
 
 

 
 

  
 

 Dental Age Estimation using the Kvaal et al. 
(1995) method as applied to a Western 

Australian population 
 
 
 
 
 
 

Dr. Saurabh Rai (BDS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Centre for Forensic Science 
University of Western Australia 

 
 
 
 
 

This thesis is presented in partial fulfilment of the requirements for the  
Master of Forensic Science 

 
 

(2009)



 

ii 
 

Declaration 
 

I declare that the research presented in this 48 point thesis, as part of the 96 point 

Master degree in Forensic Science, at the University of Western Australia, is my own 

work. The results of the work have not been submitted for assessment, in full or part, 

within any other tertiary institute, except where due acknowledgement has been made 

in the text. 

 

 

 

 
………………………………………………… 

Saurabh Rai



 Dedication 
 

iii 
 

 

Dedication 
 
 
 
This thesis is dedicated to my parents, Dr. S. T. Rai and Dr. N. K. Mathur, without 

whose continuous support this all would not have been possible. 



 Abstract 
 

iv 
 

Abstract 
 
 
Age estimation by dental means is one of the most reliable methods as the teeth are preserved in 

most of the cases where the skeletal remains are considered unfit for estimating age like in cases 

of burning and long time exposure to the environment. While the age for sub-adults can be 

estimated from the developing dentition as the development of the human dentition follows a 

fixed pattern which is genetically influenced, the age estimation for adults poses a few 

challenges as the dental development has completed and various detrimental factors like attrition, 

erosion have to be taken into consideration. Kvaal et al. (1995) published a method of estimating 

age from the adult dentition based on the amount of secondary dentin deposited, the quantity of 

which was observed and measured from dental radiographs. 

 

The aim of this study was to determine the accuracy of the Kvaal et al. (1995) age estimation 

standards when applied to a Western Australian population. The measurements obtained in this 

study were used to develop Western Australian population specific standards and the accuracy of 

these was compared with the original Kvaal et al. regression standards. This study also aimed to 

determine if statistically significant differences existed when the Kvaal et al. (1995) standards 

were applied to males and females in the sample. Also, the sample was divided into age groups 

and the accuracy of these standards with different age groups was determined. 

 

The sample for the study comprised of anonymised orthopantomograms (OPG’s) from 97 

Western Australian individuals aged 16 to 73 years with a mean age of 29.75 years. The sample 

comprised of 59 males and 38 females. OPG’s of each individual were evaluated and the age was 

estimated by applying the age estimation standards of Kvaal et al. (1995). Based on the 

measurements done for the analysis, population specific regression standards were calculated 

using the SPSS statistical software and their accuracy was determined. The sample was also 

divided into different age groups and the applicability of the Kvaal et al. standards to these age 

groups was determined. The statistical significance of the differences between the age groups 

was determined by an unpaired t-test. The Kvaal et al. standards were also applied to the males 

and females in the sample and an unpaired t-test was conducted to determine the statistical 

significance of the differences observed between the sexes.  
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The standard error of estimate (SEE) obtained by the application of the Kvaal et al. (1995) 

standards to a Western Australian sample was higher than that reported by the authors in their 

original study. The population specific regression standards showed an SEE of 10.21 years 

(when the standard for all six teeth was applied) and 10.20 years (when the standard for the 

mandibular first premolar was used). The Kvaal et al. age estimation standards were applied to 

different age groups in the sample and it was seen that the differences of age estimates in these 

groups were not statistically significant. However, it was seen that the average error increased 

with increasing age. With the application of the Kvaal et al. (1995) standards to the males and 

females in the sample, the differences observed were not statistically significant (as determined 

by the unpaired t-test).  

 

This study, therefore, showed that the population specific standards can be applied to an 

ethnically diverse Western Australian population with a lowest SEE of 10.20 to 10.21 years 

depending on the teeth used for estimating the age. Also, that the standards can be applied to 

unknown skeletal remains without prior knowledge of the sex of the remains.  
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Introduction 
 

 

1.1  Introduction 

The estimation of chronological age is an important element of many criminal or civil 

investigations when unidentified human skeletal remains are recovered. It is not only 

important to estimate the age of any unidentified human remains found, but in recent 

times with increasing amounts of illegal migrants, it has become commonplace to 

estimate the age of living individuals, especially to ascertain whether a person charged 

with an offence has reached the age of criminal responsibility in situations where 

documentary evidence for age is missing or forged. Age estimation can be performed 

using a variety of methods which include the assessment of the bones of the hand and 

wrist (Cameriere & Ferrante 2008), the long bones of the arms and legs, and by the 

examination of the teeth. Age estimation from teeth is considered to be a reliable method 

(especially in sub-adults, but more error-prone in adults) as the development of the teeth 

follows a relatively predictable sequence and they are also preserved in many cases, so 

they can still be assessed when other skeletal remains are thought to be unfit for the 

purpose of estimating age due to burning or exposure to the environment.  

 

The present study examines one particular technique of dental age estimation in order to 

assess its applicability for a Western Australian population. The technique, Kvaal (1995), 

estimates age based on the amount of secondary dentin deposited in the dental pulp 

chamber. Although the original study used peri-apical radiographs of individual teeth, 

this study assesses the accuracy and reliability of the Kvaal et al. (1995) technique when 

the required measurements are taken from dental full mouth x-rays or 

Orthopantomograms (OPG’s).  

 



Chapter One  Introduction 

 

3 

 

 

1.2  Aims 

There are three primary aims of this study. 

 

1. To determine the applicability of Kvaal’s method of age estimation to a Western 

Australian population and formulate Western Australian population specific age 

estimation standards. 

Kvaal’s technique has been extensively studied and applied in Europe, but as this 

technique has never been applied to a Western Australian population, this study will 

focus on its application to this population. This study will also assess the level of 

population variation between the original standards and a Western Australian population. 

The age estimation accuracy of these standards will also be compared to the accuracies of 

comparable studies. Also, based on the measurements obtained from the current sample, 

a series of Western Australian population specific age estimation standards will be 

formulated.  

 

2. To determine if any sex-specific differences in age estimation accuracy exist using 

the Kvaal et al. (1995) standards 

It is important to assess the variation in age estimation accuracy between males and 

females. This will determine whether the sex of unknown remains must be known prior 

to applying any age estimation standard. This study will thus examine the accuracy of age 

estimations using Kvaal’s method, as applied to both males and females.  The rates of 

error for the individual sexes will then be compared and interpreted in the context of 

suitability for forensic use.  
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3. To determine if any statistical differences exist between different age groups using 

the Kvaal et al. (1995) standards 

This study will investigate whether the accuracy of the Kvaal et al. (1995) age estimation 

standards vary according to the age of the individual. This is forensically important 

because if the accuracy of the standards is significantly different between younger and 

older individuals then the application of the age estimation standards to unknown skeletal 

remains will be inaccurate. 

 

1.3  Research Hypotheses 

Three research hypotheses were formulated, which were: 

1. The Kvaal et al. (1995) age estimation standards will be applicable and accurate for 

use in a Western Australian population, but the Western Australian population specific 

standards will have a higher degree of age estimation accuracy; 

2, As Kvaal et al. (1995) and subsequent studies applying this method did not find any 

difference in age estimation accuracy between sexes, this study also does not expect to 

find any sex-specific differences in age estimation accuracy. 

3. There will be no statistically significant differences in age estimation accuracy 

between different age groups. 

 

1.4  Sources of Data 

The primary source of data examined in this study is a series of anonymous 

Orthopantomograms (OPG’s), which were obtained from the Picture Archiving 

Communicating Systems (PACS) database at the Royal Perth Hospital, courtesy of Dr. 



Chapter One  Introduction 

 

5 

 

Rob Hart. The OPG’s are of individuals aged between 16 to 73 years for whom age and 

sex are known. The samples are further described in detail in Chapter Four, Materials and 

Methods. Some of the OPG’s show some degree of medical abnormalities, however, 

those with conditions directly affecting the analysis are not considered. The samples are 

further described in detail in Chapter Four, Materials and Methods. 

 

1.5  Thesis Format 

The thesis is divided into six chapters. Chapter One is an introduction and lists the aims 

of the study. Chapter Two discusses tooth anatomy, morphology and nomenclature. 

Chapter Three reviews the current relevant literature relating to the most commonly used 

adult and sub-adult age estimation techniques and Chapter Four describes the materials 

and methods used in this study. Chapter Five outlines the results of the various analyses 

performed and Chapter Six discusses and interprets the results in relation to the aims 

outlined in Chapter One. A series of conclusions are then drawn and limitations and 

future research is described. 



6 
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Tooth Anatomy, Morphology and Nomenclature 

 

 

2.1  Introduction 

This chapter provides a brief overview of the anatomy of the teeth and their surrounding 

tissues, including the bones that provide support to the dentition. The morphology of the 

different teeth in the human dentition is also described and the most commonly used 

tooth notation systems are then outlined. 

 

2.2  Brief Anatomy of the Maxillae and the Mandible 

 

1.  The Maxillae 

The upper jaw (or maxillae) is two bones, right and left, fused in the midline. The maxilla 

provides support and a framework for the 16 upper (or maxillary) teeth (Ash & Nelson 

1993). Each maxilla is roughly cuboidal in shape and its inferior surface, also known as 

the alveolar process, surrounds the roots of the maxillary teeth. 

 

2.  The Mandible 

The mandible is a horse-shoe shaped bone that provides support to the 16 lower (or 

mandibular) teeth. This bone is movable and its superior surface articulates with the base 

of the skull and forms the temporomandibular joint (TMJ). The superior surface of the 

body of the mandible, the alveolar process, surrounds the roots of the mandibular teeth 

(Ash & Nelson 1993). 
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2.3  Anatomy of the Dentition 

A tooth is divided into two parts; the crown and the root. The crown is visible in the oral 

cavity and lies coronal to the gums; the root lies apical to the gums and is embedded in 

bone. The crown is covered by a specialized tissue called enamel, deep to which is 

another form of specialized tissue called dentin. The roots are covered by cementum 

(Figure 2.1). The point where cementum and enamel meet is called as the cement-enamel 

junction (CEJ) or the cervical line.   

Figure 2.1 Longitudinal section of a molar showing the internal morphology (Ten Cate 
2003). 

 

 

 

1.  Enamel  

Enamel is a specialized tissue that forms the outer covering of the tooth; it is one of the 

hardest tissues in the human body. It has a 96% inorganic content and is mainly 

composed of hydroxyapatite crystals (Ten Cate 2003). The high inorganic content and 
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acellular structure of enamel means that once it is lost or damaged (either through normal 

attrition or trauma) it can not be replaced or regenerated.  

 

2.  Dentin 

Deep to the enamel is dentin, which is a specialized connective tissue that forms the bulk 

of the tooth. Enamel and dentin together encompass the dental pulp chamber (pulp 

space). Dentin is yellow and has a high mineral content which makes it brittle (Fuller et 

al. 2001). Dentin is 70% mineral (mainly hydroxyapatite crystals) 20% organic (mainly 

Type I collagen) and 10% water (Tencate 2003). Dentin is classified into three types 

based on formation, time of appearance and structure (Kuttler 1959) (Figure 2.2). 

 

Figure 2.2 Longitudinal section of a molar depicting the different types of dentin (from 
Tencate 2003). 
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i) Primary Dentin 

Primary dentin is formed before root formation has been completed; it is also known as 

the initial, normal, or physiologic dentin (Kuttler 1959). Primary dentin forms most of the 

tooth and it outlines the pulp chamber. Tubules traverse the entire thickness of the 

primary dentin, and these contain the cytoplasmic extensions of the odontoblasts, which 

are the cells from which the dentin is formed (Tencate 2003).  

 

ii)  Secondary dentin 

Secondary dentin is formed after root formation has been completed; it is deposited at a 

slower rate than primary dentin. Secondary dentin is formed as a natural outcome of 

ageing due to the effects of normal biological functions such as mastication, light thermal 

changes and slight trauma (Kuttler 1959). Secondary dentin can also be deposited in the 

pulp chamber in response to trauma, radiotherapy, or due to the effects of some systemic 

diseases. It may also be formed as a response to cavity preparation for dental fillings 

(Tencate 2003; Cohen and Burns 2001). The formation of secondary dentin is 

asymmetrical (Walton and Torabinejad 2002) and there is a higher rate and amount of 

deposition in the floor and roof of the pulp chamber in premolars and molars (Kuttler 

1959). Morphologically secondary dentin is generally separated from primary dentin by a 

demarcation line (Martens et al 1959; Kuttler 1959), has fewer dentinal tubules and is 

darker in color than primary dentin.  

Secondary dentin can be further classified as regular and irregular secondary dentin (also 

known as repair dentin, protective dentin or replacement dentin) based on its structure 

(Ketterl 1983). Physiological regular secondary dentin is formed primarily in the pulp 

horns and the floor of the pulp chamber; it is identical in structure to primary dentin. 

Irregular secondary dentin is deposited in the pulp horns, roof of the coronal pulp, floor 

of the pulp chamber, the canal entrance or in atypical positions due to external 
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pathological stimuli. Irregular secondary dentin has a reduced or complete absence of 

dentinal tubules, which when present are thin and tortuous (Ketterl 1983).  

The deposition of secondary dentin reduces the size of the pulp chamber (Ketterl 1983) 

which can be observed and quantified on a dental x-ray and is used for various age 

estimation techniques, including the method assessed in the present study (see Chapters 

Three and Four).  

 

iii)  Tertiary dentin 

Tertiary dentin (also known as reactive or reparative dentin) is deposited in response to 

strong noxious stimuli, such as caries or restorative dental procedures. The difference 

between secondary and tertiary dentin is that the former is deposited along the entire 

length of the dentin pulp interface, whereas the latter is deposited only at the injury site. 

The dentinal tubules are generally absent, but when present they are reduced in number 

and highly irregular compared to the primary and secondary dentin (Kuttler 1959). The 

rate of formation depends on the intensity and duration of the stimulus (Tencate 2003; 

Cohen and Burns 2001).  

 

3.  Pulp 

The dental pulp is a soft connective tissue present in the pulp space. The pulp contains 

the arteries and nerves which supply the tooth. The extracellular component of the dental 

pulp contains collagen fibers and ground substance. The dental pulp has formative, 

nutritive, protective and reparative functions (Tencate 2003). 
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2.4  Structures Observable on Panoramic Radiographs (OPG’s) 

A panoramic radiograph, or orthopantomograph (OPG), is a single extra-oral diagnostic 

image which shows the upper and lower dental arches, teeth, temporomandibular joints 

and the surrounding structures (Pasler and Visser 2007; Monsour 2000). A panoramic 

radiograph provides a broad picture of the head and neck region and is a useful diagnostic 

tool for the detection of pathologies and abnormalities in the mid-facial region. One of 

the main advantages of an OPG is that it allows the visualization of a variety of structures 

in the one x-ray film, while exposing the patient to minimal radiation (White and 

Pharaoh, 2004). Also, OPG’s can be easily taken in patients with limited mouth opening 

(e.g. in patients with trismus or fractures of the jaws) or in those patients who can not 

tolerate intraoral procedures. However, OPG’s do not exhibit fine anatomical detail and 

the teeth are usually seen to be overlapping each other. Other structures, such as the 

cervical spine, may superimpose the teeth, further reducing the amount of detail. 

Shadows of the soft palate or the dorsum of tongue, ear lobe and cervical vertebrae may 

also be superimposed in an OPG (White and Pharaoh, 2004). Despite these shortcomings 

of OPG’s they are considered to be a very useful tool to study and examine the dentition 

as a whole. For this reason OPG’s were chosen as the most appropriate imaging method 

for the present study.  There are four regions visible in a panoramic radiograph: the 

dentoalveolar region; the maxillary region; the mandibular region; and the 

temporomandibular joint and cervical region (Pasler 2004). Other than the teeth, the other 

structures that are observed on panoramic radiograph are shown in Figures 2.3 and 2.4. 
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Figure 2.3 Maxillary structures observable on an OPG (image taken from the present 
study). 

 

Key: 1. Temporal bone; 2. Zygomatic arch; 3. Pterygomaxillary fissure; 4. Orbital rim; 5. Nasal 

septum; 6. Anterior nasal spine; 7. Maxillary sinus; 8. Developing third molar; 9. Ear lobe; 10 

Cervical vertebra. 

 

The structures  clearly visible in the mid-facial region include the maxilla, all the upper 

teeth and their supporting structures, as well as a number of cranial bones such as the 

temporal, nasal, zygomatic, vomer, ethmoid, sphenoid and the palate (Figure 2.3). 
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Figure 2.4 Mandibular structures observable on an OPG (image taken from the present 
study). 

 

Key: 1. Condyle of mandible; 2. Neck of condyle; 3. Coronoid process; 4. Inferior alveolar canal; 5. 

Inferior border of mandible; 6. Mental foramen; 7. Hyoid bone; 8. Angle of mandible; 9. Developing 

third molar; 10. External oblique ridge. 

 

The mandibular structures most clearly and commonly visible on an OPG are the 

coronoid process, condylar process and the temporo-mandibular joint (Figure 2.4). Also, 

the ramus, angle and body of the mandible are visible, in addition to all the mandibular 

teeth and their supporting structures (White and Pharaoh, 2004). 

 

2.5  Tooth Morphology 

There are four different types of teeth present in the human dentition: incisors; canines; 

premolars; and molars. The morphology of these teeth are briefly described: 
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1.  Incisors  

There are two types of incisors; central and lateral. The central incisors are located on 

either side of the midline in the centre of the maxilla and are flanked distally by the 

lateral incisors. There are eight incisors in total and these teeth are used for shearing or 

cutting food (Ash & Nelson 1993). The incisors have incisal ridges rather than the cusps 

that are present on the posterior teeth. Both maxillary and mandibular dentitions have 

four deciduous incisors and four permanent incisors. 

2.  Canines 

The canines are the third tooth from the midline and are the longest teeth in the mouth in 

height (when measured from the apex of the root to the incisal margin of the crown). 

Their roots are also longer than those of any other tooth. Canines are used for cutting and 

tearing food. Also, due to their position and shape, they have a cosmetic value and they 

help maintain a normal facial expression which is hard to replace if these teeth are lost 

(Ash & Nelson 1993). Both the mandibular and maxillary dentitions have two deciduous 

and two permanent canines.   

3.  Premolars 

The premolars are located posterior (or distal) to the canines and anterior (or mesial) to 

the molars. These teeth are also called as bicuspids by dentists as they have two cusps. 

Premolars also have grinding surfaces that are used for tearing and grinding food (Ash & 

Nelson 1993). The deciduous dentition does not have premolars and there are four 

maxillary and four mandibular premolars present in the permanent dentition. 

4.  Molars 

The molars are present in the posterior region of the mouth. There are three types of 

molars; first, second and third. The molars are the largest and the strongest of the teeth 

and they have crowns with at least four cusps. Molars crush and grind food (Ash & 
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Nelson 1993). There are eight molars present in the deciduous dentition and twelve 

(generally) in the permanent dentition.  

 

2.6  Tooth Nomenclature 

Historically, a variety of tooth notation systems have been used, and only until recently, 

there was no universally accepted notation system. Forensic anthropologists generally 

denote the permanent dentition by capital letters: I (incisors), C (canines), P (premolars) 

and M (molars). The deciduous dentition is denoted by lower case letters i, c, and m 

(incisors, canines and molars) preceded by the letter d (deciduous) (White & Folkens 

2005). The positions of all teeth are denoted by numbers and the right and left side are 

denoted by the uppercase letters R and L respectively. The maxillary teeth are 

superscripting the tooth position numbers and the mandibular teeth are denoted by 

subscripting the tooth position number (White and Folkens 2005). For example, the left 

permanent maxillary second molar would be denoted by LM2; the right mandibular 

deciduous central incisor would be denoted by Rdi1.  

The three most commonly used tooth notation systems used by dentists are the 

Zsigmonsy/Palmer system, the Federation Dentaire International (FDI) system and the 

Universal numbering system; these methods are described below.  

 

1.  Zsigmondy/Palmer notation 

This method, described by Zsigmondy in 1861 and Palmer in 1870 (Sandham 1983; Peck 

and Peck 1993), divides the human dentition into quadrants with a grid; in the permanent 

dentition the teeth in each quadrant are numbered from one to eight. The deciduous 

dentition is labeled form A to E (Ferguson 2005; Elderton 1989; Fuller et al. 2001). 
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ZSIGMONSY SYSTEM 

   Upper Right     Upper Left 

8  7  6  5  4  3  2  1 1  2  3  4  5  6  7  8 
8  7  6  5  4  3  2  1 1  2  3  4  5  6  7  8 

   Lower Right     Lower Left 

 

2.  Federation Dentaire International notation 

The Federation Dentaire International (FDI) system of tooth notation was developed in 

1971 and uses a two digit system for numbering teeth. The first digit denotes the tooth 

quadrant and the second digit denotes the actual tooth. The permanent dentition quadrants 

are labeled from one to four, with the upper right quadrant number one, upper left 

quadrant two, lower left quadrant three and lower right quadrant number four. Similarly, 

the primary dentition quadrants are labeled from five to eight. The teeth in each quadrant 

are numbered from one to eight (Sandham 1983; Elderton 1989; Peck and Peck 1993).  

 

FDI SYSTEM 

  Upper Right       Upper Left 

18  17  16  15  14  13  12  11 21  22  23  24  25  26  27  28 
48  47  46  45  44  43  42  41  31  32  33  34  35  36  37  38 

  Lower Right       Lower Left 

 

For example, the upper right permanent first premolar would be 14 and the lower left 
permanent canine would be 33. 

 

3.  Universal numbering system 

The universal tooth notation system numbers the permanent maxillary teeth from one to 

16, beginning from the right third molar; the mandibular teeth are numbered from 17 to 
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32, beginning with the mandibular left third molar (Sandham 1983; Peck and Peck 1993). 

The deciduous teeth are labeled from A to T (Elderton 1989). A variation for numbering 

the deciduous teeth is that they are numbered from 1 to 20 with a D placed against each 

number in the same order as the permanent teeth (Elderton 1989; Fuller 2001).  

 

UNIVERSAL NUMBERING SYSTEM 

 Upper Right        Upper Left 

1      2      3      4     5     6      7      8 9    10   11   12   13   14   15   16 
32    31    30    29   28    27   26   25 24  23   22   21   20   19   18   17 

 Lower Right        Lower Left 

 

For example, the right maxillary canine is numbered 6; the left mandibular first molar is 
19. 

 

 

2.7 Conclusion 

The anatomical structures described in this chapter have to be recognized and identified 

for any age estimation analysis, including the Kvaal et al. (1995) method, which is the 

primary focus of the current study. The methods of tooth nomenclature described in this 

chapter are some of the most commonly used; following Kvaal et al. (1995) the FDI 

system is used in the present study. 
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Dental Age Estimation: Current Methods 

 

 

3.1  Introduction 

 

There are many methods for estimating age using the human dentition. The age of a sub-

adult individual can be reliably estimated from the developing dentition as the 

development and eruption of the human dentition follows a relatively constant sequence, 

which is under strong genetic control. The estimation of adult dental age, however, is 

more difficult and less accurate, as the dentition has already fully developed and various 

individualistic factors like attrition, erosion, caries, and occlusal trauma may adversely 

affect the estimation. Some of the most commonly used sub-adult techniques are those of 

Demirjian et al (1973), Ubelaker (1978) and Cameriere et al (2006). Commonly used 

adult specific methods include those of Gustafson (1950), Bang and Ramm (1970), 

Johanson (1971), Maples (1978), Solheim (1993) and Kvaal et al. (1995). Some of these 

age estimation methods are based on age related physical changes in teeth, whereas other 

methods involve taking measurements from x-rays. This chapter presents a review of a 

selection of the most pertinent sub-adult and adult dental age estimation methods. 

 

3.2  Methods of Dental Age Estimation 

 

3.2.1  Adult Standards for Dental Age Estimation 

 

1. Gustafson (1950) 

One of the earliest methods of dental age estimation for adults was devised by Gustafson; 

almost all subsequent techniques are modifications of this method, or utilize his standards 
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and criteria to some degree. Gustafson examined a Swedish population from which he 

obtained 41 teeth of known ages between 11 to 69 years. Gustafson analyzed the ground 

sections of the teeth and based the age estimate on six age-related morphological 

changes: the amount of surface attrition; the amount of secondary dentin deposited; 

periodontosis; root resorption; root transparency; and cementum apposition. Each 

morphological criterion was assessed and scored from 0 to 3. The scores were then 

summed and analyzed using general linear regression. Gustafson (1950) found that a 

higher score corresponded to an increase in age and reported a standard error of estimate 

of 3.6 years between predicted and chronological (or actual) age.  

Published evaluations of this method: 

Various disadvantages have been reported with the Gustafson method. Bang and Ramm 

(1970) stated that assigning the morphological criteria into stages is a subjective 

evaluation which can differ between observers and introduce errors in the age estimate by 

assigning incorrect stages. When Gustafson’s original data was analyzed by Bang and 

Ramm, their standard error was much higher at 7.2 years, compared to the 3.6 years as 

stated by Gustafson in the original study. Solheim (1993) stated that the sample size 

studied by Gustafson was too small and not representative of the entire population and as 

such their standards may not be reliable and thus not be applicable to the entire Swedish 

population. 

 

2.  Bang and Ramm (1970) 

Bang and Ramm investigated whether there was a correlation between root dentin 

transparency and chronological age in sectioned and un-sectioned teeth. The study was 

performed on a Norwegian population and the authors analyzed a sample consisting of 

450 extracted teeth from 201 patients (112 males and 89 females) and 476 teeth from 

dead persons collected at autopsy (46 males and 18 females). The age range of the sample 

examined was 20 to 80 years. Intact roots and longitudinal sections of the roots were 
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analyzed and root dentin was measured before and after sectioning of the teeth to the 

nearest 0.5 mm. The authors outlined a series of regression standards for estimating age 

and reported a standard deviation of 10 years in their analysis. Bang and Ramm 

concluded that when several teeth from one individual are available, the best age estimate 

is achieved by analyzing the maxillary and mandibular anterior teeth (incisors and 

canine), the maxillary second premolar, and both the mandibular premolars. Bang and 

Ramm also reported that the method gives an underestimation of age for individuals aged 

over 75 years and that there were no differences in age estimation accuracy between 

males and females or differences between teeth from dead or living individuals.  

Published evaluations of this method: 

Solheim and Sundnes (1980) applied the Bang and Ramm standards (for both sectioned 

and unsectioned teeth) to a Swedish population (using a sample of 100 teeth) and found 

that the accuracy of the method was relatively low (the SEE was 15 years). Reppien et al. 

(2006), however, examined past forensic cases (over a 21 year period) where dental age 

assessment methods had been applied. Their study was conducted on 51 Danish 

individuals (40 males and 11 females) with an age range of 6 to 74 years. The authors 

concluded that over the past 21 years, the Bang and Ramm standards were the most 

reliable and had showed the closest estimates to the chronological age (± 10 years). 

 

3. Johanson (1971) 

Johanson modified the Gustafson (1950) method, whereby the six morphological criteria 

were used, but the scoring of the stages was modified (scored from 0 to 6 instead of 0 to 

3). Johanson analyzed a sample of 165 teeth from a Scandinavian population and placed a 

greater emphasis on evaluating root transparency for estimating age. The author 

measured attrition, root transparency and loss of periodontal attachment by visual 

examination while cementum apposition, secondary dentin apposition and root resorption 

were analyzed in ground sections. Johanson outlined a series of regression standards for 
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age estimation and the reported standard error was 5.16 years, which was lower than that 

reported in Gustafson’s (1950) original study. 

Published evaluations of this method: 

Solheim and Sundnes (1980) applied the Johanson method to a Swedish population using 

a sample of 100 teeth and at the same time compared it to the methods of Dalitz (1962), 

Miles (1963) and Bang and Ramm (1970). The authors reported that the Johanson (1971) 

method had the highest accuracy (mean error of -7.78 years) when compared to the 

methods of Dalitz (-7.98 years); Miles (-14.69 years); and Bang and Ramm (1970) for 

un-sectioned teeth (-7.92 years) and sectioned teeth (-4.87 years). 

 

4. Maples (1978) 

Maples applied the original six criteria proposed by Gustafson (1950), but with the 

additional criteria of tooth position in the dental arch. These criteria were evaluated in an 

American Caucasian population using a sample of 355 teeth. Multiple regression analysis 

was used to estimate chronological age on the basis that their multiple regressions 

provided more precise age estimates using fewer variables and also reduced observer 

error. The second molar (tooth position 7) was found to be the most accurate tooth to use. 

Secondary dentin and tooth transparency measurements, when taken from the second 

molar, had a mean error of 5 years; these two variables were considered to be the most 

important in the original Gustafson (1950) study. 

 

5. Kashyap and Rao (1990) 

Kashyap and Rao also modified Gustafson’s method (1950); the authors quantified and 

calculated the index values of the original Gustafson criteria using actual physical 

measurements, instead of assigning arbitrary subjective scores. Kashyap and Rao 

examined an Indian population and analyzed 25 teeth collected from cadavers with an 
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age range of 18 to 45 years. The teeth were cut into 1 mm sections and morphological age 

changes were observed under low magnification and measured with a micrometer. Age 

was estimated using Gustafson’s original standard and the authors reported an average 

error of estimate of 1.59 years. This error value seems unrealistically small and could be 

explained by the fact that the authors measured the length of secondary dentin in pulp 

space whereas secondary dentin deposition takes place along the wall of the pulp canal. 

Also, the overall quantity of the secondary dentin should be measured instead of just the 

length alone (Ajmal et al. 2001). 

Published evaluations of this method: 

The Kashyap and Rao method was applied by Ajmal et al (2001) using a sample of 100 

teeth extracted from 100 Indian individuals, with an age range of 21 to 60 years. The 

authors also compared this method with two others (Johanson (1971) and the Li and Ji 

(1995)) and found that the Kashyap and Rao technique had a standard deviation of ± 5.4 

years (standard deviation for the Johanson method was ± 5.5 years and for the Li and Ji 

method ranged from ± 2.7 to 3.9 years). As stated above, the authors concluded that the 

Kashyap and Rao method had the maximum number of overestimates of chronological 

age and was the most unreliable of these methods. 

 

6. Solheim (1993) 

Solheim used Gustafson’s (1950) morphological criteria for estimating age (except for 

root resorption), but also with the addition of three new criteria; colour, sex and surface 

roughness. Solheim examined a Swedish population using a sample of 1000 teeth (not 

including molars). Solheim outlined two sets of regression standards for estimating age, 

one with color and sex included, and the other without these factors, the reported standard 

error of estimate ranged between 7.0 years (maxillary central incisor) and 12.9 years 

(mandibular second premolar). Solheim concluded that the new morphological criteria 

and the regression standards can be reliably used for age estimation in a Swedish 

population. 
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7.  Drusini et al. (1997) 

Drusini et al. analyzed the correlation between the reduction of the size of the coronal 

pulp chamber cavity (due to secondary dentin formation) and chronological age. The 

study was conducted on an Italian population and the sample consisted of panoramic x-

rays (OPG’s) of 846 intact teeth from 433 individuals (213 males and 220 females). The 

age of the individuals ranged from 9 to 76 years and the authors reported a standard error 

of estimate ranging from 5.88 to 6.66 years. The authors concluded that the tooth coronal 

index is a reliable biomarker for age estimation and that it can be easily assessed without 

the use of any specialized equipment. 

 

3.2.2  Sub-adult Standards for Dental Age Estimation 

 

1.  Demirjian et al. (1973) 

Demirjian et al. formulated one of the most commonly applied techniques for age 

estimation of sub-adults (Hagg and Matson 1985). Demirjian et al. analyzed panoramic 

radiographs (OPG’s) of 1446 males and 1482 females from a French-Canadian 

population. The individuals were aged from 2 to 20 years. The authors assessed the seven 

mandibular teeth from the left side and graded them based on the amount of development 

observed from stage A to H.  Each tooth was given a score based on its stage of 

development, which were then added to give a total maturity score (Figure 3.1). This was 

converted into an age estimate using a figure depicting the developmental stages (Figure 

3.1).  
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Figure 3.1 Developmental stages of the permanent dentition (Demirjian et al. 1973). 

 

 

 

2.  Ubelaker (1978) 

Ubelaker studied the development and maturation stages of teeth and compiled a dental 

development chart based on data obtained primarily from Native American individuals. 

Ubelaker’s chart outlined images of dental development stages, starting at 5 months in 
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utero, through to 35 years of age; the stated error range of age estimation is ± 2 to 36 

months (Figure 3.2). Age estimates are based on the stage of dental development (crown 

and root formation) and/or dental eruption. 

 

Figure 3.2 Sequence of tooth development and eruption (Ubelaker 1978). 
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3. Cameriere et al. (2006) 

Cameriere et al. outlined a method of estimating dental age in children by measurement 

of the open apices of teeth. The study was conducted on an Italian sub-adult population 

and the sample consisted of orthopantomograms (OPG’s) of 455 sub-adults (213 boys 

and 242 girls) aged between 5 and 15 years. Measurements from the seven left permanent 

mandibular teeth were used in the analysis and the authors reported a standard error of 

estimate of 0.93 years. The authors concluded that the high accuracy obtained with this 

method indicates that it is comparable to other methods of estimating age in children. 

 

 

 

3.3  Kvaal et al. (1995) 

 

Kvaal et al. outlined a technique for estimating age from dental radiographs based on the 

amount of secondary dentin. The authors used a sample of full mouth radiographs of 100 

individuals aged between 20 to 87 years, with a mean age of 42.6 years. Six teeth are 

assessed, from either the right or the left side, as no bilateral variation in secondary dentin 

deposition was found. The teeth selected for the study were the mandibular lateral 

incisors, canines and first premolars and maxillary central incisors, lateral incisors and 

second premolars. Pulp width was measured at three different levels of the root: at the 

level of the enamel-cementum junction (ECJ); at a point between the ECJ and the root 

apex; and at the midpoint between the ECJ and mid-root level. Kvaal et al. stated that the 

amount of secondary dentin deposited can be representative of the age of an individual 

and observed that the coefficient of determination was highest when the age estimation 

standard for all six teeth was applied (0.76); the standard error of the age estimate was 

reported to be 8.6 years. The lowest coefficient of determination was for the standard 
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using the mandibular canine (0.56), which had a standard error of 11.5 years. It was also 

suggested that this technique can be applied to full mouth radiographs or 

orthopantomograms (OPG’s), although the authors did not provide any quantitative 

assessment to support this claim. This technique is described in further detail in Chapter 

Four, Materials and Methods. 

 

3.3.1  Studies applying the Kvaal et al. (1995) age estimation standards 

 

1.  Paewinsky et al. (2005) 

The Kvaal et al. (1995) age estimation standards were applied to a German population by 

Paewinsky et al. The authors wanted to ascertain if the Kvaal et al. standards could be 

applied to full mouth dental radiographs and to also determine if a correlation existed 

between chronological age and the dimensions of the pulp chamber. Orthopantomograms 

(OPG's) from 168 individuals (91 males and 77 females) aged between 14 to 81 years 

were analyzed. Using a logistic regression model it was found that the coefficient of 

determination was highest for the upper lateral incisors (0.913). Their linear regression 

model had a standard error of estimate of 6.68 years. The authors concluded that there is 

a strong correlation between age and pulp size and that the original Kvaal et al. standards 

can be reliably applied to a German population. 

 

2.  Bosmans et al. (2005) 

Bosmans et al. applied the Kvaal et al. (1995) standards to digital OPG’s taken from a 

Belgian population. The main aim of this study was to determine if the original Kvaal et 

al. technique, which used individual periapical x-rays, could be applied to digital OPG’s. 

The authors analyzed a sample of 197 panoramic radiographs from 95 females and 102 

males, aged between 19 to 75 years (mean age of 34.7 years). The application of Kvaal’s 

technique to OPG’s had already been demonstrated by Paewinsky et al. (2005) and 
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Bosmans et al. reported a relatively comparable standard error of estimate (9.5 years) to 

Kvaal et al. (1995) (8.6 years). The authors attributed the differences observed to the two 

different population groups examined in these studies and also concluded that the 

regression formulae from the original Kvaal et al. (1995) study can be applied to data 

obtained from digital OPG’s. 

 

3.  Meinl et al. (2007) 

The Kvaal et al. (1995) age estimation standards were applied to an Austrian population 

by Meinl et al.; the authors aim was to determine the applicability of the Kvaal et al. 

(1995) and Paewinsky et al. (2005) age estimation standards to a sub-adult sample. Meinl 

et al. analyzed 44 OPG’s from 18 males and 26 females who were aged between 13 and 

24 years (mean age of 19.2 years). The authors found that in a sub-adult sample the Kvaal 

et al. standards consistently underestimated age, whereas the Paewinsky et al. standards 

consistently overestimated age. Meinl et al. stated that if the Kvaal et al. standard for all 

six teeth was used to estimate age the mean underestimation was 46.04 years; for the 

Paewinsky et al. (2005) standards the mean overestimation of age was 20.88 years. The 

authors concluded that the standards could not be used to estimate age in children. 

Further, they suggested that the original Kvaal et al. sample was too small and was not 

representative enough of the entire population. The large rate of error, however, was 

somewhat expected because the original technique had been devised for estimating the 

age of adults. 

 

4.  Landa et al. (2008) 

Landa et al. applied the Kvaal et al. (1995) age estimation standards to a Spanish 

population. They assessed direct digital OPG’s of 100 individuals (50 males and 50 

females) aged between 14 to 60 years, with a mean age of 36 years. The authors aimed to 

determine if the original method outlined by Kvaal et al. (1995) (which was applied to 

periapical radiographs) can be applied to direct digital OPG’s. The Kvaal et al. method 
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has been applied to digital OPG’s before as well but this was the first study to apply it to 

direct digital OPG’s. The authors only assessed the three mandibular teeth (lateral incisor, 

canine and the first premolar) in the original Kvaal et al. (1995) study, and did not 

consider the maxillary teeth due to the quality of their direct digital OPG’s. Landa et al. 

applied their measurements to both the Kvaal et al. (1995) and the Paewinsky et al. 

(2005) standards; they found that both standards consistently overestimated actual age 

(by 14.80 years and 20.9 years respectively).  

 

The authors concluded that the Kvaal et al. (1995) standards can not be applied to direct 

digital OPG’s and that the method cannot be considered as a reliable indicator for age 

estimation with direct digital OPG’s. The differences between the results obtained in 

Kvaal et al. (1995) and Landa et al. may be because the latter only considered the three 

mandibular teeth, instead of the six analyzed in the original study. Also, as the authors 

point out, direct digital OPG’s were used for the study, and as the reference point in these 

direct images cannot be properly identified and visualized due to poor image quality, 

measuring the distance between two points can be difficult. 

 

 

 

3.4 Conclusion 

The methods of dental age estimation described in this chapter are some of the most 

commonly applied techniques for adults and/or sub-adults. An overall description of 

these techniques, in addition to evaluating their accuracies, is essential as one of the 

primary objectives of the present study is to compare the Kvaal et al. (1995) method to 

other adult age estimation techniques already established in the literature. 
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Materials and Methods 

 

 

4.1  Introduction 

The current study applies the Kvaal et al. (1995) standards for age estimation, which 

involves quantifying the amount of normal secondary dentin deposited in the pulp 

chamber. This chapter describes the materials examined in the current study and explains 

in detail the method of age estimation applied by Kvaal et al (1995). The chapter also 

describes the various measurements and statistics this technique requires and outlines the 

original Kvaal et al. (1995) regression standards that are used for age assessment. The 

results of a precision study conducted to determine the amount of intra-observer related 

error in measurement acquisition are also presented. 

 

4.2  Materials 

The sample examined in this study consists of the OPG’s of 97 Western Australian 

individuals. Digitally scanned anonymised patient OPG’s were obtained from the Picture 

Archive and Communications System (PACS) database at the Royal Perth Hospital in 

Perth, Western Australia. There was no actual patient contact for the purpose of this 

study. Ethics approval for the current study was granted by the University of Western 

Australia’s Human Research Ethics Committee on the 10th of September 2008 (Project 

No RA/4/1/2142). 

 

4.2.1 Age 

The actual (or chronological) age of each patient at the time the OPG was taken is entered 

into the records of the PACS database. In this study, the patients were aged between 16 to 
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73 years with a mean age of 29.75 years. The sample has been divided into age groups 

and the age distribution of the sample is summarized in Table 4.1.  

 

Table 4.1 The composition of the sample studied according to age and sex. 

Age 
(in years) Males Females Total 

15-25 29 15 44 
26-35 19 11 30 
36-45 7 6 13 
46-55 2 4 6 
56-75 2 2 4 

 

 

4.2.2 Sex 

The sex of each individual was also entered into the PACS database and in the present 

study a total of 59 males and 38 females is assessed.  

 

4.2.3 Population 

Population affinity was not known for any of the individuals in the sample studied. It is 

assumed, however, that they represent an ethnically diverse sample of a typical Western 

Australian population. It is known, however, that there are no participants of Australian 

Aboriginal descent included in the sample examined in the present study.  
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4.2.4 Pathology and/or Illness 

All participants were assumed to be of good general health. Some OPG’s, however, 

showed some degree of pathology; often the reason for the patient to get an OPG in the 

first instance. Teeth which were impacted, had crown or root fillings, crowns, or with 

pathological processes associated with the apical bone, were not assessed, as reliable 

measurements could not be obtained. Those OPG’s with gross abnormalities which 

interfered with obtaining measurements from teeth were also not included in this study. 

Further, for individuals where measurements from all six teeth could not be obtained, 

they were not included in the study.  

 

4.2.5 Orthopantomograms 

The OPG’s were taken with a Fiemens Orthotos machine using CR product film. The 

exposure time was 14 seconds at 2x magnification to the original size of the tooth. The 

OPG’s were then digitally scanned into the PACS database and made available for this 

study. Direct digital OPG’s do not produce a clear picture and the dental landmarks are 

often blurred and hard to distinguish from surrounding structures. As the OPG’s used for 

this study were digitally scanned copies of the actual radiographic films, the landmarks 

are clearly visible. 

 

4.3 Methods 

Kvaal et al. (1995) quantified normal secondary dentin as a basis for age estimation; this 

method is followed in the present study. A total of six teeth were used; three maxillary 

(central incisor, lateral incisor and second premolar) and three mandibular teeth (lateral 

incisor, canine and the first premolar). These teeth were selected on the basis of having 

the strongest correlation between dentin deposition and chronological age (Kvaal et al. 

1995).  
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The teeth on the right side of the jaw were analyzed in this study, unless some pathology 

was present, then the left side of the jaw was used in substitution. Kvaal et al. (1995) 

demonstrated no differences in secondary dentin deposition between the teeth on the right 

and left sides. All the measurements were performed with the default viewer software 

packaged with the digital OPG’s. The following measurements were made on each tooth:  

 

1.  Maximum tooth length: The distance between the root apex and the highest point on 

the crown of the tooth, T (Figure 4.1); 

 

2. Root length: The length of the root as measured from the enamel-cementum junction 

(ECJ) to the root apex, R (Figure 4.1); 

 

3. Maximum pulp length: The length of the pulp from the top of the coronal pulp to the 

base of the apical portion of pulp, P (Figure 4.1); 

 

4. Root and pulp width (Level A): The width of the pulp and the root at the level of the 

enamel-cementum junction, ECJ (Figure 4.1); 

 

5. Root and pulp width (Level B): The width of the pulp and the root midway between 

measurement levels A and C (Figure 4.1); 

 

6. Root and pulp width (Level C): The width of the pulp and the root midway between 

the apex of the tooth and the ECJ (Figure 4.1). 
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Figure 4.1 Dental OPG measurements taken on each tooth (following Kvaal et al. 1995). 

 

 

A series of ratios from the pulp and tooth measurements were calculated and analyzed. 

The ratios, rather than direct measurements, were calculated to compensate for the effect 

of increased magnification and angulations of the OPG’s. The ratios calculated are as 

follows: 

1.  P: the ratio between pulp length and root length; 

2.  T: the ratio between tooth length and root length; 

3.  R: the ratio between pulp length and tooth length; 
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4.  A: the ratio between the width of the pulp and the width of the root at the enamel-

cementum junction (level A); 

5.  B: the ratio between the width of the pulp and the width of the root at the 

midpoint between levels C and A (level B); 

6.  C: the ratio between the width of the pulp and the width of the root at the mid-

root level (level C); 

7.  M: the mean value of all the ratios (first predictor); 

8.  W: the mean value of the width ratios from levels B and C; 

9.  L: the mean value of the length ratios P and R; 

10.  W-L: the difference between the values W and L (second predictor). 

 

Kvaal et al. (1995) used the original ratios to calculate regression standards for estimating 

age. Separate formulae were provided for all six teeth, the three maxillary and the three 

mandibular teeth (see above). Kvaal et al. (1995) found that the smallest standard error of 

the estimate was for the standard using all six teeth (8.6 years - compared to 8.9 years for 

the three maxillary and 9.4 years for the three mandibular teeth). Also, the coefficient of 

determination was highest when all six teeth were used (r² 0.76); compared to the three 

maxillary (r² 0.74) or the three mandibular teeth (r² 0.71). In the present study, all the 

regression standards outlined by Kvaal et al. (1995) (Table 4.2) will be tested on the 

Western Australian sample. 
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Table 4.2 The Kvaal et al. (1995) regression formulae for dental age estimation. 

Teeth Analyzed Regression Formulae 

Six teeth from both jaws Age = 129.8 – 316.4(M) – 66.8(W-L) 

Three maxillary teeth Age = 120.0 – 256.6(M) – 45.3(W-L) 

Three mandibular teeth Age = 135.3 – 356.8(M) – 82.5(W-L) 

11/21 Age = 110.2 – 201.4(M) – 31.3(W-L) 

12/22 Age = 103.5 – 216.6(M) – 46.6(W-L) 

15/25 Age = 125.3 – 288.5(M) – 46.3(W-L) 

34/44 Age = 133.0 – 318.3(M) – 65.0(W-L) 

33/43 Age = 158.8 – 255.7(M) 

32/42 Age = 106.6 – 251.7(M) – 61.2(W-L) – 6.0(G) 

G, Gender: male = 1, female = 0. 

 

4.4 Statistical Analyses 

Statistical methods used in this study include the calculation of descriptive statistics: 

means, standard deviations, variances and standard errors. Western Australian population 

specific standards were also formulated using general linear models. Unpaired t-tests 

were also performed to test the statistical significance of the differences in age estimation 

error between males and females in the sample and between different age groups. All 

statistical analyses were performed using SPSS (version 17.0).  
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4.4.1  Measurement Error Calculations 

Prior to data collection and analysis, a precision study was undertaken to assess intra-

observer error in measurement acquisition and the age estimations derived from them. All 

six teeth described in Kvaal et al. (1995) were analyzed using the appropriate (six-tooth 

standard) standard (Table 4.2). Measurement error was estimated by assessing the age of 

four individuals on four separate days, with at least twenty-four hours between each 

reassessment to minimize the possibility of recalling figures. As an added measure to 

prevent recalling figures, on each reassessment, age estimation for two additional 

different individuals were performed, but these were not used for the error calculations.  

The aim was to assess the amount of intra-observer error with the repeated analysis of the 

same OPG. The mean age assessed over four days for all the test individuals was 

calculated, in addition to the mean, standard deviation and the standard error of the mean. 

The results of the precision study are shown in Table 4.3. 

 

Table 4.3 Age estimates obtained in a four day, four individual reproducibility test using 

the Kvaal et al. (1995) standard for all six teeth. 

Individual 
Day 1 

(in years) 

Day 2 

(in years) 

Day 3 

(in years) 

Day 4 

(in years) 
Mean SD SE 

Case 1 11.8 12.1 13.2 12.4 12.3 0.6 0.15 

Case 2 24.2 25.5 26.4 23.1 24.8 1.4 0.35 

Case 3 33.3 32.7 34.1 32.2 33.0 0.8 0.20 

Case 4 21.5 21.8 20.6 21.4 21.3 0.6 0.15 
SD; standard deviation; 

SE; standard error of the mean. 
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The standard error of the mean is calculated using the following formula: 

 =   

= standard error of the mean; 

σ = standard deviation; 

n = number in sample. 

 

The technical error of measurement (TEM) is the amount of error observed between 

repeated analyses of the sample by the same or different observers; intra-observer 

variability (Reynolds et al. 2008). It is calculated using the following formula: 

TEM = √(ΣD2)/xN 

D = difference between (x) measurements; 

N = Number of replicates; 

X = Number of OPG’s measured. 

 

The coefficient of reliability (R) represents the proportion of between-subject variance 

which is not caused by measurement error (Weinberg et al. 2005; Reynolds et al. 2008). 

It is calculated using the following formula: 

R = 1 – (TEM2/S2) 

S2 = inter-subject variance 

 

The R values range from 0 to 1 and higher R values (closer to 1) indicate greater 

measurement precision (Weinberg et al. 2005) whereas smaller TEM values (less than 1) 
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represent more precise measurements and high levels of measurement repeatability 

(Weinberg et al. 2005; Reynolds et al. 2008). Weinberg et al. (2005) also stated that R 

values greater than 0.75 were considered to be sufficiently precise.  

 In the current study, the TEM was assessed to be 0.8 years and the coefficient of 

reliability was assessed to be 0.988, which indicates that 98.8% of total variability is true 

variation and the remaining 1.2% is due to measurement error. Thus, both these values 

were observed to be within acceptable limits. 
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Results 
 

 

5.1  Introduction 

This chapter presents the results of the assessment of the age estimation potential of the 

published standards of Kvaal et al. (1995) when applied to a Western Australian population. The 

sample is divided according to sex and the variation in age prediction accuracy between males 

and females is assessed. The sample is also divided into different age groups and the variation in 

accuracy between these age groups is examined. A series of Western Australian population 

specific age estimation regression equations are then formulated and compared to the original 

standards.  

 

5.2  Assessment of the applicability of the Kvaal et al. (1995) standards to a 

Western Australian population 

The Kvaal et al. (1995) age estimation standards were applied to the Western Australian sample 

and the standard errors of the estimate (SEE) were calculated. Kvaal et al (1995) originally 

presented nine regression equations for age estimation based on the number of teeth required by 

each standard. The standard error (SE) for each regression standard, when applied to the Western 

Australian sample, was compared to the published standard errors outlined in Kvaal et al. (1995). 

 

From Table 5.1 it is evident that for five of the nine equations, the SEE of the age estimation 

standards of Kvaal et al. (1995) when applied to the Western Australian population were higher 

than those outlined in their original study. It was apparent in the current study that the lowest 

SEE of 10.22 years was when the mandibular first premolar was used on its own for age 

estimation. The next lowest SEE (10.46 years) was for the regression formula using all six teeth 

(Table 5.1). The most accurate formula in the Kvaal et al. (1995) standards was similarly when 
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all six teeth are used (Table 5.1). In the current study, the use of the three maxillary teeth, or the 

three mandibular teeth, for age estimation yielded similar SEE’s (10.62 and 10.55 years 

respectively). In the original study the SEE of the three maxillary and mandibular teeth were 

lower at 8.9 and 9.4 years respectively (Table 5.1). 

 

Table 5.1 The Kvaal et al. (1995) age estimation formulae and the standard error of estimate 

obtained after their application to the Western Australian sample. 

Teeth Analyzed Equation 
 

SEE 
(original 

study) 

SEE 
(current study) 

Six teeth from both jaws Age = 129.8 – 316.4(M) – 66.8(W-L) 8.6 10.46 
Three maxillary teeth Age = 120.0 – 256.6(M) – 45.3(W-L) 8.9 10.62 
Three mandibular teeth Age = 135.3 – 356.8(M) – 82.5(W-L) 9.4 10.55 
11/21 Age = 110.2 - 201.4(M) – 31.3(W-L) 9.5 10.94 
12/22 Age = 103.5 – 216.6(M) – 46.6(W-L) 10.0 10.93 
15/25 Age = 125.3 – 288.5(M) – 46.3(W-L) 11.0 10.90 
34/44 Age = 133.0 – 318.3(M) – 65.0(W-L) 10.5 10.22 
33/43  Age = 158.8 – 255.7(M) 11.5 10.84 
32/42  Age = 106.6 – 251.7(M) – 61.2(W-L)    

– 6.0(G) 
11.5 10.93 

SEE, standard error of estimate. G, Gender: male = 1, female = 0. 

 

In contrast to the original study, the maxillary central incisor used individually had the highest 

SEE (10.94 years), whereas in Kvaal et al. (1995) the mandibular lateral incisor and canine each 

had the highest SEE when used for age estimation (both 11.5 years) (Table 5.1). In the present 

study the maxillary and mandibular lateral incisors both had a SEE of 10.93 years. These values 

are very close to those for the maxillary second premolar (SEE of 10.90 years) and the 

mandibular canine (SEE of 10.84 years) (Table 5.1). 

 

The difference between the standard errors obtained after applying the same equations to the 

different population samples is further illustrated in Figure 5.1. The difference in the standard 
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error of estimates obtained is obvious, although for the maxillary second premolar and the 

mandibular first premolar the SEE’s are very similar. 

 

Figure 5.1 Comparison of the standard error of estimates of the Kvaal et al. (1995) study and 

after application to a Western Australian population. 
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5.2.1  Applicability to different age groups 

The sample was divided into different age groups and the average error using all of the Kvaal et 

al. (1995) regression formulae was recorded (Table 5.2). This was performed to determine if the 

accuracy of these age estimation standards varies at different ages. The sample was divided into 

five groups: 15-25 years; 26-35 years; 36-45 years; 46-55 years; and 56-75 years.  

 

It is evident that the average errors increased considerably relative to the actual age of the 

individual, this trend was observed for all nine regression standards (Table 5.2). To determine if 

these differences between the age groups were statistically significant, a series of unpaired t-tests 

was performed using the average SEE values (Table 5.3). As the standard using all six teeth was 

demonstrated to be the most accurate by Kvaal et al. (1995), the comparisons were made using 

this standard only. 
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Table 5.2 Comparison of the average error (in years) in age prediction across different age groups. 

Age 
Group 

All 6 teeth 3 maxillary teeth 3 mandibular teeth 11/21 12/22 15/25 

 Av. 
error 

Range 
Min          Max 

Av. 
error 

Range        
Min       Max 

Av. 
Error 

Range        
Min        Max 

Av. 
error 

Range 
Min       Max 

Av. 
error 

Range 
Min       Max 

Av. 
error 

Range 
Min          Max 

15-25 years  
(n = 44)  

-0.11 -15.12 14.05 8.65 -7.64 21.41 -4.05 -26.94 14.48 15.14 3.04 24.77 15.52 4.37 24.56 -3.35 -27.73 18.62 

26-35 years 
(n = 30) 

11.75 -7.96 23.14 18.53 -3.84 28.06 10.06 -4.45 24.32 24.08 11.80 32.74 22.79 6.05 31.08 3.57 -21.85 27.33 

36-45 years 
(n = 13) 

24.96 15.10 34.58 31.15 15.32 40.46 22.87 10.53 35.70 33.05 23.66 40.53 31.11 21.88 39.27 17.18 1.97 28.58 

46-55 years 
(n = 6) 

29.05 23.86 37.93 37.44 26.03 45.60 25.09 19.97 34.10 41.59 32.70 48.27 42.64 35.09 50.54 27.44 14.86 42.31 
 

56-75 years 
(n = 4) 

43.32 29.64 63.73 53.34 45.05 69.13 37.19 16.79 62.26 55.95 48.52 66.92 58.41 55.83 63.95 37.09 28.82 55.93 

 

Age 
Group 

32/42 33/43 34/44 

 Av. 
error 

Range 
Min          Max 

Av. 
error 

Range 
Min       Max 

Av. 
Error 

Range 
Min       Max 

15-25 years  
(n = 44)  

14.32 0.63 24.43 13.78 -5.24 23.81 0.50 -23.97 20.85 

26-35 years 
(n = 30) 

24.00 13.92 33.96 25.37 8.59 33.86 15.77 -3.25 33.84 

36-45 years 
(n = 13) 

33.82 23.31 40.15 34.03 24.61 40.57 27.47 8.25 40.66 

46-55 years 
(n = 6) 

40.55 37.73 44.84 42.07 36.33 51.26 34.01 18.10 
 

42.33 

56-75 years 
(n = 4) 

50.95 35.22 71.29 53.90 44.58 68.41 48.53 29.44 71.20 
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Table 5.3 Comparison of significance test values for age estimation with all six teeth 

between different age groups. 

 

Age groups 

15-25 years 26-35 years 36-45 years 46-55 years 56-75 years 

15-25 years  

 

t = 1.60 

P = 0.113NS 

t = 3.31 

P = 0.0016** 

t = 0.97 

P = 0.334NS 

t = 0.73 

P = 0.466NS 

26-35 years   t = 1.93 

P = 0.060NS 

t = 0.08 

P = 0.939NS 

t = 0.00 

P = 0.999NS 

36-45 years 
 

  t = 1.27 

P = 0.219NS 

t = 1.11 

P = 0.283NS 

46-55 years     t = 0.05 

P = 0.958NS 

56-75 years     

 

 

NS, Not Significant; * P < 0.05; ** P < 0.01; *** P < 0.001 

 

From Table 5.3 it is evident that there is only one statistically significant difference 

between the age groups; 15-25 and 36-45 years of age (P = 0.0016).  

 

5.2.2  Sex differences in age prediction accuracy. 

The sample was divided according to sex in order to assess if any statistically significant 

differences in age prediction accuracy are present using the Kvaal et al. (1995) standards. 

The SEE’s of both sexes were calculated and compared using unpaired t-tests to 

determine if any statistically significant differences are present (Table 5.4). Those 

comparisons are shown graphically in Figure 5.2. 
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Table 5.4 Tests of significance between males and females using SEE values obtained 

from the age estimation regression standards of Kvaal et al. (1995). 

Teeth Analyzed Males (n = 59) 

SEE (years) 

Females (n= 38) 

SEE (years) 

Significance 

    t              P 

Six teeth from both jaws 9.22 11.92 0.23 0.820NS 

Three maxillary teeth 9.08 12.67 0.35 0.729NS 

Three mandibular teeth 9.44 11.42 0.15 0.879NS 

11/21 9.48 12.91 0.42 0.677NS 

12/22 9.47 12.94 0.34 0.735NS 

15/25 9.48 12.74 0.03 0.976NS 

34/44 9.36 10.64 0.29 0.771NS 

33/43 9.38 11.87 0.09 0.932NS 

32/42 9.41 12.95 1.31 0.194NS 

 NS, Not Significant; * P < 0.05; ** P < 0.01; *** P < 0.001 

 

i)  Males: the lowest standard error of the estimate for the male sample was for the 

standard using the three maxillary teeth (9.08 years), followed by the use of all six teeth 

(9.22 years) (Table 5.4). The highest degree of error was when the maxillary central 

incisor was used on its own for age estimation or when the estimation was performed 

with the maxillary second premolar alone (both have an SEE of 9.48 years) (Figure 5.2). 

When a single tooth was used for age estimation, the mandibular first premolar had the 

lowest SEE of 9.36 years, followed by the mandibular canine (9.38 years). The maxillary 

teeth used on their own had nearly the same error rates; 9.48 years for both the maxillary 

central incisor and the maxillary second premolar, and 9.47 years for the maxillary lateral 

incisor (Table 5.4). 
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Figure 5.2 Comparison of the male and female accuracy (SEE) with the Kvaal et al. 

(1995) age estimation standards. 

 

 

ii)  Females: the lowest SEE was for the standard using the mandibular first premolar 

(10.64 years), followed by the three mandibular teeth (11.42 years) (Table 5.4). The 

highest degree of error was when the mandibular lateral incisor was used on its own for 

age estimation (12.95 years) (Figure 5.2). The maxillary lateral and central incisors had 

nearly similar degrees of error (12.94 years and 12.91 years respectively). The use of all 

six teeth for age estimation had a SEE of 11.92 years (Table 5.4). 

 

From Figure 5.2 it is evident that the SEE values for males are lower than for females. To 

determine if these differences were statistically significant, a series of unpaired t-tests 

were performed (Table 5.4). It was found that the male and female SEE’s were not 

statistically significantly different (Table 5.4). This indicates that the error in prediction 
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accuracy is not significantly different between males and females and therefore the 

pooled sex standards outlined by Kvaal et al. (1995) can be applied without a significant 

loss of accuracy, irrespective of sex.  

 

5.3 Age estimation standards for a Western Australian population 

The dental measurements collected in the present study were used to calculate population 

specific Western Australian regression formulae for age estimation. Separate age 

estimation regression equations for all six teeth, three maxillary teeth, three mandibular 

teeth and for all the six individual teeth were calculated (Table 5.5). The Western 

Australian standards thus use the same teeth and measurements outlined by Kvaal et al. 

(1995). 

 

 

 

 

 

 

 

 

 

 

 



Chapter Five  Results 

 

53 

 

Table 5.5 Regression standards for age estimation in a Western Australian population. 

Teeth required Equation SEE Goodness of fit 

   R² df F p-value 

Six teeth from 
both jaws Age = -24.65 – 56.27(M) – 106.32(W-L) 10.21 0.14 96 7.54 0.001*** 

Three maxillary 
teeth Age = 11.77 – 67.25(M) – 74.33(W-L) 10.40 0.10 96 5.56 0.005** 

Three mandibular 
teeth Age = -0.87 – 44.19(M) – 70.42(W-L) 10.52 0.08 96 4.28 0.017* 

11/21 Age = 52.29 – 74.80(M) – 33.03(W-L) 10.46 0.09 96 4.95 0.009** 

12/22 Age = 32.70 – 49.92(M) – 35.19(W-L) 10.69 0.05 96 2.70 0.072NS 

15/25 Age = 7.28 – 20.40(M) – 42.75(W-L) 10.74 0.04 96 2.25 0.111NS 

34/44 Age = 79.13 – 121.77(M) – 33.92(W-L) 10.20 0.14 96 7.64 0.001*** 

33/43 Age = 41.61 – 78.43(M) – 44.26(W-L) 10.50 0.09 96 4.50 0.014* 

32/42 Age = -48.99 + 68.25(M) – 39.12(W-L) 10.41 0.10 96 5.40 0.006** 

NS: Not Significant; * P < 0.05; ** P < 0.01; *** P < 0.001 

 

The regression formula requiring measurement of all six teeth from both jaws was found 

to be one of the most accurate with an SEE of 10.21 years (P = 0.001) (Table 5.5). The 

age estimate distribution in relation to the known chronological age in a linear model is 

shown in Figure 5.3. 
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Figure 5.3 Linear regressions of age estimates using all six teeth. 

 

The regression formula using all three maxillary teeth had a SEE of 10.40 years and this 

regression was statistically significant (P 0.005) (Table 5.5). The age estimate distribution 

in relation to the known chronological age is shown in Figure 5.4. 

Figure 5.4 Linear regressions of age estimates using the three maxillary teeth. 
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The regression formula using measurements from all three mandibular teeth had a SEE of 

10.52 years (P = 0.017) (Table 5.5). The estimated age distribution in relation to the 

known chronological age in a linear model is shown in Figure 5.5. 

 

Figure 5.5 Linear regressions of age estimates using the three mandibular teeth. 

 

 

The mandibular first premolar, when used on its own for age estimation, had the lowest 

SEE of 10.20 years (Table 5.5). The regression standard was statistically significant with 

a P value of 0.001 (Table 5.5). The estimated age distribution for this standard in relation 

to the known chronological age is shown in Figure 5.6. 
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Figure 5.6 Linear regressions of age estimates using the mandibular first premolar. 

 

 

The regression formula using the mandibular lateral incisor had a SEE (10.41 years), 

which is very similar to the standard using the three maxillary teeth (10.40 years) (Table 

5.5).  The standard for the mandibular lateral incisor was also statistically significant (P = 

0.006 – Table 5.5). The regression equation for the maxillary central incisor had a SEE of 

10.46 years and was statistically significant (P = 0.009 – Table 5.5). The standard using 

the mandibular canine had a SEE of 10.50 years and was also statistically significant (P = 

0.014). The standard using the maxillary second premolar had the largest SEE (10.74 

years) but was not found to be statistically significant (Table 5.5). The standard using the 

maxillary lateral incisor had a SEE of 10.69 years and was also not statistically 

significant (Table 5.5). 
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Overall, it was noted that the accuracy of these population specific age estimation 

standards is higher compared to when the Kvaal et al (1995) standards were applied to 

the same Western Australian population. 

 

5.4 Summary 

The standard errors of estimates for the age estimation standards of Kvaal et al (1995) 

when applied to a Western Australian population ranged between 10.22 years to 10.94 

years depending on the teeth used. These were higher than the standard error of estimates 

in the original Kvaal et al. (1995) study. When the Western Australian population sample 

was divided in to different age groups, the older age groups (56-75 year age group) had 

larger average errors, but the differences were statistically non-significant. Kvaal et al. 

(1995) did not divide their sample into different age groups for the analysis and thus this 

current observation cannot be compared to their original study.  

 

The division of the sample according to sex demonstrated that the age estimation 

standards were more accurate for males, but the overall differences in accuracy between 

the sexes were shown to be statistically non-significant. The Western Australian 

population specific age estimation standards were more accurate compared to the original 

Kvaal et al. (1995) standards when applied to the Western Australian sample. The most 

accurate Western Australian population specific standards were those using the 

mandibular first premolar (SEE 10.20 years) followed closely by the one using all six 

teeth (SEE 10.21 years). 
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Chapter Six 
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Discussion and Conclusions 

 

 

6.1 Introduction 

Age estimation from the dentition has been extensively studied both for sub-adult and 

adult populations. While the methods for sub-adult age estimations are relatively reliable 

and accurate, the methods and techniques for adults are less accurate and more subjective 

because the dentition has fully developed and estimates based on assessing 

developmental stages cannot be made. Also, factors such as attrition, erosion and other 

detrimental effects like trauma may adversely affect the estimation. Furthermore, 

standards applied to one population cannot always be applied to another, as population 

specific differences influence the accuracy of the results. Kvaal et al. (1995) published a 

series of regression equations for age estimation based on a Swedish population. These 

regression standards have been applied by a number of researchers to different 

populations (e.g. Paewinsky et al. 2005, Bosmans et al. 2005, Meinl et al, 2007, Landa et 

al. 2008) to assess the accuracy of age estimation with these different populations (see 

Chapter 3).  

 

As the Kvaal et al. (1995) method of age estimation has not yet been applied to an 

Australian population, the purpose of this study was to assess its accuracy with a Western 

Australian sample, and to then determine the differences in accuracy when Western 

Australian population specific standards (calculated from measurements taken in this 

study) were formulated. This study also aimed to establish if any statistically significant 

differences existed between males and females with the applicability of this technique, as 

this will determine if the sex of the skeletal remains being analyzed must be known prior 

to any attempt to estimate age. 
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6.2 The accuracy of the Kvaal et al. (1995) age estimation standards 

when applied to a Western Australian population 

The results of this study showed that the standard error of estimates (SEE’s) reported in 

the original study of Kvaal et al. (1995) were lower (8.6 years using all six teeth) than the 

SEE’s obtained when their age estimation standards were applied to the Western 

Australian population (10.46 years using all six teeth) (Table 5.1). There could be many 

explanations for this difference, one of which is likely to be population variation. As 

Kvaal et al. (1995) conducted their study on a Swedish population, some differences with 

the application of their regression standards to a Western Australian population were 

expected. The socio-economic status of an individual can also affect the development of 

the dentition, resulting in differences between populations (Cardoso, 2007). Cardoso 

(2007) found that dental development can be delayed by 0.47 to 0.55 years in lower 

socio-economic groups. This could be explained by the fact that the degree of 

malnutrition would be higher in the lower socioeconomic groups, which would 

potentially delay dental development within this group.  

 

Other factors like genetics or ethnicity also have an important role in dental differences 

between different populations. Sofaer (1975) proposed that genetic variation existed in all 

the stages of dental development, beginning from the initiation of tooth development, 

through to the eruption and functional attachment of the fully formed tooth to the bone of 

the jaws. These variations may lead to differences in the formation and deposition of 

secondary dentin due to the fact that tooth development can vary between populations. 
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Yaacob et al. (1996) studied ethnic variability in the structure of teeth and found that 

certain features are more predominant within different populations. In Asian groups it 

was found that a ‘shovel’ shaped lingual fossa on the lingual surfaces of the incisors was 

present in 90% of the Asian population examined; Dens Evaginatus in the premolars 

occurred at an even higher frequency. In Caucasian groups there was a higher frequency 

of a narrow ‘V’ shaped arch in addition to an increased occurrence of the Cusp of 

Carabelli (present in 37% of the Caucasian sample studied). Importantly, these studies 

indicate that variations do exist in the morphology of the dentition, which may underlie 

variations in the rate of formation and deposition of secondary dentin in different 

populations. For example, in Caucasians the increased occurrence of the Cusp of 

Carabelli (a fifth cusp on the maxillary first molars which contains no pulp tissue) can 

cause redistribution and reduction of occlusal force, thus decreasing the amount of 

secondary dentin formation. Dens Evaginatus, more common in Asian populations, is a 

thin supplemental cusp which is primarily seen on the premolars and contains an 

extension of the dental pulp (Levitan and Himel, 2006). Since this supplemental cusp is 

thin, it is easily traumatized by occlusal forces, which causes pulp irritation that could in 

turn increase the amount of secondary dentin formation. 

 

With respect to potential differences in age estimation accuracy, Kvaal et al. (1995) took 

their measurements from peri-apical (PA) radiographs of individual teeth, whereas in the 

present study, the measurements were taken from orthopantomograms (OPG’s).  This can 

affect the reliability and the accuracy of the measurements, as an OPG is not as clear as a 

peri-apical x-ray, and lacks the minute local details observed with the latter visualization. 

Furthermore, reliable measurements of individual teeth from an OPG is not always 

possible, and sometimes even impossible, due to overlapping of adjacent teeth, or due to 

the shadow and overlapping of the related structures and soft tissue on the teeth. The use 

of these OPG’s may thus increase measurement error and by association affect estimation 

accuracy, as the SEE values are obviously dependent on the measurements. For example, 

if the measurement ratios were underestimated due to the overlapping of adjacent 
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structures, a lower estimation of age would result. It is important to note, however, that 

the reliability and accuracy of the measurements taken from the OPG’s in the present 

study were shown to be within acceptable limits (see Chapter Four). 

 

It is also evident that OPG’s can show large amounts of distortion and magnification of 

the dental structures. This may also affect the measurement of secondary dentin, which 

could be misinterpreted and subsequently result in a misleading age estimate. Kvaal et al. 

(1995), however, advocated the use of ratios to counter the effects of magnification, and 

this method was accordingly followed in the present study. Most of the OPG’s assessed 

in this study were clear and had only minimal distortion and magnification, but a few had 

significant anomalies which included large radio-opaque restorations, crowns, root 

fillings, apical pathologies and missing teeth. These conditions would prevent the 

accurate visualization of the pulp chamber and would result in incorrect measurements of 

amount of secondary dentin present and thus result in an erroneous age estimate. 

However, it was possible to overcome this drawback because individuals with significant 

amount of restorations or pathology which could interfere with proper measurements 

were not included in the current study.   

 

The accuracy of the standard for all six teeth (SEE 10.46 years – Table 5.1) is also lower 

than the accuracy reported by Paewinsky et al. (2005) (SEE 6.68 years) which was based 

on their study of a German population using the Kvaal et al. (1995) standards. Paewinsky 

et al. (2005) stated that the greatest accuracy and the highest coefficient of determination 

(0.83) were derived from the upper lateral incisor with their own regression standards, 

whereas in the present study, the most accurate standard was for the individual 

mandibular first premolar (SEE 10.21 years) (Table 5.5). 
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Bosmans et al. (2005) applied the Kvaal et al. (1995) standards to a Belgian population 

and reported a lower accuracy (SEE 9.5 years) than that reported by Kvaal et al. (SEE 8.6 

years) in their original study. The accuracy reported by Bosmans et al. (2005) was higher 

than that observed in the current study (10.46 years) with the application of the Kvaal et 

al. (1995) standards to a Western Australian population.  Bosmans et al. (2005) stated 

that the Kvaal et al. (1995) regression standards can be applied to a Belgian population. 

They attributed the difference in accuracy with the Kvaal et al. (1995) original study to 

population variation. However, Bosmans et al. (2005) did not explain the underlying 

biology of the supposed population variation. 

 

Meinl et al. (2007) applied the Kvaal et al. (1995) standards to an Austrian sub-adult 

population and analyzed a sample aged between 13 and 24 years of age (mean age of 

19.2 years). The authors observed that in a young population the Kvaal et al. (1995) 

standards consistently underestimated age and the mean difference between 

chronological and estimated age using the standard for all six teeth was a massive 46.04 

years. The figures reported by the authors were unusual and far greater than any other 

study that has thus far assessed the Kvaal et al. (1995) standards. Meinl et al. (2007) 

concluded that the standards could not be applied for age estimation in children. This 

large rate of error could be due to the fact that the original Kvaal et al. (1995) standards 

had been devised for estimating the age based on the amount of secondary dentin 

deposited whereas in a sub-adult population there would be more of primary, rather than 

secondary dentin. 

 

Landa et al. (2008) concluded that the Kvaal et al. (2005) standards could not be applied 

to Spanish individuals, as the standards constantly overestimated age in their study. 

Landa et al. (2008) reported a standard deviation of 14.80 years when all three 

mandibular teeth were used for estimating age. The authors stated that direct digital 

OPG’s were analyzed in their study, but only the three mandibular teeth were assessed. 
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One of the reasons the authors could not use the maxillary teeth for the analysis was 

because of the quality of the direct digital OPG’s (Landa et al. 2008) which were not 

clear and did not allow for proper visualization of the reference points in the maxillary 

arch. The difference in technique between Landa et al. (2008) and the current study is 

that digitized versions of actual OPG films have been used, whereas Landa et al. (2008) 

had used direct digital OPG’s, which are observed directly on a digital viewer without the 

use of an x-ray film. This technique is known to be problematic in the identification of a 

reference point, which makes the measurement of distance between two points very 

difficult (Landa et al. 2008). As the current study used digitized versions of normal x-ray 

films, the reference points were clearly visible and reliable measurements were also taken 

(see Chapter Five). Also, the quality of the actual OPG film was not compromised, thus 

making the teeth required by the Kvaal et al. (1995) method available for the analysis. 

 

6.3 Assessment of age estimation standards for a Western Australian 

population 

This study outlined a series of age estimation standards designed to be applied to a 

Western Australian population based on measurements from dental OPG’s. It was 

determined that the most accurate standards used measurements from either all six teeth 

(SEE 10.21 years) or the individual mandibular first premolar (10.20 years) (Table 5.5).  

The other regression standards were also found to be accurate and statistically significant, 

except for those applicable to the maxillary lateral incisor and the maxillary second 

premolar, where the SEE ranged from 10.69 to 10.74 years (Table 5.5). These standards 

were found to have an improvement in accuracy over those of Kvaal et al. (1995), as their 

smallest SEE was 10.22 (mandibular first premolar) and the highest SEE was 10.94 

(maxillary central incisor). The smallest SEE for the Western Australian population 

specific standards was 10.20 years (mandibular first premolar) and the highest was 10.74 

years (maxillary second premolar).  
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It was demonstrated that the coefficient of determination (R²) for all the regression 

models was relatively low; the highest R² was 0.14, for the standards using all six teeth 

and the mandibular first premolar individually (Table 5.5). The R² is defined as ‘the 

percentage of variance in one variable that is accounted for by the variance in the other 

variable’ (Salkeind 2008). It has also been defined as ‘the proportion of the total variation 

associated with the use of the independent variable’ (Cornell and Berger, 1987). There 

are various factors in a linear regression model that can affect the value of the R² such as 

the range of values of the independent variable (the values of M and W-L in this study), 

the arrangement of the values of these independent variables within the range, the number 

of replicate observations and the variation among the replicate values at each value of the 

independent variable (Cornell and Berger, 1987). Cornell and Berger (1987) stated that 

the value of R² is reduced when more than one replicate value is collected for each 

independent variable. Another observation reported by the authors was that the value of 

R² increases with increasing range. Thus, in the current study, the small R² values may 

likely be related to the fact that multiple replicate values were collected for the 

independent variables. The accuracy of the regression models are, however, comparable 

or better than those published by the original study (see above). 

 

6.4 Sex differences in the error of age estimation 

An important aim of the present study was to assess whether the accuracy of the age 

estimation standards varied according to sex. This determines whether the sex of an 

unknown individual must be known prior to applying these age estimation standards, in 

order to achieve the most reliable estimation. When the Kvaal et al. (1995) age estimation 

regression standards were applied to males and females in the current sample separately, 

a difference in their respective error rates was observed (Table 5.4 and Figure 5.2). A 

series of unpaired t-tests was performed to assess if the differences in age estimation 

accuracy were statistically significant between males and females. It was found, however, 
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that none of the regression standards showed any statistically significant differences in 

age prediction accuracy between sexes (see Table 5.4). 

 

This indicates that these standards can be applied in a situation where sex is unknown or 

cannot be determined. In a forensic context this is important, as in many cases (especially 

where remains are fragmented or incomplete) the sex of an unidentified individual may 

not be known or is unable to be determined; using these standards, however, it is not 

necessary to determine the sex prior to estimating the age of the remains. Obviously if 

sex is known or can be determined, sex specific age estimation standards will increase the 

level of accuracy, albeit not significantly. 

 

Since these age estimation standards are based on the quantity of secondary dentin 

present, these observations would suggest that there is no significant difference in the 

amount of secondary dentin deposited in males and females. This finding is confirmed by 

other published studies (e.g. Woods et al. 1990; Solheim 1992). 

 

Zilberman and Smith (2001) reported that the amount of dentin deposition, including 

secondary dentin, was greater in sub-adult males compared to females (their sample was 

aged between four to 16 years); this difference was statistically significant, even at seven 

years of age. The authors noted that the level of dimorphism increased at puberty and that 

following puberty the sex hormones affected the function of the odontoblasts (estrogen 

increased dentin formation). However, this raises the question as to whether the dentin 

present and quantified was primary or secondary dentin, as secondary dentin deposition is 

a slower process and takes time to deposit. At age seven, one would assume that most of 

the dentin present would be primary, rather than secondary dentin. 
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Woods et al. (1990) analyzed a mixed Caucasian and African American sample 

comprising of 234 individuals (104 males and 130 females) and demonstrated that the 

amount of secondary dentin deposition in adult males was higher than females of the 

same age group. Woods et al. used three teeth (the maxillary incisors, mandibular canine 

and the mandibular molar) for their analysis. Two measurements from the mandibular 

molar (the height and the width) were used in the analysis. The authors stated that the 

deposition of secondary dentin in females occurred in two phases: first, where constant 

amount of secondary dentin was deposited till the fourth decade of life; and second, rapid 

deposition of secondary dentin thereafter. However, the authors also stated that although 

sexual dimorphism in dentin deposition was present, when these differences were 

assessed for significance using statistical tests, the difference was non-significant and 

thus not important for age estimation. This finding was further supported by Solheim 

(1992), who observed that although sex and the amount of secondary dentin were 

correlated (reduced secondary dentin formation in women) in a Norwegian population, 

the relationship was similarly non-significant. 

 

6.5 Variation in age estimation error between age groups 

Another aim of this study was to ascertain if the accuracy of the Kvaal et al. (1995) 

standards varied according to the age of the individuals. This is forensically important 

because if the accuracy of the standards is significantly different between younger and 

older individuals then the application of the age estimation standards to unknown skeletal 

remains would not be accurate or reliable. To this end, the sample was accordingly 

divided in to different age groups (15-25 years; 26-35 years; 36-45 years; 46-55 years and 

56-75 years). A series of unpaired t-tests were performed to assess if the differences in 

age prediction accuracy between the different age groups were statistically significant. It 

was apparent that the age group comprising of individuals aged between 56-75 years had 

a larger average error than the other younger groups (Tables 5.2 & 5.3); this difference, 

however, was not found to be statistically significant. As yet no other studies have 
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evaluated if there is age related variation in the accuracy of the Kvaal et al. (1995) 

method. 

 

Other techniques of adult dental age estimation have, however, reported that the error in 

age prediction accuracy increased in individuals who were older than 40 years of age. For 

example, Solheim and Sundnes (1980) applied the methods of Dalitz (1962), Miles 

(1963), Bang and Ramm (1970) and Johanson (1971) to a Norwegian population and 

observed that the mean of the error increased with increasing age of the individual. The 

Dalitz (1962) method (which analyzed the amount of attrition, periodontal attachment, 

secondary dentin and transparency for estimating age) showed a mean error of -7.98 

years. The Miles (1963) method measured the length of the transparent zone in the tooth 

and had a mean error of -14.69 years. The Bang and Ramm (1970) method also assessed 

the length of the transparent zone in sectioned and un-sectioned teeth, the method for un-

sectioned teeth had a mean error of -7.92 years whereas the method for sectioned teeth 

had a mean error of -4.87 years. The Johanson (1971) method scores the amount of 

attrition, loss of periodontal attachment, root transparency, secondary dentin apposition, 

cementum apposition and root resorption and had a mean error of -7.78 years. 

 

Ajmal et al. (2001) applied the methods of Johanson (1971), Kashyap and Rao (1990) 

and Li and Ji (1995) to an Indian population and observed that for individuals older than 

40 years of age there was an increased underestimation of actual age. The Johanson 

(1971) method analyzes the amount of attrition, loss of periodontal attachment, root 

transparency, secondary dentin apposition, cementum apposition and root resorption to 

estimate age. Ajmal et al. stated that the standard deviation observed for the Johanson 

method was ± 5.5 years. The Kashyap and Rao (1995) method is a modification of the 

Gustafson method and measures the amount of attrition, secondary dentin, cemental 

apposition and root transparency for age estimation. The standard deviation observed by 

Ajmal et al. for the Kashyap and Rao (1990) method was ± 5.4 years. The Li and Ji 
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method (1995) calculates the average of the attrition stages observed on each molar cusp 

to estimate age. The standard deviation observed by Ajmal et al. (2001) for this method 

ranged from ± 2.7 to 3.9 years. 

 

Amariti et al. (1999) applied the Drusini et al. (1994) and the Kashyap and Rao (1990) 

methods to an Italian population. They observed that for the latter method if individuals 

older than 45 years were excluded from the study, the correlation index (r) of age and 

amount of cementum apposition increased from 0.694 to 0.739. Further, with the Drusini 

et al. (1997) method, if the individuals over 45 years of age were excluded from the 

study, the correlation between age and amount of secondary dentin increased from 0.583 

to 0.695.  

 

The aforementioned research appears to support the finding of the present study that the 

error of age prediction accuracy increases with increasing chronological age. It is 

important to reiterate that in the present study, however, that the increase in prediction 

accuracy error, while present, is statistically non-significant. 

 

 

 

 

6.6  Conclusions 

The study clearly demonstrated that the regression standards developed from the dental 

OPG measurements can be applied to a Western Australian population. All the regression 

standards formulated were found to be accurate and statistically significant, except for 
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those using the maxillary lateral incisor and the second premolar. The regression 

standards for all six teeth from both jaws, and for the mandibular first premolar, were the 

most accurate with the smallest SEE’s; 10.21 years and 10.20 years respectively. When 

the Kvaal et al. (1995) regression standards were applied to the Western Australian 

sample, the accuracy observed (SEE 10.21 years using all six teeth) was lower than that 

obtained by the authors in their original study (SEE 8.6 years using for all six teeth). The 

Western Australian population specific standards were more accurate as they had a 

smaller SEE for the current sample, compared to the application of the original Kvaal et 

al. (1995) standards. 

 

Kvaal et al. (1995) did not analyze the applicability of their standards according to sex; 

however the current study clearly demonstrated no statistically significant differences in 

age prediction accuracy for males and females using these standards. Thus, the 

population specific Western Australian age estimation standards can be applied in cases 

where the sex of the skeletal remains is not known or cannot be determined. 

The study also demonstrated that Kvaal et al. (1995) standards can be applied to all age 

groups with no statistically significant differences in accuracy between these age groups. 

However, the average error does increase slightly with increasing chronological age. 

 

One of the most important outcomes of this study is that reliable and relatively accurate 

population specific age estimation standards have been developed for a Western 

Australian population.  
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6.7  Limitations 

The sample assessed in this study may be considered relatively small and not entirely 

representative of the Western Australian population. Another limitation was the 

discrepancy in the distribution of the sample according to age. The sample consisted 

mainly of younger individuals, between the ages of 15 to 35 years, and older individuals 

were not well represented in the sample.  

The measurement technique was found to be sensitive and for the untrained professional 

it can be quite difficult to identify the reference points for measurement.  

Also, the use of OPG’s for reliable dental measurements can be relatively difficult due to 

distortion and the overlapping of teeth and adjacent structures, but also because of the 

shadow of soft tissues and other anatomical structures on the teeth. 

 

 

 

6.8  Future Research 

It is recommended that future studies should analyze a larger Western Australian  

population sample which is representative of all the age groups especially the older age 

groups as in the current study they were under-represented. Also, future research can look 

at applying the standards to the populations of different states in Australia and those 

results can be compared to mark the differences and similarities between these population 

groups. 
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