Key: 3 = 3.00-3.99 years; 4 = 4.00-4.99 years…14 = 14.00-14.99 years 
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Chapter Six: 

Discussion and Conclusions 
 

6.1 Introduction 

This Chapter explores and discusses the results outlined in Chapter Five in relation to 

the original aims of this project and in the context of existing knowledge. Primarily this 

project quantifies measurement accuracy of apical width and tooth length measurements 

acquired from OPG scans; provides written and illustrated definitions of the Cameriere 

dental landmarks and methodology; quantifies the age prediction accuracy of the Italian 

Cameriere model in a sample of Western Australian individuals; and subsequently 

establishes population specific age prediction models (individual and pooled-sex) based 

on the Cameriere methodology. This Chapter will also consider the limitations and 

potential future research directions.  

 

6.2 Intra-observer accordance  

The first aim of this project was to statistically quantify observer accordance of apical 

width and tooth length measurements in OPG images; to that end a series of precision 

studies were performed to ensure all measurement data were acquired accurately and 

precisely. Subsequently the Technical Error of Measurement (TEM), relative Technical 

Error of Measurement (rTEM) and the Coefficient of Reliability (R) were calculated to 

statistically quantify measurement error. Acceptable margins of measurement error are 

stated to be: TEM <1.0; rTEM <5%; and R-value >0.75 (Weinberg et al. 2005). While 

the vast majority of measurements in the present study fell within these acceptable 

limits, four particular measurements fell slightly outside of the range of generally 

accepted margins of error (see Table 6.1). In each of those cases, the rTEM% values are 

higher than the <5% acceptable margin, however the corresponding TEM and R-values 

for all of the apical widths and ratios are well within acceptable margins, thus overall all 

of the results are deemed accurate and precise. It is also important to note that this study 

clarified and defined the apical width and tooth length measurements and landmarks, 

thus measurement precision will likely be improved in any future studies based on the 

Cameriere methodology. 
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Table 6.1. Summary of the measurements that exceed the statistically acceptable (<5%) 

limit for rTEM. 

Precision study Measurement(s) rTEM% 

4-6 years Apical width 6 6.11% 

 Ratio 6 6.59% 

7-9 years Apical width 2 7.00% 

 Ratio 2 9.61% 

 Apical width 6 9.33% 

 Ratio 6  8.51% 

11-13 years Apical width 4 9.28% 

 Ratio 4 10.54% 
 

Overall this project demonstrated that the apical width and tooth length measurements 

from the Cameriere method can be acquired accurately and precisely in digital OPG 

scans, and that the measurement aspect of the method involves a low level of intra-

observer variance. This project also showed that there was no systemic bias in 

measurement precision according to tooth or age (see Table 5.2). It is important to note 

that this type of precision study has not previously been used to quantify observer error 

associated with the Cameriere method, and therefore no direct comparisons can be made 

to the published literature.  

 

However, other validations of the Cameriere method have demonstrated that there was 

no significant difference between repeated measurements within and between 

individuals. For example, based on Concordance Correlation Coefficient, which 

quantifies agreement between two measurements of the same variable (Lin 1989), the 

original Cameriere et al. (2006) study and the European validation by Cameriere et al. 

(2007a) did not find any difference between paired sets of measurements, although no 

associated p-values or other supporting statistics were reported. Using the Intraclass 

Correlation Coefficient (ICC) to assess the reproducibility of measurements (a statistic 

that measures the reliability of measurements that share the same measurement process 

- see(Koch 2006), Gulsahi et al. (2015)  and  Fernandes et al. (2011) similarly found no 

statistically significant differences between different observers, nor were there any 

differences between re-measurements made by the same observer. Using the Pearson’s 

Correlation Coefficient, which is a measurement of the strength of association between 

two variables (Rodgers & Nicewander 1988), De Luca et al. (2012) also demonstrated 

no statistically significant difference between the original apical measurements and the 
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re-measurements of each tooth in the observer error studies (p<0.05). Despite the 

obvious variation in methods of statistical analysis across the various validation studies, 

all similarly demonstrate no significant difference between repeat measurements in the 

intra-observer studies, and no statistical difference between examiners in the inter-

observer studies.  

 

In further interpreting the results of the present study, broad comparisons to other dental 

methods are possible. For example, in traditional odontometrics, where measurements 

are acquired directly in the teeth, there tends to be increased observer error with 

particular measurements. As demonstrated by Hassett (2011), observer error was 

highest for the mesiodistal diameter measurement for the canine when the measurement 

was taken with the tooth in situ. This was due to the fact that the measurement points 

are between two adjacent teeth and the true width may not be accurately acquired if the 

adjacent teeth are too close together (Hassett 2011). Conversely, Tuttösí and Cardoso 

(2015) demonstrated that high levels of measurement reproducibility and consistency 

could be attained from cervical dental measurements acquired directly from the teeth. 

They reported intra-observer coefficient of reliability (R) scores ranging from 0.909 to 

1.000, and inter-observer R scores ranging from 0.942 to 0.999 for all measurements 

(Tuttösí & Cardoso 2015). Odontometric measurements acquired directly in medical 

images such as dental radiographs, however, have actually been shown to be associated 

with increased accuracy in comparison to measurements taken directly in the teeth. 

Assessment of the measurements required in Kvaal et al. (1995) (acquired from dental 

radiographs) has demonstrated low intra- and inter-observer error, thus indicating high 

levels of measurement reproducibility (Marroquin et al. 2017). Similarly, Ilić and 

Stojanović (2015) demonstrated dental measurements acquired from radiographic 

images could be acquired with high levels of concordance between different examiners, 

reporting Kendall’s coefficient values ranging from W=0.80 to 0.95 (Ilić & Stojanović 

2015). (Kvaal et al. 1995) 

 

6.3 Validation of the Cameriere method 

To assess the accuracy of this method, the deviation between actual and estimated age 

was quantified. Age estimations following the Italian Cameriere formula were 

compared to the actual ages of the individuals in the Western Australian sample, for 

which the mean difference was significant in both sexes. It was shown that on average 

the Italian Cameriere model applied to the Western Australian sample slightly 
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overestimated age (by <1 year) in males and females; 0.803 years (SEE ±1.29 years) 

and 0.587 years (SEE ±1.31 years) respectively. 

  

The original Cameriere et al. (2006) study reported a median residual error of -0.035 

years between actual and estimated age. Subsequent research based on the Cameriere 

method reported somewhat comparable results. For example, the European study of 

Cameriere et al. (2007a) reported a median residual error of -0.114 years. The Turkish 

study of Gulsahi et al. (2015) reported a mean difference of -0.35 years (-0.47 years in 

males and -0.24 years in females). The Brazilian study of Fernandes et al. (2011) 

reported a mean difference of -0.04 years. The Mexican study of De Luca et al. (2012) 

reported a mean prediction error of 0.63 years in females and 0.52 years in males. It is 

apparent from the above, however, that there is a lack of standardisation in how the 

difference between actual and estimated age across the validation studies is reported, 

making meaningful comparisons between studies more difficult. Also, only reporting 

mean difference or median residual error is not the most effective method of quantifying 

error; calculating the standard error of the estimate (SEE) or 95% confidence intervals, 

is more effective, because it is a more statistically sound representation of the error. 

 

In consideration of the above, the results of the present study are further explained in 

the context of other dental age estimation methods. Blenkin and Evans (2010) 

established age prediction models based on Demirjian et al. (1973). It was reported that 

their age prediction models have a 95% confidence interval of ±1.8 years (Blenkin & 

Evans 2010). Similarly, Foti et al. (2003) developed novel age prediction models based 

on French sub-adults aged 6 to 21 years. It was reported that age predictions based on 

their first model have a 95% confidence interval of ±3.5 years (Foti et al. 2003). 

 

There is a general consensus across most dental age estimation methods that prediction 

accuracy decreases with increasing chronological (actual) age, simply because once all 

the permanent dentition has mineralised and subsequently erupted, the developmental 

changes that facilitate age estimation eventually slow and thereafter cease when tooth 

development is complete (Stewart 1963; Noble 1974). The present project has 

demonstrated that this similarly applies to the Italian Cameriere model in a Western 

Australian population, whereby it appears that completion of apical closure of all teeth 

is a factor that contributes to the decline in overall accuracy of this model in older 

individuals. Thus the upper limit for the application of this method is 14 years of age, as 
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determined by the complete closure of all root apices of all permanent teeth (except 3rd 

molars) in the Western Australian sample. 

 

6.4 Dental age estimation standards for Western Australia 

Best practice mandates that Western Australian population-specific standards are 

established, with associated statistically quantified accuracy rates. As previously 

described in Chapter Five, both individual- and pooled-sex models were produced for 

this population. The individual-sex (Model #1: r2 = 0.958, SEE ±0.959 years) was 

determined to be the most appropriate sex-specific model for the estimation of age in 

the Western Australian population, with subsequent tests in a holdout sample resulting 

in an SEE of ±0.99 years for males, and ±0.95 years for females. 

 

Furthermore, as previously discussed, biological sex cannot be reliably estimated in 

sub-adult skeletal remains before the onset of puberty, thus without such prior 

knowledge, a pooled-sex model is the most appropriate. In the present study the pooled-

sex model (r2 = 0.953, SEE ±1.017 years) was found to be slightly less accurate than 

the individual-sex model. Subsequent tests of the pooled-sex model in the Western 

Australian holdout sample resulted in an SEE of ±1.01 years. While the pooled-sex 

model is slightly less accurate than the individual-sex model, it is still more accurate 

than applying the Italian Cameriere model in a Western Australian population.  

 

Generally, the most preferable sub-adult dental age estimation methods have a standard 

error of approximately ±1 to 2 years (e.g.(Schour & Massler 1940; Moorrees et al. 

1963b; Demirjian et al. 1973; Anderson et al. 1976; Willems et al. 2002; Blenkin & 

Evans 2010). The standard error of the estimates associated with Model #1 fall within 

this range (♂SEE ±0.99 years, ♀SEE ±0.95 years), as does the pooled-sex model with 

an SEE of ±1.01 years. Methods with a standard error greater than ±7 years are deemed 

too inaccurate to produce a reliable age estimation because the resulting age prediction 

would give an error range of 14 years (i.e. a range of 3 to 17 years for an age prediction 

of 10 years of age) (Rösing & Kvaal 2012). The accuracy of both the Western 

Australian individual and pooled-sex models were found to be similar to previous 

studies and other dental age estimation standards, which report SEE values of between 

0.5 and 1 year (e.g.(Liliequist & Lundberg 1971; Gustafson & Koch 1974; Haavikko 

1974; Demirjian & Goldstein 1976; Hägg & Matsson 1985; Staaf et al. 1991; Saunders 

et al. 1993; Mörnstad et al. 1994). Furthermore, the SEE values for both models are 
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within the generally accepted margin of error (SEE ±2 years) for sub-adult age dental 

age estimation. 

 

6.4.1 Prediction accuracy according to sex 

In the present study, accuracy is slightly higher for females (SEE ±0.95 years) relative 

to males (SEE ±0.99 years). This accords with previous research (e.g. De Luca et al. 

2012; Gulsahi et al. 2015) who both demonstrated that age prediction accuracy was 

higher in their female samples. This sex-specific difference in prediction accuracy can 

be attributed to the variation in the age at which their permanent dentition reaches 

various stages of mineralisation, which largely relates to females commencing pre-

pubertal and pubertal growth spurts earlier than males, a consistent finding in previous 

research (e.g.(Garn et al. 1958; Moorrees et al. 1963b; Sapoka & Demirjian 1971; 

Anderson et al. 1976). A number of studies have demonstrated that in infancy and early 

childhood there is no measureable sex-difference in the timing of dental development, 

however in the post-pubertal years there is a notable difference, whereby females are 

advanced (by approximately +2 years) relative to males (Moorrees et al. 1963b; 

Demirjian & Levesque 1980; McKenna et al. 2002). Sexual dimorphism in dental 

development commences around the crown completion stages and continues to increase 

during the root formation stages (Blenkin & Taylor 2012). 

 

6.4.2 Prediction accuracy according to evidentiary age 

When the accuracy of the individual-sex model was analysed according to age it was 

found that all age groups showed no significant difference between actual and estimated 

age (except for age groups 4 and 8 in males and 4 in females). As only three age groups 

overall showed a significant difference between actual and estimated age, the 

individual-sex model demonstrates marked improvement in age prediction accuracy for 

the Western Australian sample in comparison to using the Italian model (see Tables 5.4, 

5.5, 5.12 and 5.13). 

 

Furthermore, a clear pattern was evident when the mean differences between estimated 

and actual age were calculated for each age group (see Figure 5.4). It was found that the 

age predictions of almost all individuals <8 years of age were underestimated, and 

almost all age predictions of individuals >8 years of age were overestimated. This 

pattern is most likely due to the developmental changes associated with puberty 

(specifically accelerated growth of the skeletal system and development of secondary 
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sexual characteristics) that has been reported to commence as early as 8 years of age 

(Wu et al. 2002; Greil & Kahl 2005; Herman-Giddens et al. 2012).  The increased 

growth rate of the facial skeleton (including the maxilla and mandible) around the time 

of the pubertal growth spurt coincides with the beginning of mineralisation of the 

permanent third molar in a Western Australian population, as demonstrated by the 

illustrated dental atlas developed by Karkhanis et al. (2015). Furthermore, due to the 

gradual increase in the amount of space available within the oral cavity, the eruption of 

the permanent second molar into the oral cavity subsequently occurs at approximately 

10 years of age in a Western Australian population (Karkhanis et al. 2015). 

 

For the pooled-sex model it was found that all age groups showed no significant 

difference between actual and estimated age, except for age group 8 (see Table 5.16). 

The most accurate age estimations come from sex-specific models, due to the 

differences in timing of development between males and females (Lewis & Rutty 2003; 

Lewis & Flavel 2006)- and see above). However, the development of a reliable pooled-

sex model does have merit, as it would be advantageous for situations in which the 

biological sex of an individual is unknown and cannot be accurately estimated. This 

type of model is novel, as no other Cameriere validation has specifically produced a 

pooled-sex model for application in a specific population. While the pooled-sex model 

may not be required as frequently, it is an appropriate model in relation to the analysis 

of skeletal remains relative to the living; because in the living biological sex is known, 

where as in the juvenile skeleton it is not. However it is still recommended that the 

individual-sex model be used to estimate age where possible. 

 

The findings of the present study according to age group generally supports previous 

related research (e.g. Fernandes et al. 2011; De Luca et al. 2012; Gulsahi 2015). 

Although there are no specific consistent patterns between studies, the results are 

summarised and compared in Table 6.2 to highlight the inconsistencies. For example, 

the Turkish study of Gulsahi et al. (2015) reported that age was underestimated for all 

individuals (except 9-year old females), however the Brazilian study of Fernandes et al. 

(2011) reported that in both sexes ages 5 to 10 years were overestimated and ages 11+ 

years were underestimated. It is immediately apparent that there does not appear to be a 

strong pattern that emerges across populations. For example, in some populations 

younger age groups tend to be overestimated, yet in other populations the same age 

groups tend to be underestimated. These inconsistencies are further evidence for the 
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need for standardisation and the need for population specific standards in forensic 

anthropology. 

 

Table 6.2. Comparison of age prediction accuracy of the present study (according to 

evidentiary age) relative to other validation studies. 

Study Population Male Female 

The present study 
Western 

Australian 

Ages 3 to 7 were 
underestimated. Ages 

8 to 14 were 
overestimated. 

Ages 3, 6, 7 and 11 
years were 

underestimated; all 
other age groups were 

overestimated. 

Fernandes et al. (2011) Brazilian 
Ages 5 to 10 years 

were overestimated. 
Ages 11+ years were 

underestimated. 

Ages 5 to 10 years 
were overestimated.  
Ages 11+ years were 

underestimated. 

De Luca et al. (2012) Mexican 

Ages 5, 6, 9 and 12 
years were 

overestimated. 
All other age groups 
were underestimated. 

Ages 5, 6, 9 and 11 
years were 

overestimated.  
All other age groups 
were underestimated. 

Gulsahi et al. (2015) Turkish 
All ages were 

underestimated. 
 

All ages were 
underestimated except 

for 9-year olds. 

 

6.4.3 Multivariate approach to age estimation 

Despite having the potential to simplify the statistical models by removing the sum 

predictor as a variable (whilst maintaining accuracy of the age prediction), it was 

included in both of the final models. This is simply because age estimation accuracy is 

higher when all developing permanent teeth (excluding third molars) are assessed, 

rather than only assessing two teeth. Previous research has demonstrated that the 

assessment of multiple developmental age markers provides higher accuracy, in 

comparison to only assessing a single developmental attribute (Bedford et al. 1993; 

Martrille et al. 2007; Franklin 2010; Bassed 2012; Gocha et al. 2015). This is because 

different skeletal attributes may provide slightly varied indications of skeletal age, 

therefore, the assessment of more attributes will in turn lead to a more accurate age 

estimation overall, due to controlling for variation in any one single attribute. However, 

when a multifactorial approach is used to predict age of an individual, the different 

elements must be weighted according to their reliability (Franklin 2010). This is 
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because not all methods are equally reliable or accurate and thus they cannot be directly 

compared: for example, some methods require linear measurements to be taken and 

subsequently statistically quantified with stated error rates (morphometric), whereas 

other methods are based on visual assessments of skeletal features (morphoscopic) and 

are therefore inherently more subjective. Similarly, methods that assess different 

skeletal landmarks will also result in slightly different age predictions with varying 

associated stated accuracies. A standard method for appropriately weighting multiple 

developmental markers has not yet been established (Franklin 2010; Buckberry 2015). 

Furthermore, confounding the latter even further (and as was discussed in preceding 

Chapters) age methods are population specific and thus accuracy is significantly 

reduced when applied to any individual removed from the original population.  

 

In relation to this project, while only one developmental age marker was assessed (the 

dentition) the method is multivariate, in which the first seven developing permanent 

teeth on the left side of the mandible are assessed. While only assessing one or two of 

the teeth could potentially simplify the method, it was shown that it reduces overall 

accuracy. By assessing all lower left permanent teeth (except the third molar) the 

overall developmental timing of the dentition is collectively assessed in the one 

quadrant. Some previously established dental methods (e.g. Ubelaker 1989, AlQahtani 

et al. 2010, Karkhanis et al. 2015) are based on the assessment of patterns of eruption, 

thus all of the teeth are assessed relative to one another at particular ages. As a result, 

the associated error of the age predictions based on these methods are relatively low 

(i.e. an age prediction of 1 year has an error range of ±4 months according to Ubelaker 

1989).  

 

Methods that assess the overall development of the dentition are more accurate (SEE 

values of approximately ±2 years) than those that assess a single tooth out of context of 

the rest of the dentition. However, age prediction can still be performed using models 

developed for single teeth, albeit the associated error is often much higher. This was 

empirically demonstrated by Karkhanis et al. (2013), who showed that when age was 

estimated using only one or two teeth the models had SEE values ranging between 

±8.21 and 10.07 years (in males) and ±8.06 and 10.51 years (in females). However, 

when four teeth were assessed, the SEE values were significantly reduced to ±6.31 

years (in males) and ±6.83 years (in females) (Karkhanis et al. 2013). The above thus 
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demonstrates the importance of assessing the development of the dentition collectively 

(where possible) to ensure the most accurate age prediction is attained. 

 

6.5 Forensic applications 

The age prediction models produced in this study are designed for forensic age 

estimation of sub-adults using OPG scans relative to a Western Australian population. 

Ideally when the biological sex of the individual is known (e.g. in cases involving the 

living) the data for age prediction would be acquired from the individual-sex model, as 

it has the highest r2 value (0.958) and lowest SEE value (±0.959 years). However, when 

biological sex is not known (e.g. assessment of juvenile skeletal remains) the data for 

age prediction can be acquired from the pooled-sex model (r2 value 0.953, SEE ±1.017 

years). Those age prediction models are thus suitable for application in both forensic 

cases involving isolated unidentified skeletal remains or in cases involving living 

individuals where age is in question.  

 

The Daubert Guidelines state that methods used by the forensic expert giving evidence 

must be scientifically reliable, must have been subject to peer review and publication, 

and must have known error rates (Daubert v. Merrell Dow Pharmaceuticals, Inc.  

1993). In considering the reliability and accuracy of acquiring data using the Cameriere 

method, intra-observer error was quantified and subsequently demonstrated strong 

reliability and agreement with repeat measurements. Furthermore, the age prediction 

models presented in this study both have statistically quantified error rates associated 

with the application of the Cameriere method in a contemporary Western Australian 

population. 

 

i) Isolated skeletal remains 

Establishing a biological profile of an unknown individual is an important role of the 

forensic anthropologist, which in doing so can assist investigating authorities to narrow 

the list of potential missing persons (Cattaneo 2007). As previously stated, there were 

no Western Australian specific models based on the Cameriere method; the present 

project has thus produced population specific age prediction models with quantified 

error rates based on the Cameriere methodology, for future forensic application in 

Western Australia. In situations where isolated skeletal remains are found and the 

dentition is well preserved, post-mortem dental radiographs (specifically OPGs) could 

be acquired prior to further forensic testing to preserve the integrity of the dentition. 
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Subsequent measurements, and age prediction, could then be performed using either the 

individual- or the pooled-sex models, depending on whether biological sex is known. 

Similarly, the present method would be useful in cases within Western Australia in 

which burnt human remains required identification. As the teeth are very durable they 

are the most likely skeletal element to still be intact after thermal trauma, thus making 

the teeth the most appropriate skeletal element for estimating age of sub-adult human 

remains that have been burnt (Ritz-Timme et al. 2000; Viciano et al. 2017). As the 

present method only requires the analysis of dental radiographs, it is non-invasive and 

less likely to damage fragile burnt skeletal remains, in comparison to other methods that 

require measurement and analysis of physical remains. 

 

ii) Living individuals 

Forensic investigators are increasingly required to estimate sub-adult age in 

circumstances involving refugees, child trafficking and unaccompanied minors 

(Cameriere et al. 2006) Thus, in addition to estimating age of the deceased, this 

particular method may be useful in estimating age of living individuals. As the upper 

age limit of this method is 14 years of age, this method could not be used to estimate 

age of majority (18 years), which determines the type of correctional facility in which 

the individual will eventually be detained. However, this method could still be used to 

estimate the age of sub-adult individuals who enter the Australian jurisdiction without 

correct documentation, inaccurate documentation, or individuals whose age appears to 

be falsified. Only a single OPG image would need to be acquired of the individual, 

which significantly reduces radiation exposure in comparison to having multiple 

bitewing dental radiographs taken (Duterloo 1991). The dose of radiation exposure for a 

single OPG is 0.026mSv (Ramsthaler et al. 2009), which is equivalent to 4.5 days of 

naturally occurring radiation exposure, and thus deemed ethically acceptable (Black et 

al. 2010). 

 

According to The UNHCR Guidelines on Policies and Procedures in Dealing with 

Unaccompanied Children Seeking Asylum (1997) if scientific methods are used to 

estimate age, the methods used must be safe (i.e. non-invasive and involve minimal 

exposure to radiation from medical imaging), respect human dignity and must quantify 

margins of error. The guidelines also state that if chronological age is uncertain the 

unidentified child should be given the benefit of the doubt (UNHCR 1997). The method 

presented in this study adheres to all of the above guidelines. While age estimations of 
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living individuals are frequently established using psychological examinations, the 

assessment of the presence of secondary sexual characteristics and interviews (Crawley 

& Rowlands 2007; UNHCR 2009), the age estimation accuracy would be significantly 

improved if a dental age estimation method (such as the present method) were 

performed. 

 

6.6 Potential limitations and caveats 

There are some limitations and caveats that were associated with this project. Firstly the 

sample size was relatively small in comparison to previous research, comprising 187 

(97 males, 90 females) individuals. This was largely due to the relatively low number of 

young individuals (<5 years of age) presenting for OPG scans. Furthermore, of the 

scans available, many were not of suitable quality/resolution and some individuals 

presented developmentally absent teeth, that excluded them from further study. 

However, it must be noted that these were all of the suitable OPG scans that could be 

collected from the PACS database at the time the research was conducted, and it was all 

that could be achieved within the timeframe of this project. Although this particular 

limitation of a relatively small sample size was beyond the control of this project, to 

strengthen the results of the present study, the method could be validated in a 

significantly larger Western Australian sample, or a broader Australia-wide sample, 

ideally using more than 500 scans. If the two novel Western Australian specific models 

were validated in a larger holdout sample, it would strengthen the validity and reliability 

of the results achieved.  

 

Secondly, the original Cameriere paper does not specifically define or explain the apical 

width or tooth length measurements, nor does it define landmarks from which to 

measure. As discussed earlier, each of the validation studies have also used different 

statistical methods to analyse their results, which has made direct comparisons 

somewhat ineffective. The present thesis, however, has defined and illustrated the 

landmarks and associated measurements used so that future validations of the method 

and forensic investigators applying the method in forensic casework could refer to those 

definitions to standardise the landmarks and measurements used. Further 

standardisation of the landmarks and measurements used in the Cameriere 

methodology, as well as standardisation of the statistical methods used to analyse the 

data is important. 
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6.7 Future directions  

Further research into the development of Western Australian specific age prediction 

standards would be beneficial. Currently, this method is not suitable for sub-adults <3 

years old, as the development of the second permanent molar usually has not 

commenced at 3 years of age (Ubelaker 1989). In order to use these age prediction 

models all of the permanent teeth (except the third molar) are required to be at least in 

the early stages of crown mineralisation. By applying the Cameriere method of 

measuring apical width and tooth length to predict age, models for assessing the 

deciduous dentition could be developed to predict the age of an individual younger than 

3 years old. Preliminary studies that assessed the accuracy of age predictions from the 

deciduous dentition in foetal and infant individuals show promising initial findings 

(e.g.(Olivares et al. 2014; Viciano et al. 2017), however further research is still required. 

The latter would be more difficult to develop in a Western Australian population, as 

radiographs of very young individuals (particularly of the head) are not performed 

without significant reason, due to the resulting radiation exposure to the still developing 

brain, eyes and other important structures. As discussed in Chapter Four, if a radiograph 

is deemed medically necessary in young individuals, the image is often of a lower 

resolution to ensure the child is exposed to the smallest possible radiation dose (Lewis 

2007). Thus, it is difficult to acquire a large number of appropriately high 

quality/resolution OPG scans of young individuals (<3 years of age) for use in 

population-based forensic research. In theory, however, this method could be applied in 

the same way to measure and quantify the development of the deciduous dentition. 

 

The development of additional population specific models that require only a single 

tooth, or a select number of teeth, would be useful in situations in which isolated 

skeletal remains are found. While the dentition is generally one of the most well 

preserved skeletal elements due to its tough enamel covering (Garcia et al. 1996; 

Higgins & Austin 2013), this is not always the case. In circumstances where some of 

the dentition may be absent or damaged, for example the anterior teeth may be missing 

from isolated skeletal remains as they are not as secure in the mandible as the posterior 

teeth (Haglund 1997), a model that only requires the posterior teeth to predict age would 

be practical.  

 

Lastly, and as briefly discussed earlier in this Chapter, the population specific age 

prediction models could be validated in individuals from other Australian States and 
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Territories to establish whether the model is valid Australia-wide, or whether it is 

specific to Western Australia only. It is of practical importance to quantify whether 

Australia requires nation-wide forensic standards that could be applied to individuals 

from any state or territory, or whether the differences between States and Territories are 

of a magnitude such that separate standards are required. Having Australia-wide 

forensic standards would be beneficial as there is no way to determine from which State 

or Territory unidentified isolated skeletal remains originated; furthermore, it would 

enable existing State or Territory-specific standards to be applied to individuals across 

the country without a subsequent loss of accuracy.  

 

6.8 Conclusions 

The estimation of age is a vital component of the biological profile, particularly in cases 

involving sub-adult human remains; the latter is increasingly more important in the 

context of the investigation of age of living individuals (Ritz-Timme et al. 2000). The 

results of the present study demonstrated that accurate and precise linear measurements 

of the dentition can be acquired in digital OPG scans. The measurement precision 

values were deemed statistically acceptable and are comparable to previously published 

validations of the Cameriere age estimation method (e.g.(Cameriere et al. 2006; 

Cameriere et al. 2007a; Fernandes et al. 2011; De Luca et al. 2012; Gulsahi et al. 2015). 

Furthermore, this project contributed to the standardisation of the measurement 

methodology by defining the landmarks and measurements required for the Cameriere 

method. 

 

The Cameriere method (Italian model) was validated in a sample of Western Australian 

sub-adults; the resulting age predictions had associated SEE values of ±1.29 (male) and 

±1.31 (female). Subsequently, two novel Western Australian specific age prediction 

models (individual- and pooled-sex) were established. Age predictions based on the 

population specific models had associated SEE values of ±0.99 years (male) and ±0.95 

years (female) using the individual-sex model, and ±1.01 years for the pooled-sex 

model. The results of the present study are largely comparable to previously published 

dental age estimation methods (e.g.(Schour & Massler 1940; Moorrees et al. 1963b; 

Demirjian et al. 1973; Anderson et al. 1976; Willems et al. 2002; Blenkin & Evans 

2010). This project has reinforced the continued need for population specific standards 

to be developed for forensic application, and further demonstrated the need for 
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standardisation of both measurements and statistical methods (where possible) to 

facilitate meaningful comparisons across populations and methods.  

 

The present project produced population specific age prediction models based on 

odontometric measurements of the developing permanent dentition acquired in OPG 

scans for a Western Australian population. The project represents a valuable 

contribution to the database of population specific biological profile standards currently 

being developed as part of on-going research at the Centre for Forensic Anthropology at 

the University of Western Australia. These standards are based on data that are 

representative of the contemporary Western Australian population. 
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