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Abstract 

 

 
Osteological parameters for age estimation show a strong bias in respect of population, 

however, such data are not available for Malaysian individuals due to a lack of 

documented skeletal repositories. This thesis explores the applicability of three forensic 

age estimation methods in developing population-specific standards for the Malaysian 

population based on the analyses of multi-detector computed tomography (MDCT) scans 

and dental orthopantomographs (OPGs). The thesis is presented as: general introduction 

and literature review (Part I), three independent studies on selected age estimation 

methods (Parts II to IV), and final integration (Part V). 

 

Part I introduces the thesis and included chapters on forensic age estimation and 

transposition of age estimation methods to MDCT scans and dental OPGs. The central 

aim of this thesis is the utilisation of MDCT scans and dental OPGs acquired from a 

contemporary Malaysian population to assess and develop quantitative approaches based 

on the analysis of cranial and pelvic images. Literature relevant to age estimation based 

on secondary dentin formation, spheno-occipital synchondrosis fusion and pubic 

symphysis metamorphosis was critically reviewed, including validation studies of those 

selected methods in other global populations. 

 

Part II aimed to apply the Kvaal et al. (1995) secondary dentin formation method to a 

Malaysian population. A total of 3871 teeth from 718 Malaysian individuals (396 male; 

322 female) aged between 16 to 80 years were obtained from MDCT scans and dental 

OPGs; they were analysed using OsiriX for the former and ImageJ for the latter. Intra-

observer agreement value indicates that the measurements are reproducible on both 

MDCT scans and dental OPGs (TEM<1.0, rTEM<5%, R>0.75). A significant negative 

correlation between age and the dental ratios was demonstrated. The most accurate model 

is for the maxillary central incisor (male: SEE ±11.53 years; female: SEE ±13.92 years; 

pooled sex: SEE ±14.35 years). Models for each ethnic group were also developed 

(Malays: SEE ±12.37-14.94 years; Chinese: SEE ±15.72-17.67 years; Indians: SEE 

±10.67-12.08 years). 
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The aim of Part III was to examine the applicability of Franklin and Flavel (2014) spheno-

occipital synchondrosis fusion system to a Malaysian population. A total of 500 MDCT 

cranial scans (336 male; 164 female) of Malaysian individuals aged between 5 and 25 

years were assessed using OsiriX. The fusion status was scored as open, fusing 

endocranially, fusing ectocranially or completely fused. High intra- and inter-observer 

agreement were demonstrated (κ = 0.785 and 0.812). The status of the spheno-occipital 

synchondrosis fusion showed a significant correlation with age (male: r = 0.804, female: 

r = 0.753). Mean (SD) age for complete fusion is 20.84 (±2.84) years in males and 19.78 

(±3.35) years in females. Transition ages between phases are calculated in males (SD 

±1.37 years) and females (SD ±1.72 years). Regression equations for spheno-occipital 

synchondrosis phase score are also developed (SEE ±2.67-3.22 years). 

 

Part IV investigated the applicability of Brooks and Suchey (1990) pubic symphysis 

method for the purpose of establishing forensic age estimation standards for a Malaysian 

population. A total of 355 MDCT pelvic scans (165 male; 190 female) of Malaysian 

individuals aged between 15 and 83 years were analysed using RadiAnt. Each os coxa 

was assessed based on degenerative changes visible in the pubic symphysis and 

subsequently assigned to the six-stage scoring system. The Kappa values represent high 

intra- and inter-observer agreement (κ = 0.832 and 0.763). A significant positive 

relationship between age and phase of morphological changes of the symphyseal face for 

both sexes was demonstrated (male: r = 0.90; female: r = 0.884). Mean (SD) ages in 

males for Phases I-VI are 17.07 (±1.08), 20.76 (±1.73), 27.05 (±1.73), 36.57 (±4.48), 50.0 

(±5.07) and 70.15 (±7.61) years, respectively; in females, the corresponding data are 

17.75 (±1.12), 20.5 (±1.37), 30.27 (±2.83), 38.13 (±2.23), 47.62 (±4.47) and 67.25 

(±7.92) years, respectively. Transition ages between phases are calculated in males (SD 

±1.63-6.29 years) and females (SD ±2.96-7.89 years). Regression equations for pubic 

symphysis phase score are also developed (SEE ±6.07-8.57 years).  

 

The final chapter in Part V integrates major points that had emerged from the studies. 

This research project has developed Malaysian forensic age estimation standards as 

contributions of new knowledge by establishing the reliability and applicability of three 

selected age estimation methods to MDCT scans and dental OPGs of Malaysian 

individuals. 
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Chapter One 

 

Introduction and Background to the Study 

 

 

 

1.1. General Introduction 

 

This present chapter presents the background to the study that justifies the rationale and 

significance of the thesis. It also provides a plan of the thesis with a summary of the parts 

and chapters that constitute its core. Virtual anthropology in human identification, and 

population specificity in age estimation, are the central tenet of the thesis. Personal 

identification has, and continues, to be one the most important areas of forensic science. 

Globally there are thousands of unknown human remains requiring identification at any 

given time (McKern 1970; Black 2009; Cattaneo et al. 2010; Blau 2018). Unidentified 

cases may involve people who have died naturally, accidentally, purposefully or due to 

the actions of a third party; the latter include victims of crime, political action, mass 

disaster, war crimes, genocide or poverty (Black 2009; Franklin 2010; Apps et al. 2014; 

Christensen et al. 2014; Guyomarc’h & Congram 2019). The extent of the remains 

available for forensic analysis vary considerably, from entire bodies, to only a few 

fragmented bones. 

 

By definition, identification involves the determination of the individuality of a person. 

Article 6 of the Universal Declaration of Human Rights (UDHR) states that everyone has 

the right to recognition everywhere as a person before the law (UDHR 1948). 

Identification of a person is the first basis for any medico-legal process. The identification 

of victims must be accurate and based on scientific principles because there are 

multifaceted actions thereafter, such as the issuance of death certificates, insurance 

payment, public benefits, resolution of estate and marital issue (Herschaft et al. 2006; 

Christensen et al. 2014; Franklin et al. 2016; Guyomarc’h & Congram 2019). 
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1.2. Background of the Present Study 

 

Forensic anthropology is the application of standard scientific knowledge and techniques 

developed in physical anthropology to analyse human skeletal remains as legal evidence 

(Simpson & Byard 2008; Christensen et al. 2014; Langley et al. 2019). This is important 

because demographic characteristics of a body cannot be determined by visual inspection 

when the soft tissue has deteriorated. In addition to locating and recovering human 

remains, establishing the identity of the unknown decedent from the skeleton is also a 

crucial part of a forensic anthropological investigation, with the intent of gathering 

information pertaining to identification, cause and manner of death, and post-mortem 

interval, to assist law enforcement officials (Steadman 2012; American Board of Forensic 

Anthropology 2016).  

 

A forensic anthropologist applies both anthropological and forensic methods to analyse 

osteological materials to provide information useful towards achieving the positive 

identifications of decedents. Once the remains are determined to be human, modern and 

of forensic significance, a biological profile can be constructed for the individual(s) 

represented by the assessment of characteristics of bone size and shape; this is the first 

step in the identification process. The basic biological profile includes age-at-death, sex, 

ancestry, living stature, anomalies and pathologies, and any other aspects that would 

describe individual class level information (Cattaneo 2007; Christensen et al. 2014; 

Kruger et al. 2018). The criteria that determine a biological profile are either 

morphoscopic (the presence or absence of a trait, or the shape or size of a skeletal feature) 

or morphometric (linear measurements between defined landmarks) (Shirley et al. 2013; 

Christensen et al. 2014).  

 

1.2.1. Biological Profile 

A biological profile is forensically useful to aid in the process of identifying unknown 

human victims (Cunha et al. 2009; Franklin 2010; Garvin et al. 2012; Christensen et al. 

2014; Kruger et al. 2018; Adserias-Garriga & Wilson-Taylor 2019). Individualizing 

skeletal traits acts as a starting point (considered for presumptive identification) for 

reducing the search for possible matching data retrieved from local, regional, and national 

missing person lists; this serves to narrow the scope of the investigation, plus it facilitates 

the exclusion of an identity with absolute certainty, which has considerable importance 

in victim identification (Simmons & Haglund 2005; Black 2007; Cabo 2012; Kruger et 
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al. 2018; Ubelaker et al. 2019).  

 

The key components (i.e., age, sex, ancestry and stature) of the biological profile are 

traditionally established at autopsy by osteological and odontological examination of de-

fleshed bones. Current research in forensic anthropology, and specifically skeletal age 

estimation, is now focused on the use of quantitative methods, Bayesian statistics, 

probability and maximum likelihood theory, and virtual modelling of the three-

dimensional (3D) images (Ross & Kimmerle 2009; Garvin et al. 2012; Uhl 2013; 

Nawrocki et al. 2018; Viner 2018). With the need to continuously update and validate 

methods, traditional approaches to age estimation are challenged through the use of 

modern samples and robust statistical procedures to meet judicial, statistical and practical 

requirements (Klepiner & Giles 1998; Ritz-Timme et al. 2000; Garvin et al. 2012; 

Nawrocki et al. 2018). American National Standards Institute (ANSI) and Academy 

Standards Board (ASB) have highlighted in their Best Practice Recommendation that 

forensic anthropological analysis “should be based on professionally accepted methods 

and peer-reviewed techniques used in day-to-day forensic anthropology work” 

(ANSI/ASB 2018:4). 

 

1.2.2. Estimation of Age 

The physical analysis of human skeletal remains necessitates precise methods for the 

estimation of age-at-death, as it is a key descriptive element towards the identification of 

an unknown individual (İşcan et al. 1984; Franklin 2010; Franklin et al. 2015; Langley et 

al. 2017; Adserias-Garriga & Wilson-Taylor 2019; Ubelaker & Khosrowshahi 2019). In 

a forensic context, actual age is the number of years lived from birth, while skeletal age 

is measured by the metamorphosis and degeneration of a particular skeletal regions 

(Acsádi & Nemeskéri 1970; DiGiovanna 1994; Garvin et al. 2012; Christensen et al. 

2014; Langley & Dudzik 2017).  

 

The relative forensic value of skeletal age indicators is evaluated based on accuracy (i.e., 

differences between predicted and actual ages) and reliability (i.e., the repeatability 

measurements as an indicator of the reproducibility of a method) (Taylor & Blenkin 2010; 

Algee-Hewitt 2017). Accuracy is how close an estimated age at death is to the actual 

chronological age. Precision is the degree of refinement of an estimate, or the standard 

deviation in terms of an age range, that the estimate falls into.  
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Age-at-death is a challenging parameter in skeletal analysis and identification, because 

prior to application of methods for the estimation of this characteristic, the most likely 

sex and ancestry of the decedent is required, as age standards are generally sex- and 

population-specific (Jackes 2000; Ubelaker 2000; Kemkes-Grottenthaler 2002; Schmitt 

et al. 2002; Simmons & Haglund 2005; Algee-Hewitt 2013, 2017; Christensen et al. 2014; 

Hartnett-McCann et al. 2018). In other words, in order to apply forensic approaches for 

age estimation with a high degree of accuracy, the sex and ancestry of the individual must 

be established beforehand.  

 

Adult skeletal age estimation is generally based on assessment of the morphology of 

skeletal elements that degenerate at various joint surfaces that occur at a relatively 

predictable rate; however, the latter is known to vary among individuals because of 

activity levels, lifestyles and personal habits (Garvin et al. 2012; Shirley et al. 2013; 

Hartnett-McCann et al. 2018). Every bone contains an age marker, but it is important to 

“know where to look and how to recognize and interpret them” (İşcan 1989:14).  Some 

of the well-documented and utilised adult age indicators include dentition (e.g., 

deposition of secondary dentin) cranial sutures fusion, sternal rib, auricular surface and 

pubic symphysis metamorphosis (see Chapter Two). 

 

1.2.3. Intra- and Inter-individual Variation 

A critical issue for age estimation accuracy is that chronological and biological (skeletal) 

age of an individual do not always correspond (Franklin 2010; Villa & Lynnerup 2014). 

The non-conformity is due to environmental factors, such as biomechanical forces, 

trauma or pathology, and genetic factors (Cattaneo 2007; Berg 2008). The problem 

worsens as an individual enters the post-maturity period, as the degeneration rate of bones 

and joints vary. As a result, within the same individual, different parts of the skeleton can 

render different age stages (i.e., intra-individual variation) (Ubelaker 1987; Kemkes-

Grottenthaler 2000; Boldsen et al. 2002; Nawrocki et al. 2018) making it relatively 

difficult to accurately estimate the age-at-death. 

 

Given the difficulties in age-at-death (especially adult) estimation, physical 

anthropologists have admitted that traditional aging methods are not necessarily most 

appropriate for incorporating within-individual variation, albeit they are widely applied 

(Brooks 1955; Lovejoy et al. 1985a; Boldsen et al. 2002; Kemkes-Grottenthaler 2002). 

Therefore, the necessity for developing aging methods that afford more weight on within-
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individual variation have been emphasized (Brooks 1955; Lovejoy et al. 1985a; Boldsen 

et al. 2002; Kemkes-Grottenthaler 2002; Nawrocki et al. 2018). To date, age-at-death 

estimation using multiple age indicators in order to incorporate different aging stages on 

different parts of a skeleton, have been conducted as one resolution to the problems – 

multifactorial approach (i.e., statistical combination of multiple age estimates). The 

results of these estimates have reported higher accuracy rates than using a single age 

indicator (Brooks 1955; Lovejoy et al. 1985a; Murray & Murray 1991; Saunders et al. 

1992; Bedford et al. 1993; Matrille et al. 2007).  

 

1.2.4. Population Specificity and the Contemporary Malaysian population 

Besides intra-individual variation, there are studies showing inter-population variation in 

skeletal metamorphosis and inapplicability of age-at-death estimation methods to 

populations outside those represented in the original reference sample on which the 

methods have developed (Boldsen et al. 2002; Iscan et al. 1987; Katz & Suchey 1989; 

Jackes 2000; Komar 2004; Schmitt 2004; Christensen et al. 2014) (see below). 

 

To formulate an osteobiography, physical anthropologists use a number of different 

measurements to discriminate between individuals, samples, and populations based on 

principles of skeletal growth, development, degeneration, and variation (Franklin 2010). 

In estimating these biological indicators of identity, traditional skeletal reference 

standards developed from large documented human skeletal collections around the world 

are generally utilised. However, it has been empirically demonstrated that many 

morphological and morphometric osteological parameters for age estimation are 

population specific; they can only be used for samples and skeletal collections for which 

distinguishing features have been collected, or for which statistical models have been 

developed (Verhoff et al. 2008; Franklin & Flavel 2019).  

 

It is necessary to use population standards for estimation of age in a forensic context as 

skeletal aging occurs at different rates and timing of developmental changes in different 

populations, even though their accuracy is (to some extent) limited (Verhoff et al. 2008; 

Cunha et al. 2009; Franklin 2010; Hartnett-McCann et al. 2018; Schaefer et al. 2018). 

Inter-population differences and caveats in applying age-at-death estimation methods 

developed on the Western reference samples have been recognized (e.g., Katz & Suchey 

1989; Boldsen et al. 2002; Schmitt 2004). Variation among different populations could 
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potentially result in decreased levels of accuracy and precision (Ubelaker 2000; Algee-

Hewitt 2017; Hartnett-McCann et al. 2018; Schaefer et al. 2018). 

 

British colonisation on Malaya had brought a large inflow of immigrants, leading to the 

emergence of Malaysia today; the Malays, Chinese and Indians are the major ancestral 

groups in Malaysia (Department of Statistics, DOSM 2011). Malays are an ethnic group 

who predominantly inhabit Peninsular Malaysia, the east coast of Sumatra and the coast 

of Borneo, who speak a Malayo-Polynesian language that is a member of the 

Austronesian family (Hatin et al. 2011). Even though they are bound together by common 

adherence to Islam (Leete 1996), the Malay population can be classified into several sub-

ethnic groups on the basis of genetic structure (i.e., Melayu Kelantan, Melayu Minang, 

Melayu Jawa and Melayu Bugis) (Hatin et al. 2011) and obvious subcultural differences 

(e.g., dialect) - possibly related to their different historical origins. Above all, Article 160 

(2) of the Constitution of Malaysia defined a Malay as a person who was born locally, 

habitually speaks Malay, follows Malay custom and professes Islam. 

 

Malaysian Chinese are actually a heterogeneous group largely descendants of immigrants 

who arrived between the 15th and mid-20th centuries, mainly from the different provinces 

of south-eastern China who have intermarried extensively with each other (Leete 1996; 

Lee & Tan 2000; Gabriel 2014). They are predominantly urban, and there are 

considerable subcultural differences between them although sharing the same traditional 

culture and customs. Conversely, Malaysian Indians were brought to that region by the 

British during the colonization of Malaya (and continued to settle in the western part of 

the Peninsular Malaysia); they are mainly descended from southern India (i.e., Tamil-

speaking people) (Arasaratnam 1979; Kuppuswamy 2003). This population history 

makes Malaysia a highly diverse country, with an ethnic fractionalisation index (EFI; 

measures the racial, linguistic and religious cleavage in society) of 0.694 (Nagaraj et al. 

2015). 

 

At present, there is a relative paucity of forensic anthropological data for the modern 

Malaysian population. The threat of crime, terrorism, natural disaster and other mass 

fatality incidents require the need for contemporary Malaysian standards and novel 

approaches for the rapid and accurate identification of unknown remains (Franklin 2010; 

Khoo et al. 2016; Mohd Nor et al. 2017; de Boer et al. 2018). It is imperative to provide 

highly accurate forensic skeletal standards for biological profiling in Malaysian, however, 



Chapter One Introduction and Background to the Study  

 9 

the traditional form of biological skeletal data (i.e., human skeletal repositories) is not 

available in that country. 

 

Census 2010 revealed that the total population of Malaysia was 28.3 million, which 

comprises 63.1% Malays, 24.6% Chinese, 7.3% Indians, 4.3% other Bumiputeras (‘son 

of the soil’) and 0.7% Others (DOSM 2011). Therefore, the sample size calculation for 

the Malaysian population with 95% confidence level is 384 (Krejcie & Morgan 1970). 

To minimise bias in the data structure, an age/sex balanced data collection protocol with 

an equal number of males and females from each decade of life is ideal (Boldsen et al. 

2002; Milner & Boldsen 2012). The predictive models developed should be suitable for  

the Malaysian population as a whole and in real forensic scenario. 

 

1.2.5. Virtual Anthropology 

Virtual anthropology is a multi-disciplinary approach to study anatomical data in three or 

four dimensions of space or space time, making use of digital data on quantitative analysis 

of biological structures as a fusion of different fields (e.g., anthropology, mathematics, 

physics, computer science, and medicine) (Weber & Bookstein 2011). Medical imaging 

is now widely used to assist in the analysis and identification of human remains, and the 

applications of radiological imaging contributes to identification and investigative 

processes in the forensic sciences (Brogdon 2011; Beck 2011; Baglivo et al. 2013; Viner 

2018) and disaster victim identification (Brough et al. 2015; de Boer et al. 2018).  

 

Computed tomography (CT) is essentially a form of digital imaging in which volume 

portion of a patient (voxels) are converted to picture elements (pixels), each of which is 

assigned a CT number that reflects the average atomic weight of the volume element 

(Wood 2000). Digital databases of CT scans or virtual skeletons represent an ideal 

alternative for anthropological studies because they facilitate high-resolution 

visualization of skeletal development and provide accurate identification in a timely and 

non-destructive manner (Verhoff et al. 2008; Cunha et al. 2009; Franklin 2010; Leo et al. 

2013; Viner 2018; Adserias-Garriga & Wilson-Taylor 2019; Carew & Errickson 2019), 

as it aids the measurement of osteometric criteria and anthropomorphic analysis (Recheis 

et al. 1999; Dedouit et al. 2007; Verhoff et al. 2008). Documentation by radiological 

imaging is classically described as observer-dependent and objective (Dedouit et al. 

2014).  
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Virtual anthropology provides considerable advantages relative to traditional methods, 

including: (i) visualisation throughout the entire object, including usually unobservable 

features; (ii) the permanent availability of virtual copies of the specimen; (iii) the 

possibility of obtaining high-density measurements across the whole geometry for 

quantitative analyses of form; (iv) a large range of options for data handling, statistics, 

visualization and data sharing; and (v) the reproducibility of procedures and 

measurements (Weber & Bookstein 2011; Davy-Jow & Decker 2014; Weber 2015).  
 

1.3.  Aims and Objectives 

 

Irrespective of the ever-growing number of unidentified cadavers and human remains, 

accurate age estimation methods are necessary due to the rise in cases requiring age 

estimation in living individuals with no valid proof of date of birth (Ritz-Timme et al. 

2000; Baccino et al. 2013; Franklin et al. 2016; Doyle et al. 2019). The main objective of 

the present research project is to formulate forensic anthropological standards for age 

estimation based on the analysis of a contemporary Malaysian population. The specific 

aims are as follows: 

 

(i) To quantify the accuracy and applicability of existing age estimation methods 

in a Malaysian population 

The majority of extant age estimation methods are based on the analysis of skeletal 

material representative of non-contemporary Western populations. As it is largely 

recognised that anthropological standards are population specific (see above), their 

repeatability, reliability and accuracy for application in a Malaysian population must be 

empirically tested and statistically quantified. In the absence of a documented (known 

sex, age and ancestry) skeletal reference collection representative of the contemporary 

Malaysian population, achievement of the latter requires an alternative source of 

biological data. This study will thus quantify the accuracy and applicability of three 

existing adult age estimation methods based on the assessment of multi-detector 

computed tomography (MDCT) scans of the skull and pelvis, and dental 

orthopantomographs (OPGs). Data collection will be performed following the directives:  

 

(i) Secondary dentin formation (pulp-to-tooth ratio):  Kvaal et al. (1995) 

(ii) Spheno-occipital synchondrosis fusion: Franklin and Flavel (2014) 

(iii) Pubic symphysis metamorphosis: Brooks and Suchey (1990) 
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As Malaysia is a multi-ethnic and multi-cultural country, a series of analyses will be 

concurrently performed to explore population variation in age estimation accuracy, for 

the explicit purpose of ascertaining whether ancestry and sex-specific statistical models 

are necessary. The latter is clearly required if there is a significant difference among 

ancestral and/or sex groups, because such variation would influence age estimation 

accuracy (Rosnah et al. 2009; Franklin 2010). Conversely, the application of a generic 

standard for all three major ancestral groups is feasible if no significant differences are 

found. It would also serve as a practical solution concerning the age estimation process, 

as identification of specific intra-population ancestral groups based on skeletal 

morphology alone is generally difficult (Steadman 2012; Hefner & Ousley 2014; Wagner 

et al. 2017). 

 

(ii) To examine whether a multifactorial approach provides an increase in age 

prediction accuracy and/or a reduction in bias  

A multifactorial approach for estimating skeletal age involves the examination of multiple 

morphological markers in the same individual. This approach is suggested to provide 

higher accuracy and lower bias because it creates a broader representation of skeletal 

aging effects compared to relying on any single indicator. This is an important 

consideration because  different regions of the skeleton can age at different rates and/or 

some regions are inherently more easily influenced by extrinsic variation (e.g., Uhl & 

Nawrocki 2010; Bassed et al. 2011). The latter will be explored using multivariate 

statistical analyses to develop regression formula for age estimation, whereby the 

dependency of age is assessed in relation to morphological changes (in combination and 

individually) in the dental pulp-to-tooth ratio, fusion in the spheno-occipital 

synchondrosis and pubic symphysis. The results will facilitate statistical models for age 

estimation that are both optimised for the Malaysian population and afford the highest 

degree of prediction accuracy based on the region(s) available for study. 

 

(iii) To apply novel statistical approaches for the development of population 

specific age estimation models 

Estimating age is a crucial part towards establishing identity and as such there needs to 

be a high degree of confidence in the final outcome. One issue inherent in current adult 

age estimation approaches based on phase assignation is that the metamorphosis of 

skeletal traits is forced into discrete categories, where in reality they represent a 

continuous process. To that end, the present study aims to formulate forensic age 
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estimation models using novel statistical approaches that allow the estimation of complete 

age-at-death distribution and individual age-at-death, grounded in robust objective 

methods and supported by probabilities. These include Bayesian statistics to investigate 

population variation where this method reduces typical bias inherent in the regression 

model approach and can incorporate multiple predictors (Konigsberg & Frankenberg 

2013; Ferrante et al. 2015). Also, Transition Analysis, in which the analysis relies upon 

the estimated age of transition between adjacent stages of an age phase or trait (Boldsen 

et al. 2002; Hurst 2010; Milner & Boldsen 2012), thus producing age estimation standards 

for the Malaysian population. These standards are necessary because it enables the most 

accurate age estimation based on the analysis of skeletal remains. Using appropriate 

statistical methods to report age estimations as a function of measured morphological 

variables is critical in a medico-legal context. 

 

1.4. Significance of the Research 

 

The present study explores human identification through physical characteristics. Dental 

and bone dimensions have been used for the estimation of age, sex, ancestry, and stature 

of an individual. However, despite the known relationship between body parameters that 

have been determined, it has been emphasized that these vary between and within 

populations comprising different ancestral backgrounds, due to differences in 

generational structures, nutrition, levels of physical activity, environmental factors and 

genetics (amongst others) (Morse et al. 1991a,b; Whittaker 2000; Buk et al. 2012; 

Christensen et al. 2014). Studying intra- and inter-population variations in different 

morphological characters has long been of interest due to the limited understanding of 

population variability. It is acknowledged that age-related changes in the adult skeleton 

vary significantly and are both individualistic and population specific. Degenerative 

morphologies are clearly affected by factors such as health status, occupation, nutrition, 

and endocrine function (Scheuer & Black 2007; Christensen et al. 2014). Socioeconomic 

changes have resulted in secular change both within and between populations (Matsuoka 

et al. 1999; Purves et al. 2011; Kanchan & Krishan 2013; Chin et al. 2016). 

 

This thesis is focused on the fact that currently there are no systematic standards available 

for adult age estimation in the Malaysian population in the context of forensic 

anthropology. The significance of the present research is its potential to contribute to 

population specific standards for the Malaysian population. It is important to identify a 
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deceased person, firstly for the dignity for the deceased and secondly to provide closure 

for the bereaved. It is mainly performed for the purpose of satisfying the basic human 

rights of an individual to be properly identified before legal disposal (UDHR 1948). It is 

also conducted to ensure that the needs of surviving relatives are satisfied and to allow 

them to properly inters the body according to their religious and/or cultural practice. 

 

Identification is also important to assist a police investigation involving a death in 

suspicious circumstances, or one that is clearly a homicide. The identification may be a 

process of establishing who the person is as a part of the investigation. In criminal courts, 

identification is essential in cases such as persons accused of assault, rape and murder 

(amongst others) (Franklin 2010; Franklin et al. 2016). The contribution of forensic 

anthropology is also extremely important in Disaster Victim Identification (DVI) when 

severe skeletal fragmentation and commingling has occurred, such as the South-East 

Asian tsunami, the loss of Malaysia Airlines Flight MH 17 in Eastern Ukraine and 

clandestine multiple graves (Blau & Briggs 2011; Christensen et al. 2014; Kaiser 2014; 

Ranson 2015; Mohd Noor 2017; de Boer et al. 2018; Figura 2018; Guyomarc’h & 

Congram 2019).  

 

1.5. Sources of Data 

 

This study analyses MDCT scans and dental OPGs from a Malaysian population with the 

specific aim of formulating forensic age estimation standards. The post-mortem MDCT 

scans are sourced from the National Institute of Forensic Medicine (NIFM), Hospital 

Kuala Lumpur (HKL), and patient scans and dental OPGs are from Hospital Sultanah 

Aminah (HSA) Johor Bahru. NIFM is the only facility in Malaysia that conducts MDCT 

scanning of the whole body for every deceased person prior to post-mortem examination 

(scanning resolution: 1.0 mm for the head and 2.0 mm for the rest of the body). HSA is 

the tertiary referral hospital for the state of Johor. MDCT scans and dental OPGs 

exhibiting normal, functional region of interest are anonymised (except for age, sex and 

ancestry data). The sample employed in this study is mitigated by implementing 

comprehensive inclusion/exclusion criteria and these individuals are regarded as 

“healthy”, with no documented skeletal abnormalities. The forensic sample compilation 

was co-ordinated by Dr Nurliza Abdullah (Consultant Forensic Pathologist) and Dr 

Mohamad Helmee Mohamad Noor (Forensic Radiologist), whereas for the patient 
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sample, the coordinator was Dr Khatijah Abu Bakar (Head of Department, Department 

of Radiology HSA). 

 

Ethical approvals to undertake this project were granted by the Human Research Ethics 

Committee of the University of Western Australia (Reference No. RA/4/1/8352) on 31st 

of May 2016 (see Appendix I(i)) and the Medical Research Ethics Committee, Ministry 

of Health Malaysia (Reference No. (05) KKM/NIHSEC/P16-1344) on 1st of September 

2016 (see Appendix I(ii)). Further specific details of the sources of data analysed in the 

present study are accordingly described in the relevant Materials Chapters for each study. 

 

1.6. Potential Limitations of the Study 

 

The present study involves the analysis of previously collected anonymised clinical and 

forensic MDCT scans and dental OPGs from hospital databases. Therefore, there is an 

obvious sampling bias towards only those individuals who have attended the defined 

hospitals (i.e., HKL and HSA); they are commonly presented with a given condition or 

underlying pathology that require treatment and/or post-mortem examination. Data might 

be geographically limited to those who lived in Kuala Lumpur and Johor (and its 

surrounding areas) in Peninsular Malaysia.  

 

Any medical images for research purposes are anonymised to protect the privacy of those 

individuals and to conform to standard ethical requirements. All MDCT scans and dental 

OPGs utilised in this project were de-identified upon receipt and descriptors were limited 

to age, sex and ancestry. The sample assessed were from three major ancestral groups 

(i.e., Malay, Chinese and Indian) and did not include other minorities. As the ancestry 

parameter in clinical databases is usually self-reported, the issue of mixed ancestry was 

not (and could not be) addressed. Also, it was not possible to determine socioeconomic 

status of each individual (e.g., lifestyle, nutrition, health condition, occupation and others) 

that may lead to variation in skeletal morphology. Although the unattainability of patient 

background information is a limitation of all studies utilising medical images, it may 

introduce a potential, unknown source of variation. 
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1.7. Thesis Format 

 

This thesis is in agreement with The University of Western Australia Doctor of 

Philosophy Rules for the content and format of a thesis (39-45) and is presented as 

explanatory chapters; published articles (see Appendix II) are extended to include further 

details and negative results. There are five parts in this thesis, which is followed by the 

References and Appendices.  

 

In Part I (Chapters One to Three), the background to the study is described and the 

literature relevant to adult age-at-death estimation is reviewed. The next three parts 

present the independent studies on selected techniques for aging adult skeletons: Part II 

(Chapters Four to Seven) on secondary dentin formation (pulp-to-tooth ratio method), 

Part III (Chapters Eight to Eleven) on spheno-occipital synchondrosis fusion, and Part IV 

(Chapters Twelve to Fifteen) on pubic symphysis metamorphosis. Each study is 

performed with common underlying objectives of formulating highly accurate Malaysian 

standards for forensic age estimation. The format of this thesis meant that some 

methodological material is repeated to facilitate cohesive reading of the three discrete 

parts. This is followed by Part V (Chapter Sixteen) that integrates and summarises the 

main findings of the thesis. References for all chapters are combined at the back of the 

thesis. The five parts of this thesis are summarily described below and illustrated in Figure 

1.1. 

 

1.7.1. Part I: Background to the Study and Review of Literature  

The introduction to the present thesis is subdivided into three chapters. ‘Chapter One: 

Introduction and Background to the Study’, presents the study background, the aims and 

objectives, its significance, the sources of data and the potential limitations of the study. 

This chapter concludes with the thesis format. In ‘Chapter Two: Adult Age Assessment 

from the Human Skeleton’, an overview of adult age-at-death estimation methods, 

divided by dental and skeletal, is provided. The dental methods reviewed are restricted to 

those recommended by the American Board of Forensic Odontology, while the skeletal 

methods are limited to morphological approaches. ‘Chapter Three: Transposition of 

Selected Age Estimation Methods to Computed Tomographic Images’ presents an 

extended critical literature review of three age indicators used in the present research 

project (i.e., secondary dentin formation in pulp chamber, spheno-occipital synchondrosis 

fusion and pubic symphysis metamorphosis). This includes gross morphology of the 
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bone, the history of the methods development and the contributions and validation studies 

of each selected method. 

 

1.7.2. Part II: Age Estimation Standards for a Malaysian Population based on 

Quantification of Secondary Dentin Formation 

Part II illustrates the project undertaken to construct forensic dental age estimation 

standards for a Malaysian population based on the pulp-to-tooth ratio method to quantify 

secondary dentin formation developed by Kvaal et al. (1995). This part is subdivided into 

four chapters, which are ‘Chapter Four: Introduction’, ‘Chapter Five: Materials and 

Methods’, ‘Chapter Six: Results’, and ‘Chapter Seven: Discussion and Conclusions’. 

 

1.7.3.  Part III: Age Estimation Standards for a Malaysian Population based on 

Quantification of Spheno-Occipital Synchrondrosis  Fusion 

Part III depicts the project undertaken to formulate forensic age estimation standards for 

a Malaysian population based on the scoring system of spheno-occipital synchrondrosis 

fusion status as modified by Franklin and Flavel (2014). This part is subdivided into four 

chapters, which are ‘Chapter Eight: Introduction’, ‘Chapter Nine: Materials and 

Methods’, ‘Chapter Ten: Results’, and ‘Chapter Eleven: Discussion and Conclusions’. 

 

1.7.4.  Part IV: Age Estimation Standards for a Malaysian Population based on 

Quantification of Pubic Symphysis Metamorphosis 

Part IV describes the project undertaken to produce forensic age estimation standards for 

a Malaysian population based on the pubic symphysis metamorphosis as proposed by 

Brooks and Suchey (1990). This part is subdivided into four chapters, which are ‘Chapter 

Twelve: Introduction’, ‘Chapter Thirteen: Materials and Methods’, ‘Chapter Fourteen: 

Results’, and ‘Chapter Fifteen: Discussion and Conclusions’. 

 

1.7.5.  Part V: Integration and Final Conclusions 

Part V comprises a single chapter, ‘Chapter Sixteen: Integration and Final Conclusions’. 

This final section integrates Parts I, II, III and IV and provides a summary of the 

individual projects, in which a series of conclusions are then drawn. The chapter also 

includes implications of the present research project and suggestions for the direction of 

future research. 
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Figure 1.1. Summary of the content of the present thesis. 

Method Trait Age range New Contribution Expected Results 

Kvaal et al. 
(1995) 

Secondary dentin 
formation in teeth 

16-80 years - Applicability to MDCT scans and OPGs 
(originally on periapical radiographs) 
- Malaysians (originally in Norwegians) 

Multiple regression models for individual and 
combined teeth, individual- and pooled-sex, and each 
ancestral group 

Method Trait Age range New Contribution Expected Results 

Franklin & Flavel 
(2014) 

Spheno-occipital 
synchondrosis fusion 

5-25 years - Malaysians (originally in Western 
Australians) 

Mean age for each phase (SD), mean age-at-transition 
for successive phases, age prediction models 

Method Trait Age range New Contribution Expected Results 

Brooks & Suchey 
(1990) 

Pubic symphysis 
metamorphosis 

15-83 years - Applicability to MDCT scans (originally 
on physical bones) 

- Malaysians (originally in Americans) 

Mean age for each phase (SD), mean age-at-transition 
for successive phases, age prediction models 

Integration and Final Conclusions 

RESEARCH GAP: 
Morphological and morphometric osteological parameters for age estimation show a strong bias in 
respect to population and sex; such data are not available for Malaysians due to a lack of 
documented human skeletal collection. 
 

AIMS & OBJECTIVES: 
1. To quantify the accuracy and applicability of existing age estimation methods in a Malaysian population. 
2. To examine whether a multifactorial approach provides an increase in age prediction accuracy and/or a reduction in bias. 
3. To apply novel statistical approaches for the development of population specific age estimation models. 

RESEARCH OUTCOMES: 
Age estimation standards from secondary dentin formation, spheno-occipital 
synchondrosis fusion and pubic symphysis metamorphosis in a Malaysian 
population with higher degree of accuracy rates will be formulated and validated. 

PROBLEM STATEMENT: 
There is a paucity in extensive examinations of skeletal data 
from the Malaysian population with exact knowledge of 
age, sex and ancestry. 

SIGNIFICANCE OF RESEARCH: 
To contribute to contemporary Malaysian standards for age estimation in 
biological profiling, and novel approaches to identify unknown remains. 
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Chapter Two 

 

Adult Age Assessment from the Human Skeleton 

 

 

 
2.1.  Introduction 

 

Aging individuals from the skeleton is a fundamental part of forensic anthropology and 

is a particularly informative aspect of the biological profile, which is needed in forensic 

human identification (Franklin 2010; Christensen et al. 2014; Algee-Hewitt 2017; 

Langley et al. 2017; Schaefer et al. 2018; Ubelaker & Khosrowshahi 2019). Age-at-death 

estimation can contribute to the identification of a descendent as that data help to 

significantly narrow the pool of potentially matching victims by presenting a probable 

age range of the deceased or victim (Kemkes-Grottenthaler 2001; Kimmerle et al. 2008; 

Kruger et al. 2018). Other additional contributions of age estimation are in the search for 

human remains, in cases of child neglect, for craniofacial reconstruction, and to provide 

a demographic profile for mass graves and distinguish commingled remains (Christensen 

et al. 2014; Marquez-Grant 2015; Ubelaker et al. 2019). Age estimation in living 

individuals help authorities determine whether individuals have reached the designated 

age that separate juvenile from an adult – this is important in cases of refugees, asylum 

seekers, unaccompanied minors, human trafficking, criminal responsibility and child 

pornography, eligibility for social benefits, the age permissible for vehicular licence and 

age of legal majority (i.e., the age to be legally considered an adult) (Herschaft et al. 2006; 

Black et al. 2010; Lewis & Senn 2013; Christensen et al. 2014; Franklin et al. 2015; 

Schaefer et al. 2018; Doyle et al. 2019; Ubelaker et al. 2019). In Malaysia, the age of 18 

years affects legal decisions (possible prosecution or detention in the correctional 

facility), as that age represents the legal majority (Malaysia Age of Majority Act 1971). 

  

From a forensic point of view, age at the time of death is the time lapse between the birth 

and death of the individual (chronological age); this is strictly defined by time, hence the 

chronological age at death is an integer (Christensen et al. 2014; Langley & Dudzik 2017). 
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Skeletal age refers to the physiological state of an individual, where various skeletal traits 

have been shown to degenerate with age in a predictable manner (DiGiovanna 2000; 

Garvin et al. 2012; Langley et al. 2017; Hartnett-McCann et al. 2018; Nawrocki et al. 

2018). If the information on chronological age is not available, skeletal age estimation 

can be made based on the biological maturity of the body (i.e., correlating skeletal with 

chronological age) by using dental and skeletal age as a proxy, thus skeletal age at death 

is by necessity an interval (Christensen et al. 2014; Langley & Dudzik 2017). Irrespective, 

age estimation is not always directly related and allows only an approximate methodology 

to chronological age because it is subjected to intra- and inter-individual variations, where 

the age-related changes are individual and population specific depending on genetics, 

environmental factors, nutrition and activity level, amongst others (Scheuer 2002; 

Blenkin 2009; Christensen et al. 2014; Dedouit et al. 2014; Villa & Lynnerup 2014; Mays 

2015; Langley & Dudzik 2017; Ubelaker & Khosrowshahi 2019; Ubelaker et al. 2019). 

 

Skeletal growth and dental development are particularly useful for identifying sub-adults, 

whereas degeneration, remodelling and deterioration are suitable for individuals who 

have reached full skeletal maturity (Barker et al. 2008; Leo et al. 2013; Algee-Hewitt 

2017; Langley et al. 2017; Hartnett-McCann et al. 2018; Schaefer et al. 2018). Age 

assessment in adults relies on biological changes that occur throughout life as age-related 

changes in the skeleton may reflect different phases of the lifespan. Age estimation is 

achieved by examining the age-related morphology of bony elements (Franklin 2010; 

Purves et al. 2011; Algee-Hewitt 2017; Langley et al. 2017; Hartnett-McCann et al. 2018). 

Patterns of aging are detectable at both the macroscopic (direct observation and 

radiological examination) and microscopic level (İşcan & Loth 1989; Langley et al. 2017; 

Hartnett-McCann et al. 2018; Schaefer et al. 2018). However, aging is a complex process 

that affects a wide variety of bodily functions, thus different skeletal traits may be under 

different influences and hence indicate different biological age (Arking 2006; Garvin et 

al. 2012; Nawrocki et al. 2018). 

 

The relative value of skeletal age indicators is evaluated based on accuracy, which is the 

difference between predicted and actual age (Taylor & Blenkin 2010; Algee-Hewitt 

2017). General accuracy and precision will decrease as the decedent’s age advances 

because many biological changes in the soft tissue and bones that occur at regular times 

and rates are highly constrained into the late twenties (Komar & Buikstra 2008; Pickering 

& Bachman 2009; Nawrocki 2010; Milner & Boldsen 2012). Further, degenerative 
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process inherently involves more variation because the increased number of years allows 

potentially greater internal differences to develop in the various age indicators, hence the 

broader age-range estimates (Ubelaker 2008; Garvin et al. 2012; Nawrocki et al. 2018). 

 

The skeletal system engages in a systematic growth process that will eventually transform 

into a degenerative state once maturation has occurred (Maples 1989). While the complex 

breakdown of the skeleton occurs gradually at a relatively predictable rate, these changes 

are not similar in every individual because of sex, genetic variation, physical activity 

level, socio-economic status, alcohol and drug abuse, personal habits, disease, treatments, 

and accidents (Buikstra & Ubelaker 1994; Aykroyd et al. 1999; Ritz-Timme et al. 2000; 

Schmeling 2000; Klepinger 2006; Konigsberg et al. 2008; Lewis & Senn 2013; İşcan & 

Steyn 2013; Ubelaker & DeGaglia 2017). These factors have the capacity to stunt and/or 

slow the development process (Cardoso 2007; Conceição & Cardoso 2011; Stinson et al. 

2012). In addition, the degenerative processes are due in large part to the environment, 

with temperature and humidity as key factors in triggering initial bone changes in 

individuals especially to populations of low socioeconomic status and/or living in harsh 

environments (Belkin et al. 1998; Nawrocki 2010; Uhl 2013; Mays 2015; Algee-Hewitt 

2017). 

 

Forensic anthropologists derive individual age-at-death estimation based on experience 

and research data on age changes within global populations (Scheuer 2002; Konigsberg 

et al 2008). It is acknowledged that human biological variation exists and often structured 

geographically, where populations tend to be more similar to neighbouring populations 

than to those farther away, because of gene flow and/or shared history (Plato et al. 1994; 

Mielke et al. 2011). Previous literature has demonstrated that skeletal aging is known to 

occur at different rates and timing of developmental changes in different populations 

(Katz & Suchey 1989; White & Folkens 2005; Ubelaker 2008; Uhl 2013; Langley & 

Dudzik 2017; Ubelaker & Khosrowshahi 2019). Methods developed based on skeletal 

collections that belong to a specific population cannot be used on the other global 

populations due to variation in physical and genetic characteristics of these different 

populations, hence it is necessary to use population-specific standards for age estimation 

in a forensic context (Baccino & Schmitt 2006; Cunha et al. 2009; Bassed et al. 2010; 

Franklin 2010; Franklin et al. 2016; Langley & Dudzik 2017; Ubelaker & Khosrowshahi 

2019). 
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This chapter presents a general review of techniques for adult skeletal age assessment; 

the specific intention is to discuss the most common methods available to forensic 

anthropologists. For clarification, the time period for adulthood is those ages occurring 

during the mature, degenerative stage of skeletal change, which is 17 years and older 

(Bogin 1999; Lewis 2009; Christensen et al. 2014). The objective is to examine the 

applicability of different techniques in diverse bones, and to compare those techniques to 

the selected methods examined in the present study (i.e., secondary dentin formation in 

teeth, spheno-occipital synchondrosis fusion and pubic symphysis metamorphosis), with 

the ultimate aim to formulate population-specific standards. Literature concerning 

geometric morphometrics in anthropology is not covered in the present thesis. 

 

2.2.  Adult Dental Age Estimation 

 

The dentition is important in the identification of unknown remains towards developing 

a biological profile, especially in relation to their post-mortem longevity, with the teeth 

being well-preserved in various contexts (e.g., mutilated and/or burnt bodies) (Harris et 

al. 2010; Zinni & Crowley 2013, 2017; Balasuriya & Doyle 2019). Dental age estimation 

in adults is largely based upon the degenerative processes, or the techniques that quantify 

histological, biochemical, or wear changes in teeth. These changes include attrition, 

erosion, abrasion, internal resorption, external resorption, staining and positional 

relationship (Silver & Souviron 2009).  Most of these changes are related to the function 

of the dentition, which are affected by individual lifestyle (including alcohol and drug 

abuse, nutrition, intensive physical labour, disease, treatments, and accidents, amongst 

others) (Walker et al. 1991; Whittaker 2000; Lewis & Senn 2013; Zinni & Crowley 

2017). Differences have been observed between sexes, as well as populations or ancestral 

groups (e.g., McKee & Molnar 1988; Mincer et al. 1993; Lewis & Senn 2010). 

 

Forensic dental age estimation has expanded its applications and value to meet 

medicolegal needs. The evaluation of the dental tissues is regarded as an accurate (i.e., 

low associated standard error) and appropriate tool for the assessment of age at death, 

albeit following basic guidelines: (i) the most appropriate methods should be applied; (ii) 

large population specific studies should be utilised where possible; (iii) the applied study 

should be ancestrally and sex specific; (iv) the odontologist must consider any 

environmental factors; (v) all available methods for age estimation should be considered; 

(vi) individual techniques that look at multiple variables tend to produce high accuracy 
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rates; and (vii) a combination of techniques will likely give the most accurate results 

(Lewis & Senn 2013; Zinni & Crowley 2017).  

 

For practical purposes in age estimation cases, the American Board of Forensic 

Odontology (ABFO) has recommended a dental age assessment procedure based on 

techniques that may be applied depending on the specific circumstances of the case, 

including: whether the individual is living or deceased; if a tooth be ethically extracted 

for examination; if radiographic analysis is available; or if a visual external examination 

the only means of evidence collection (Solheim & Kvaal 2000; Ritz-Timme et al. 2000; 

Willems et al. 2002; Soomer et al. 2003). Specific methods on adult dental age estimation 

recommended by the ABFO is shown in Figure 2.1.  

 

 
 

Figure 2.1. Adult dental age estimation methods (from ABFO 2016). 
 

Secondary dentin formation is the most useful dental criteria for adult age estimation 

(other than root transparency) (ABFO 2018). The ultimate aim of this thesis is to 

formulate and validate population-specific standards for forensic age estimation, hence 

the following section will discuss morphological and/or radiographs dental age estimation 

methods applicable to both living and deceased individuals, which are the work of Kvaal 

et al. (1995) and Cameriere et al. (2004, 2007). Methods based on post-formation changes 

that require extraction or extraction and sectioning (i.e., Bang & Ramm 1970, Johanson 

1971, Maples 1978, Lamendin et al. 1992, and Prince & Ubelaker 2002), which is 

undesirable in both living and human remains due to religious or scientific reasons, are 

not included in this chapter. 
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2.2.1. Kvaal et al. (1995) 

Age estimation based on quantification of secondary dentin formation by analysing the 

pulp-to-tooth ratio as proposed by Kvaal et al. (1995) is chosen as one of the methods to 

be to be applied on dental orthopantomographs (OPGs) and multi-detector computed 

tomography (MDCT) scans of a Malaysian population and forms Part II of the present 

thesis. For detailed discussion on the reliability of this method, see Chapter Three Section 

3.2.3. 

 

In brief, Kvaal and colleagues (1995) reported an extensive method that allows estimation 

of age based on morphological measurements of two-dimensional radiographic features 

of individual teeth. The work of Kvaal et al. (1995) is an extension of Kvaal and Solheim 

(1994), in which the latter demands the tooth to be extracted (Willems 2000). The authors 

analysed radiographs of six different teeth from both the maxilla and mandible and took 

six measurements to calculate the ratios of dental pulp size as an indirect approach to 

quantify deposition of secondary dentin. Formulae calculated based on multiple 

regression analyses for each tooth or combined mandibular or maxillary teeth or for all 

six teeth may be used. The accuracy of this method was reported as ±8.6 to 11.5 years.  

 

Kvaal et al. (1995) has the important advantages of being non-invasive and not requiring 

tooth extraction, thus it can be applied in  a forensic and archaeological context, including 

living individuals. Further, clinical resource is readily available as dental radiography is 

a common current practice. 

  

2.2.2. Cameriere et al. (2004) 

Cameriere and co-researchers (2004) proposed a method to assess chronological age 

based on the relationship between age and the measurement of the pulp-to-tooth area ratio 

in single-rooted teeth. Their sample consisted of dental OPGs of 46 male and 54 female 

Italian Caucasians of 18 to 72 years of age. Labio-lingual radiographic images of intact 

and normal functioning teeth were taken. This preliminary study was limited to the right 

maxillary canine, in which pulp and tooth area, tooth, pulp and root length, and pulp and 

root width at three different levels were measured. Being the longest rooted teeth, the 

canines are present in each quadrant and may be the final tooth to be lost during life 

because they have a thick, well-embedded root in bone (Bowers 2004).  
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The following morphological variables were recorded: pulp-to-root length (p), pulp-to-

tooth length (r), pulp-to-root width at enamel-cementum junction (ECJ) level (a), pulp-

to-root width at mid-root level (c), pulp-to-root width at midpoint level between ECJ level 

and mid-root level (b) and pulp/tooth area ratio (AR). Only the ratio of pulp-to-tooth area 

(AR) and pulp-to-tooth width at mid-root level (c) contributed significantly to the linear 

function of estimating age: 

 

Age = 86.53 – 457.15AR – 22.98c (SEE ±5.35 years) 
  

where AR = pulp-to-tooth area, c = pulp-to-tooth width at mid-root level, and SEE = 
Standard Error of the Estimate. 

 

With less than 4 years as the median age of the absolute value of residual error and ±5.35 

years as the standard error of estimate, the pulp-to-tooth area ratio of the right maxillary 

canine was proven to be closely correlated with chronological age. Sex had no significant 

influence in age estimation when measurements of only one canine were used (F = 0.406, 

p = 0.526). However, it is important to note that this study utilised a small and 

homogenous sample of only 100 Caucasian individuals.  

 

2.2.3. Cameriere et al. (2007) 

Cameriere and co-investigators (2007) analysed digital periapical radiographs of the 

canines in 57 male and 43 female individuals of Caucasian origin aged 20 to 79 years 

from the documented osteological collection of Sassari, University of Bologna. These 

radiographs of archaeological, intact extracted teeth were taken in both labio-lingual and 

mesial directions. The teeth included in this study had no restorations, trauma, pathology, 

rotations and were in normal function. As in their previous research (Cameriere et al. 

2004), dental maturity was evaluated by measuring the pulp-to-tooth area ratio on upper 

(c1) and lower (c2) canines. To obtain an estimate of age-at-death, a multiple regression 

linear model with first-order interaction was developed with standard error of estimate as 

a measure for the rate of uncertainty. The following formula was presented: 

 
Age = 114.624 – 431.183x1 – 456.692x2 + 1798.377x1x2  (SEE ±3.36 years) 
 
where x1 = pulp-to-tooth area ratio on upper canine, x2 = pulp-to-tooth area ratio on lower 
canine, and SEE = Standard Error of the Estimate. 

 

The standard error of estimate was demonstrated to be ±3.36 years when both upper and 

lower canines were included in the statistical analysis. The stated accuracy was lower 
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when only one canine was considered; SEE ±4.38 years for the lower and SEE ±4.46 

years for the upper canine. This study acknowledged that the use of the maxillary and 

mandibular canines for accurate age estimations in adults is appropriate, plus they are 

often present in old age, are less likely to be subjected to major tooth wear (i.e., abrasion, 

attrition and erosion) compared to other anterior teeth, and they are the single-rooted teeth 

with the largest pulp area. These findings were non sex-specific, hence it can be applied 

in cases where sex is unknown or undetermined. However, this study is also limited by 

its small, homogenous sample (n = 100).  

 

2.3. Adult Skeletal Age Estimation 

 

The relative timing of skeletal maturity differs for each element and occurs at the point 

when all the epiphyses have fused. The skeleton continues to maintain its functions after 

growth, whilst the slow process of degeneration begins over time after development is 

complete (Aykroyd et al. 1999; Christensen et al. 2014). Even though these processes do 

not occur at the same rate, the genesis, growth and degradation changes in the bones 

throughout life can be used to estimate the age of the individual (i.e., stages and 

appearances of the areas of the skeleton) (Aykroyd et al. 1999).  

 

Forensic anthropologist should conduct an overall evaluation of the degenerative changes 

in the entire skeleton, score all available skeletal elements using the most appropriate 

methods and obtain probability-based estimate of the individual age-at-death 

(Christensen et al. 2014; Adserias-Garriga & Wilson-Taylor 2019). In this section, 

morphological methods used to estimate the age of an adult are explored. Each technique 

is generally based on progressive and/or degenerative morphological changes that occur 

after the bones have fully developed. These include cranial suture closure (e.g., Todd & 

Lyon 1924, 1925a,b,c; Meindl & Lovejoy 1985), spheno-occipital synchondrosis fusion 

(e.g., Bassed et al. 2010; Shirley & Janz 2011; Franklin & Flavel 2014), sternal extremity 

of the rib (e.g., İşcan et al. 1984, 1985), pubic symphysis metamorphosis (e.g., Todd 1920; 

Brooks & Suchey 1990) and the auricular surface of the ilium (e.g., Lovejoy et al. 1985; 

Murray & Murray 1991; Osborne et al. 2004). Significant studies for each region are 

discussed in the following section.  
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2.3.1. Cranial Suture Closure 

This is a controversial age marker in the skeleton; Stewart (1979:172) highlighted the 

opinion of Dwight (1890), “It is, I believe, pretty generally admitted among anatomists 

that the time and order of the closing of the cranial sutures are very uncertain, far too 

much so for them to be trustworthy guides to determine the age of the skull”. The 

development of the bones of the skull, along with the closure of the sutures, provide 

means of estimating age. The sutures in the vault of the skull are the edges where separate 

bones are joined. The degree of the suture closure can be assessed and scored to correlate 

with increasing age, as shown in Figure 2.2. 

 
 

 
 

Figure 2.2. Fusion states of the cranial sutures. Stage 0: Open suture; Stage 1: Suture is 
closed, but clearly visible as a continuous, often zigzagging line; Stage 2: Suture line 

becomes thinner, has less zig-zags and may be interrupted by complete suture; Stage 3: 
Only pits indicate where the suture is located; and Stage 4: Suture completely 
obliterated, even its location cannot be recognised (from İşcan & Steyn 2012). 

 

It is the timing of closure of sutures that results in fusion of the cranial bones, which is 

reportedly correlated with age (e.g., Todd & Lyon 1924,1925; Johnson & Snow 1961; 

Stewart 1962; Baker 1984; Meindl & Lovejoy 1985; Masset 1989). The major sutures of 

the cranial vault delineate inter-membranous bones and lack the more regulated growth 

and maturation times of cartilaginous growth plates. 
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(i) Todd and Lyon (1924, 1925a,b,c) 

Todd and Lyon (1924, 1925a,b,c)  wished to address the questions of estimating age from 

cranial suture closure by examining a large sample of documented age with both 

European-American and African-American individuals. The authors noted the definite 

pattern of cranial suture closure and believed that it can be utilised to provide an estimate 

of skeletal age. Their sample consisted a total of 514 skulls of known age of 307 

European-American males, 58 European-American females, 120 African-American 

males and 29 African-American females from the Western Reserve University (now 

known as the Hamann-Todd Collection). They observed both endocranial and ectocranial 

sutures and recorded greatest length, greatest breadth, cephalix index, cranial capacity 

and sites of Wormian bones. 

 

The vault system contained the sagittal, coronal and lambdoid sutures; the circum-meatal 

system consisted of the sphenotemporal, squamous, parietomastoid and occipitomastoid 

sutures, while the accessory group was made up of the sphenofrontal and sphenoparietal 

sutures. Suture sites were recorded a score from zero to four, where “0” equals no union, 

“1” equals one-quarter union, “2” equals one-half union, “3” equals three-quarters union, 

and “4” signifies complete union (Todd & Lyon 1924:331). The authors reported that 

suture closure commences on endocranial surface and then spreads unevenly through the 

rest of the skull. However, Todd and Lyon (1924) noted the large degree of individual 

variability and did not recommend using the method as the sole indicator of age.  

 

Although they noted the differences between sexes and populations, they believed that 

developing separate standards was not necessary as they underemphasised the differences 

across groups (Todd & Lyon 1925b). The authors also eliminated all crania with ages 

based on erroneous information and individual who did not follow what they determined 

as “normal” aging, thus introducing bias and indefinite criteria for using the sutures in 

age estimation.  

 

(ii) Meindl and Lovejoy (1985)  

Meindl and Lovejoy (1985) inspected the ectocranial surface only, which was previously 

disregarded by Todd and Lyon (1924, 1925a,b,c) for its tendency to be open in extreme 

ages. The Meindl and Lovejoy method was developed using a sample of 236 crania 

(however, sex and age distribution of the sample was not provided) from the Hamann-

Todd Collection. They published a method for age estimation from cranial suture closure 
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that involved observing 1-cm lengths of specific sites in the sutures relative to a four-

point scoring system from 0 (open) to 3 (completely obliterated). Ten sutural landmarks, 

divided into vault and lateral-anterior systems, are scored. Vault sites include 

midlambdoid, lambda, obelion, anterior sagittal, bregma, midcoronal, and pterion; lateral-

anterior sites include midcoronal, pterion, sphenofrontal, inferior sphenotemporal and 

superior spheno-temporal. These locations are shown in Figure 2.3. Composite scores are 

calculated by adding up the scores for sites within the vault and lateral-anterior systems. 

The composite scores correlate to mean ages and age ranges that are not sex-specific, as 

shown in Table  2.1. 
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Site Description 
1. 1 2. Midlambdoid Midpoint of each half of the lambdoid suture  

3. 2 4. Lambda The intersection of the sagittal and lambdoid sutures in the 
midline 

5. 3 6. Obelion 
At obelion (in ‘pars obelica’ of the sagittal suture); point on 
the sagittal sututre located at the level of the parietal 
foramina near the lambdoid suture 

7. 4 8. Anterior sagittal Point of the sagittal suture at the juncture of the anterior one-
third and posterior two-thirds of its length 

9. 5 10. Bregma The intersection of the coronal and sagittal sutures, in the 
midline  

6 11. Midcoronal Midpoint of each half of the coronal suture 

7 12. Pterion 
A region of the upper portion of the greater wing of the 
sphenoid, usually the point at which the parietosphenoid 
suture meets the frontal bone 

8 13. Sphenofrontal Midpoint of the sphenofrontal suture 

9 14. Inferior 
sphenotemporal 

Point on the sphenotemporal suture lying at its intersection 
with a line connecting both articular tubercles of the 
temporomandibular joint 

10 15. Superior 
sphenotemporal 

Point on the sphenotemporal suture lying 2 cm below its 
juncture with the parietal bone 

 
Figure 2.3. Cranial landmarks and systems following Meindl and Lovejoy (1985). 

  



Chapter Two Adult Age Assessment from the Human Skeleton  

 31 

Table 2.1. Composite scores for the ectocranial suture closure with associated age 
ranges following Meindl and Lovejoy (1985). 

 
Vault Sites  Lateral-Anterior Sites 

Composite 
Score S-Phase Age Range 

(years) 
 Composite 

Score S-Phase Age Range 
(years) 

0  <49  0  <50 
1-2 S1 18-45  1 S1 19-48 
3-6 S2 22-48  2 S2 25-49 
7-11 S3 24-60  3-5 S3 23-68 
12-15 S4 24-75  6 S4 23-63 
16-18 S5 30-71  7-8 S5 32-65 
19-20 S6 23-76  9-10 S6 33-76 

21 (closed)  40+  11-14 S7 34-68 
 

It is acknowledged that there is a general trend for sutures of the cranium to fuse and 

obliterate with increasing age as demonstrated in the method developed by Meindl and 

Lovejoy (1985), however, synostosis is affected by mechanical stress, genetics, amongst 

others (Cohen 1993). Differences in the synostosis of cranial sutures between the sexes 

have been reported (e.g., Brooks 1955; Galera et al. 1998; Nawrocki 1998). Brooks 

(1955) attempted age estimations at the individual level using the cranial suture closure 

method established by Todd and Lyon. She compared the skeletal remains of California 

Indians and the same modern sample from the Hamann-Todd Collection used in the 

original study of Todd and Lyon (1924, 1925a,b,c). The mean cranial age, however, did 

not correlate well with age. Brooks (1955:583) compared cranial suture closure to other 

age indicator (i.e., pubic symphysis) and revealed its lack of reliability, in which a ten-

year difference between pubic and cranial age in females was calculated; hence she 

concluded that cranial suture is “an unreliable age indicator, regardless of sex or race.”  

 

As the inaccuracy of the method was significant, this method by Todd and Lyon was 

deemed inappropriate for age estimation for forensic purposes. Other than that, cranial 

suture scoring system is subjective, and the location of suture sites can be confounding. 

The age ranges associated with the score are very broad, sometimes more than a 30-year 

interval, and there is extreme variability in the order and timing of suture closure (Brooks 

1955; McKern & Stewart 1957; Krogman & İşcan 1986; Saunders et al. 1992; Key et al. 

1994; Rösing et al. 2007; Shirley et al. 2013). The unreliability of this site for any precise 

estimation of age was emphasised, as clearly noted by the stating that “… the relationship 
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between degree of closure and age is therefore only general” (Meindl & Lovejoy 

1985:62). 

 

Literature acknowledged that cranial sutures obliterate with age (Todd & Lyon 1924, 

1925a,b,c; Meindl & Lovejoy 1985; Brooks 1955); Nawrocki (1998) analysed age-related 

changes of ecto- and endo-cranial sutures and presented regression formulae for 

estimating age with associated standard error of 7.0 to 12.9 years. However, further 

studies in global populations have found that they have poor correlation with 

chronological age, for instance, r = 0.116 (p = 0.483) in a Southeast Asian sample (Gocha 

et al. 2015), r = 0.121 (p = 0.118) in Thai individuals (Ruengdit et al. 2018) and r = 0.41-

0.49 (p<0.05) in a Greek sample (Xanthopoulou et al. 2018). Lynnerup and Jacobsen 

(2003) had demonstrated that specific cranial suture closure patterns (i.e., fractal 

dimensions of the sagittal and coronal sutures) also have poor correlation with 

chronological age (r = -0.209, p = 259). 

 

Cranial suture closure is not a reliable method of adult age estimation due to its 

imprecision and should be disregarded when other age markers can be used (Cox 2000; 

Klepinger 2006; Cunha et al. 2009; Pickering & Bachman 2009; Algee-Hewitt 2013, 

2017; Langley et al. 2017; Adserias-Gariga & Wilson-Taylor 2019). Cranial suture 

closure appears to be more closely related to individual brain and connective tissue 

development and somatic dysfunction (Smith & Tondury 1998), hence their use in 

forensic cases is limited to a general estimation of the adult’s age (Meindl & Lovejoy 

1985; Adserias-Gariga & Wilson-Taylor 2019). 

 

2.3.2. Spheno-Occipital Synchondrosis Fusion 

One site of the cranial suture closure that is strongly correlated with skeletal age is the 

spheno-occipital synchondrosis. Age estimation based on quantification of spheno-

occipital synchondrosis fusion is chosen as one of the methods to be to be applied onto 

MDCT images of a Malaysian population and forms Part III of the present thesis. For 

detailed discussion on the reliability of this method, see Chapter Three Section 3.3. The 

following is a brief introduction to age estimation based on spheno-occipital 

synchondrosis fusion. 

 

The spheno-occipital synchondrosis, although not a suture in the cranial vault, is one of 

the sutures of the occipital bone. Commonly known as the basilar suture, it has relevance 
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in age estimation due to its late closure, which is during the final stage of skeletal 

maturation in early adulthood (i.e., typically considered the skeletal indicator of the 

juvenile to adulthood transition) consequently making it a reliable method in the 

adolescent and young adult age range (Cox 2000; Scheuer & Black 2000; Barker et al. 

2008; Christensen et al. 2014).  

 

Earlier anatomical texts claimed that 95% of all individuals have basilar fusion by 20 to 

25 years of age, with a central tendency of 23 years (e.g., Krogman & İşcan 1986; 

Williams et al. 1995), while McKern and Stewart (1957) and McKern (1970) stated that 

it is completely closed by 21 years of age. These resources are clearly outdated. Recent 

research has shown that fusion of spheno-occipital synchondrosis can actually occur 

between 11 and 16 years in females and 13 and 18 years in males (i.e., around puberty) 

(Scheuer & Black 2000). The timing of this synchondrosis status has also been confirmed 

in computed tomography studies (e.g., Okamoto et al. 1996; Franklin & Flavel 2014; 

Lottering et al. 2015). Therefore, the inconsistency in the mean age of complete fusion in 

the literature is most likely due to methodological difference, age distribution of the 

sample and population variation. 

 

2.3.3.  Sternal Rib End 

The sternal rib ends (where the bone articulates to the costal cartilage) also undergo 

systematic age-related changes. These changes have been extensively investigated as the 

structure, position and function of the rib purportedly reflect age effects (İşcan & Loth 

1989). The sternal extremity of the rib was demonstrated to be an appropriate region to 

study age-related deterioration, as it is easily accessible, has consistent degenerative 

changes, and has minimal stress applied to the area. The findings of the first direct, 

systematic study of the sternal extremity of the rib itself was first presented by Loth and 

co-researchers (1983), and further assessment of the metamorphosis of the sternal end of 

the right fourth rib as an indicator of age at death was launched by İşcan and associates 

through extensive research work (1984a,b; 1985). İşcan and co-researchers quantified the 

age-related changes at this site and developed two techniques (i.e., phase and component 

phase analysis) to estimate age by direct examination of the sternal rib (see below). 

 

(i) İşcan et al. (1984a) 

The authors examined the morphological features of the sternal end of right fourth rib and 

determined that there were consistent, degenerative changes. The sternal extremity of the 
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right fourth rib was chosen because it is a representative true rib and can be easily 

extracted during a routine post-mortem examination. Phase analysis was based on nine 

metamorphical stages observed in the bones of European-American of both sexes. This 

method was first (İşcan et al. 1984a) described based on the examination of the right 

fourth rib of 118 European-American males from Broward County, Florida Medical 

Examiner’s Office.  

 

Ten younger ribs that had not reached maturity (16 years of age) were put into Phase 0 

and only specimens 17 years and older were included in the statistical analysis (age 

ranged from 17 to 85 years). The estimation of age from this region were based on 

changes “… in the form, shape, texture, and overall quality of the sternal rib” (İşcan et al. 

1984a:1096). Table 2.2 shows the description of the phases as provided by the authors 

(İşcan et al. 1984a) with age ranges added later to the original phase descriptions (İşcan 

& Steyn 2013). 
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Table 2.2. The phase scoring system for sternal rib end in males following İşcan et al. 
(1984a). 

 
Phase Description  

0 
(<16 

years) 

The articular surface is flat or 
billowy with a regular rim and 
rounded edges. The bone itself is 
smooth, firm, and very solid. 

 
1 

(16-18 
years) 

There is a beginning amorphous 
indentation in the articular surface, 
but billowing may also still be 
present. The rim is rounded and 
regular. In some cases, scallops 
may start to appear at the edges. 
The bone is still firm, smooth and 
solid. 

 

2 
(18-26 
years) 

The pit is now deeper and has 
assumed a V-shaped appearance 
formed by the anterior and 
posterior walls. The walls are thick 
and smooth with a scalloped or 
slightly wavy rim with rounded 
edges. The bone is firm and solid. 

 

3 
(19-33 
years) 

The deepening pit has taken on a 
narrow to moderately U-shape. 
Walls are still fairly thick with 
rounded edges. Some scalloping 
may still be present, but the rim is 
becoming more irregular. The bone 
is still quite firm and solid. 

 

4 
(21-36 
years) 

Pit depth is increasing, but the 
shape is still a narrow to 
moderately wide U. the walls are 
thinner, but the edges remain 
rounded. The rim is more irregular 
with no uniform scalloping pattern 
remaining. There is some decrease 
in the weight and firmness of the 
bone, however, the overall quality 
of the bone is still good. 

 
 

continued over 
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cont. 
Phase Description  

5 
(25-53 
years) 

There is little change in pit depth, 
but the shape in this phase is 
predominantly a moderately wide 
U. Walls show further thinning and 
the edges are becoming sharp. 
Irregularity is increasing in the rim. 
Scalloping pattern is completely 
gone and has been replaced with 
irregular bony projections. The 
condition of the bone is fairly good, 
there are some evidence of porosity 
and density loss.  

 

6 
(28-72 
years) 

The pit is noticeably deep with a 
wide U-shape. The walls are thin 
with sharp edges. The rim is 
irregular and exhibits some rather 
long bony projections that are 
frequently more pronounced at the 
superior and inferior borders. The 
bone is noticeably lighter in weight, 
thinner, more porous, especially 
inside the pit. 

 

7 
(40-78 
years) 

The pit is deep with a wide to very 
wide U-shape. The walls are thin 
and fragile with sharp, irregular 
edges and bony projections. The 
bone is light in weight and brittle 
with significant deterioration in 
quality and obvious porosity. 

 

8 
(>51 

years) 

In this final phase, the pit is very 
deep and widely U-shaped. In some 
cases, the floor of the pit is absent 
or filled with bony projections. the 
bone is very lightweight, thin, 
brittle, friable, and porous. 
“Window” formation is sometimes 
seen in the walls. 
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(ii) İşcan et al. (1984b) 

In their quest to develop a new age estimation method by using the sternal rib, İşcan and 

associates (1984b) noted that age-related changes begin with formation of an indentation 

in the medial articular surface. The study sample was also the right fourth rib, which was 

collected at autopsy from 93 European-American males between the age 17 and over 70 

years. The sternal extremity of these ribs was analysed in relation to pit depth (component 

I), pit shape (component II), and rim and wall configurations (component III). These three 

components were individually scored and placed into one of six stages, with the 

composite score of all components corresponding to an overall age range. Stage 

description provided by the authors (İşcan et al. 1984b:148-152) is shown in Table 2.3. 

 

 

 

 



Chapter Two Adult Age Assessment from the Human Skeleton  

 38 

Table 2.3. The component scoring system for sternal rib end in males following İşcan et 
al. (1984b). 

 
Stage Pit depth Pit shape Rim and walls 

0 
 

 
Flat to slightly 
billowy extremity 
with no indentation 
(pit) greater than 1.1 
mm. 
 

 
This stage is used for 
juvenile and 
adolescent specimens 
with no pit formation 
at the flat or billowy 
articular surface. 

 
The 0 designation is for those 
specimens with a regular rim 
and no wall formation. 

1 
 

 
Definite pit 
formation with a 
depth ranging from 
1.1 to 2.5 mm. 

 
A shallow, amorphous 
indentation (pit) is 
now present. 

 
Beginning walls with a thick, 
smooth regular rim. 

2 
 

 
Pit depth ranging 
from 2.6 to 4.5 mm. 
 

 
Formation of a V-
shaped pit with thick 
walls. 

 
Definitely visible walls that are 
thick and smooth with a 
scalloped or slightly wavy rim. 

continued over 
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cont. 
Stage Pit depth Pit shape Rim and walls 

3  
 

 
Pit depth ranging 
from 4.6 to 7.0 mm. 

 

 
The pit assumes a 
narrow U-shape with 
fairly thick walls. 

 

 
A transitional stage between 
the regularity in stage 2 and 
the irregularity in stage 4. The 
scalloped edges are 
disappearing, the walls are 
thinning but remain fairly 
sturdy without significant 
deterioration in the bone 
texture.  

4  
 

 
Pit depth ranging 
from 7.1 to 10.0 
mm. 
 

 
Wide U-shaped pit 
with thin walls. 
 

 
The rim is becoming sharper 
and increasingly irregular with 
more frequent bony 
projections often most 
pronounced at the cranial and 
caudal margins of the rib. The 
walls show further thinning 
and are less sturdy with 
noticeable deterioration in 
texture. 

5  
 

 
Pit depth of 10.1 or 
more. 

 
The pit is still a wide 
U-shape, yet deeper, 
more brittle, and 
poorer in texture 
with some 
disintegration of 
bone. 

 
The texture shows extreme 
friability and porosity. The rim 
is very sharp, brittle and highly 
irregular with long bony 
projections. Occasionally, as 
the depth of the pit increases, 
windows are formed in areas 
where the walls are not 
complete. 
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(iii) İşcan et al. (1985) 

It was later observed that the ribs of females age differently in onset, rate and pattern. 

Thus, separate phase standards were introduced (İşcan et al. 1985). The female phase 

descriptions were based on a sample of 83 European-American females aged 14 to 90 

years from the same source, also following the method in their previous study (İşcan et 

al. 1984a). The description given by the authors (İşcan et al. 1985:855-859) is shown in 

Table 2.4. 
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Table 2.4. The phase scoring system for sternal rib ends in females following İşcan et 
al. (1985). 

 
Phase Description  

0 
(<13 

years) 

The auricular surface is nearly flat with 
ridges or billowing. The outer surface of 
the sternal extremity of the rib is bordered 
by what appears to be an overlay of bone. 
The rim is regular with rounded edges, and 
the bones itself is firm, smooth, and very 
solid. 

 

 
 

1 
(14-15 
years) 

A beginning, amorphous indentation can 
be seen in the articular surface. Ridges or 
billowing may still be present. The rim is 
rounded and regular with a little waviness 
in some cases. The bone remains solid, 
firm and smooth. 

 

 

2 
(14-20 
years) 

The pit is considerably deeper and has 
assumed a V-shape between the thick, 
smooth anterior and posterior walls. Some 
ridges or billowing may still remain inside 
the pit. The rim is wavy with some 
scallops beginning to form at the rounded 
edge. The bone itself is firm and solid. 
 

 

 

3 
(19-26 
years) 

There is only slight if any increase in pit 
depth, but the V-shape is wider, sometimes 
approaching a narrow U as the walls 
become a bit thinner. The still rounded 
edges now show a pronounced, regular 
scalloping pattern. The anterior or 
posterior walls or both may first start to 
exhibit a central, semicircular arc of bone. 
the rib is firm and solid.  

 

4 
(19-37 
years) 

There is an increase in the depth of the pit, 
which now has a wide V- or narrow U-
shape with, at times, flared edges. The 
walls are thinner but the rim remains 
rounded. Scalloping is still present along 
with the central arc; the scallops are not as 
well-defined and the edges look worn 
down. The quality of the bone is fairly 
good but there is some decrease in density 
and firmness. 

 

continued over 
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cont. 
Phase Description 

5 
(16-64 
years) 

The depth of the pit is about the same, but 
the thinning walls are flaring into a wider 
V- or U-shape. A smooth, hard, plague-
like deposit lines at least part of the pit. 
No regular scalloping pattern remains, the 
edge is beginning to sharpen. The rim is 
becoming more irregular, but the central 
arc is still the most prominent projection. 
The bone is lighter in weight, density and 
firmness. The texture is somewhat brittle. 

 

6 
(21-81 
years) 

An increase in pit depth is again noted, 
and its V- or U-shape has widened again 
because of pronounced flaring at the end. 
The plague-like deposit may still appear 
but is rougher and more porous. The walls 
are quite thin with sharp edges and an 
irregular rim. The central arc is less 
obvious and in many cases, sharp points 
project from the rim of the sternal 
extremity. The bone itself is fairly thin 
and brittle with some signs of 
deterioration. 

 

7 
(43-88 
years) 

In this phase, the depth of the 
predominantly flared U-shaped pit not 
only shows no increase, but actually 
decreases slightly. Irregular bony growths 
are often seen extruding from the interior 
of the pit. The central arc is still present in 
most cases but is now accompanied by 
pointed projections, often at the superior 
and inferior borders, yet may be 
evidenced anywhere around the rim. The 
very thin walls have irregular rims with 
sharp edges. The bone is very light, thin, 
brittle, and fragile, with deterioration most 
noticeable inside the pit. 

 

continued over 
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cont. 
Phase Description 

8 
(>62 

years) 

The floor of the U-shaped pit in this final 
phase is relatively shallow, badly 
deteriorated, or completely eroded. 
Sometimes it is filled with bony growths. 
The central arc is barely recognisable. 
The extremely thin, fragile walls have 
highly irregular rims with very sharp 
edges, and often fairly long projections of 
the bone at the inferior and superior 
borders. “Window” formation sometimes 
occurs in the walls. The bone itself is in 
poor condition – extremely thin, light in 
weight, brittle, and fragile. 

 

 

The İşcan method (1984a, 1985) provides nine phases for both male and female covering 

ages of 14 years to the 80s. The original inclusion tables of descriptive statistics showed 

that the sample sizes for each phase description vary from one to 18, with associated 

statistics including mean, standard deviation, standard error, 95% confidence interval and 

age ranges per phase (mean ±2 SD years), as shown in Table 2.5.  

 

Table 2.5. Descriptive statistics of rib phases (in years) in males and females following 
Işcan et al. (1984a, 1985). 

 

Phase 
Males  Females 

n Mean 
Age SD Range  n Mean 

Age SD Range 

1 4 17.3 0.50 16.3-18.3  1 14.0 - - 
2 15 21.9 2.13 17.6-26.2  5 17.4 1.52 14.4-20.4 
3 17 25.9 3.50 18.9-32.9  5 22.6 1.67 19.3-25.9 
4 12 28.2 3.83 20.5-35.9  10 27.7 4.62 18.5-36.9 
5 14 38.8 7.00 24.8-52.8  17 40.0 12.22 15.6-64.4 
6 17 50.0 11.17 27.7-72.3  18 50.7 14.93 20.8-80.6 
7 17 59.2 9.52 40.2-78.2  16 65.2 11.24 42.7-87.7 
8 12 71.5 10.27 51.0-92.0  11 76.4 8.83 58.7-94.1 

 

Metamorphosis in the rib is detectable well beyond the maximum age that can be 

estimated reliably from the pubic symphysis. Another important factor is that the rib is 

not directly affected by the stress of pregnancy and parturition as is the pelvic region. 

İşcan et al. (1985) cautioned that inter-observer error, human variability, occupation, 

general health, side differences and the effects of disease could all influence the accuracy 
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of the method.  

 

The İşcan et al. (1984a, 1985) method was developed using a relatively small sample (108 

male; 83 female), hence lacking in statistical rigour. Therefore, application of age 

estimation method developed based on age-related changes to the sternal end of the fourth 

rib should be used with caution. This technique is predicted to have more variability in 

the relationship between phases and chronological age when being applied to a large 

sample (Komar & Buikstra 2008), as it aged males better than females and under-aged 

individuals over the age of 60 years. The rib is one of the least well-preserved parts of the 

skeleton and identification of the fourth rib is difficult in disarticulated material  (Scheuer 

2002). It has been shown that most ribs undergone similar changes at different rates (e.g., 

Yoder et al. 2001; DiGangi et al. 2009). 

 

(iv) Dedouit et al. (2008) 

In concordance with the development of virtual anthropology, Dedouit and colleagues 

(2008) applied the İşcan et al. (1984a, 1985) method to two and three-dimensional multi-

slice computed tomography (MSCT) reconstructions of the right fourth rib and compared 

the age estimations with those obtained from dry bones. The study sample comprised 39 

right fourth ribs obtained from post-mortem examination of French individuals with 

known age (between 10 to 99 years) and sex (21 male; 18 female), however only 36 ribs 

were examined because three were damaged during preparation. MSCT was performed 

using a Siemen Sensation 16 scanner with 1.0 mm resolution. All specimens were 

visualised using multiplanar reconstructions (MPR) mode along the long axis of the 

sternal end of the rib (antero-posterior and cephalo-caudal) and volume rendering 

technique (VRT) mode (superior, inferior, anterior and posterior views, and the view of 

the pit). For direct morphological observation on dry bones, six features were analysed: 

amorphous indentation of the pit; articular surface; the rim and its edges; bone 

projections; wall thickness; and bone texture. Age was estimated by three observers with 

different levels of expertise (i.e., one forensic pathologist, one forensic pathologist who 

was also an anthropologist and a student who had no experience in the method). 

 

Intra-observer variations on dry bones and MSCT reconstructions were excellent, with a 

gamma coefficient (γ) of 0.87 and 0.86, respectively. This was further confirmed by a 

Krippendorff’s alpha reliability coefficient (α) of 0.79 for both techniques. Inter-observer 

variations on dry bones was good (γ = 0.73-0.91, α = 0.68-0.83), while agreement on 
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MSCT images was excellent (γ = 0.82-0.88, α = 0.78-0.86). The agreement between phase 

estimations obtained with the two methods for all three observers was good (α = 0.55, 

0.69 and 0.71). For age estimation assessment performed on dry bones and on MSCT 

reconstructions, the actual age was correctly estimated in 58.3% and 63.9% of the sample, 

respectively.  

 

This preliminary study demonstrated that application of the İşcan et al. (1984a, 1985) 

method on MSCT reconstruction is possible and that both evaluations are accurate. On 

the other hand, the authors highlighted some considerations while examining the MSCT 

scans, which include the tendency to underestimate phases due to technical limitations 

(e.g., difficulty to assess pit wall thickness and bone porosity). The authors also 

recommended further analysis on a larger sample. These findings are subsequently 

supported by Villa et al. (2016), Oldrini et al. (2016), Trodi et al. (2016), Merritt (2018) 

and Blaszkowska et al. (2019).  

 

2.3.4.  Pubic Symphysis Metamorphosis 

Age estimation based on metamorphosis of face of the pubic symphysis according to the 

Suchey-Brooks method is chosen as one of the methods to be applied onto MDCT images 

of a Malaysian population and forms Part IV of the present thesis. For detailed discussion 

on the reliability of this method, see Chapter 3 Section 3.4. The following is a brief 

introduction to age estimation based on pubic symphysis metamorphosis. 

 

The pubic symphysis is the surface of each pubic bone that meets anteriorly in the middle 

forming the pelvis. Age-related morphological changes to the face of the pubic symphysis 

have been recognised and are widely used (e.g., Todd 1920; McKern & Stewart 1957; 

Meindl et al. 1985; Books & Suchey 1990). The Suchey-Brooks classification of the pubic 

symphysis (Katz & Suchey 1986; Brooks & Suchey 1990) is one of the most important 

and often applied techniques for age estimation, where the changes in the face of the pubic 

symphysis are divided into six phases with detailed descriptions and photographs; casts 

of the features are also available. The key features include the ridge-and-furrow system, 

dorsal margin, dorsal platform, ventral rampart, ossific nodules, rim and delimited 

extremities.  

 

The symphyseal face in younger individuals lacks a distinctive border and as new bone 

is deposited in the symphyseal face with increasing age, the billows disappear. Further, 
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an ossific nodule fuses to the upper portion of the symphyseal face, and the face becomes 

smooth and defined with distinct rim. In the last stages of aging, the symphyseal surface 

becomes roughened in appearance and the symphyseal rim shows evidence of osteophytic 

lipping (i.e., bony projections extending from the joint margin) (Brooks & Suchey 1990).  

 

Several challenges in the application of the Suchey-Brooks method are: (i) the age 

intervals are broad (e.g., a 95% age range of 25-83 years for females Phase V); (ii) the 

last phase is defined as an open-ended interval; and (iii) phases are often overlap (e.g., 

female Phase IV, 26-70 years, versus Phase V, 25-83 years) (Hartnett 2010; Shirley & 

Ramirez-Montes 2015; Dudzik & Langley 2015; Langley et al. 2017). Research has 

demonstrated the need for techniques developed specifically for a particular population 

(i.e., adding population-specific information) to improve the accuracy of the Suchey-

Brooks method (e.g., Schmitt 2004; Djurić et al. 2007). This method has also been applied 

successfully to 3D renderings of the pubic symphysis (e.g., Lottering et al. 2013; Wink 

2014; Merritt 2018). 

 

On the other hand, the Suchey-Brooks method can be subjected to inherent subjectivity 

in the qualitative phase systems. Although recent research has developed fully 

quantitative methods using the pubic symphysis (e.g., Slice & Hewitt 2015; Stoyanova & 

Hewitt 2015, 2017; Kotěrová et al. 2018), these quantitative methods require technical 

facilities and are more time consuming. Another instance of subjectivity is the suggestion 

to use the age corresponding to the higher phase when asymmetry between left and right 

symphyseal faces is observed (Brooks & Suchey 1990; Overbury et al. 2009; Purves et 

al. 2011). 

 

2.3.5.  Auricular Surface  

The auricular surface of the sacroiliac joint also undergoes systematic age-related 

modifications: the morphological appearance of the iliac auricular surface; bony changes 

at the apex of the joint surface; and the bony activity in the retroauricular area (Lovejoy 

et al. 1985; Buikstra & Ubelaker 1994; Langley et al. 2017). The auricular surface 

provides an alternative to document age-related changes in cases where pubic symphysis 

is not available as it is more durable due to its protected location and greater bone density, 

which means that this region is more frequently preserved (Lovejoy et al. 1985; Murray 

& Murray 1991; Osborne et al. 2004) (see below). 
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(i) Lovejoy et al. (1985) 

Lovejoy and associates (1985) developed a method to estimate age from metamorphic 

changes observed in the posterior ilium, especially the auricular surface. Their sample 

comprised 250 specimens from the Libben (Ohio Indian) population, 500 from the 

Hamann-Todd Collection and 14 forensic cases with known identity and age. The related 

features assessed in the auricular surface are the: apex (portion of the auricular surface 

that articulates with the posterior aspect of the arcuate line); superior demiface (portion 

of the auricular area above the apex); inferior demiface (portion of the auricular area 

below the apex); retroauricular area (region between the auricular surface and the 

posterior inferior iliac spine); billowing (transverse ridging); granularity (appearance of 

the articular surface); density (compactness); and porosity (perforations ranging from 

barely visible to 10 mm in diameter). These features are shown in Figure 2.4. 

 

 
 

Figure 2.4. Region utilised in auricular surface age estimation (from Lovejoy et al. 
1985). 

 

Age modification is characterized by remodelling of the joint surface, the development 

of a rim around the surface, an increase in cortical bone porosity, and the growth of bony 

spicules in the retroauricular area. With increasing age, the horizontally distributed 

billows on the auricular surface are reduced to faint, finer striae and eventually the surface 

becomes smooth. The texture of the bone changes from finely grained to coarsely grained 

to smooth, dense bone. Located at the intersection of the arcuate line and auricular 

surface, the apex also undergoes degenerative changes – from smooth and rounded to 
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having an irregular appearance with osteophytic lipping. These changes are scored into 

eight phases with detailed descriptions, as summarised below in Table 2.6, while statistics 

for each phase are provided in Table 2.7. 

 

Table 2.6. The phase scoring system for auricular surface following Lovejoy et al. 
(1985). 

 
Phase Age (years) Descriptions 

1 20-24 billowing and very fine granularity 
2 25-29 reduction of billowing but retention of youthful appearance 
3 30-34 general loss of billowing, replacement by striae, coarsening 

of granularity 
4 35-39 uniform coarse granularity 
5 40-44 transition from coarse granularity to dense surface; this may 

take place over islands on the surface of one or both faces 
6 45-49 completion of densification with complete loss of 

granularity 
7 50-59 dense irregular surface of rugged topography and moderate 

to marked activity in periauricular areas 
8 60+ breakdown with marginal lipping, microporosity, increased 

irregularity, and marked activity in periauricular areas 
 

Table 2.7. Mean ages and 95% prediction intervals (in years) by phase for the auricular 
surface following Lovejoy et al. (1985). 

 
Phase n Mean SD 95% range 

1 5 18.2 4.09 5.8-30.6 
2 10 20.5 3.10 13.1-27.8 
3 13 29.2 7.91 11.3-47.1 
4 37 42.4 13.67 14.4-70.4 
5 52 47.3 14.20 18.6-76.0 
6 30 48.7 13.70 20.1-77.3 
7 17 53.1 11.14 22.3-83.9 
8 102 59.9 15.24 28.4-89.4 

 

It is acknowledged that the major advantage of this technique is that it provides age 

estimation beyond the age of 50 years, but the age range is too narrow and the progression 

with age is limited (Bedford et al. 1993; Buckberry & Chamberlain 2002; Osborne et al. 

2004; Hens et al. 2008). Also, the biological process of change to this joint is not clear 

(resulting in no sexual dimorphism in the morphology and timing of the appearance of 

some features) and the application of the method was rather complex as seriation was 

involved (Klepinger 2006, Belkin 2009).  
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(ii) Murray & Murray (1991) 

The aims of this study were to test: (i) the applicability of the Lovejoy et al. auricular 

surface method in individuals from both sexes and various ancestral background; and (ii) 

the accuracy of that method when used as a single aging factor. Murray and Murray 

(1991) randomly selected 50 individuals with known age-at-death from each ancestral 

category (i.e., European-American and African-American of both sexes) from the Terry 

Collection. The sample was examined and aged following Lovejoy et al. (1985), along 

with photographs and published description of each phase. These hypotheses were tested 

using traditional statistical analysis of variance (ANOVA), where the dependent variable 

was the error in estimating age at death and the independent variables were race and sex. 

The estimation error was defined as the difference between the midpoint of the estimated 

age range and the true age: 

 

Error = (AGEu + AGEl)/2 - True Age 
 
where AGEu and AGEl are the upper and lower ages of the estimated age range. 

 

The authors found that the auricular surface method can be applied equally to both sexes 

(p<0.55), however, it is not equally valid for European-American and African-American 

individuals (p<0.01). Then, the authors developed a linear regression model to estimate 

the effect of ancestry on the bias in using the auricular surface method; the estimated bias 

caused by this parameter was small and statistically insignificant but was positively 

related to true age (p<0.01). The true age was underestimated by almost 13 years on 

average, by 10.5 years for the age group 50-60 years and by 23.7 years for the age group 

61+ years. The authors found that the age, sex and ancestry distribution in their sample 

was not uniform, with the older population was predominantly European-American and 

the younger population predominantly African-American. Further testing on a subsample 

of 69 individuals (21 European-American male; 13 European-American female; 19 

African-American male; 16 African-American female) aged 40 to 60 years showed that 

the auricular surface method was equally applicable to individuals of both sexes (p = 0.57) 

and ancestry (p = 0.21). However, actual age was overestimated by 9.2 years in average. 

 

Majority of cases in which the true age is underestimated by at least two age categories 

involves individuals with true ages of 50 years and over, while 44% of the individuals 

were aged correctly or within one age category. Eliminating those individuals with true 

ages of 50 and over raises the above percentage to 57%. Thus, even without the problem 
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of the older individuals, the method yielded incorrect age category estimates (by at least 

two categories) in more than 40% of the observations in this subsample. Murray and 

Murray confirmed that the auricular surface method was applicable to both sexes and 

across various ancestral backgrounds of European-American and African-American. 

Despite of that, this method is not accurate when used as a single age indicator as there 

are too many variables in the degenerative changes in the auricular surface across 

individuals.  

 

(iii) Osborne et al. (2004) 

The aim of this study was to test the accuracy of the Lovejoy et al. (1985) auricular surface 

method to estimate age at death. The sample comprised 266 individuals (89 European-

American male; 57 European-American female; 60 African-American male; 60 African-

American female) aged 16 to 89 years from the Terry and Bass Donated Collections. One 

observer examined and scored left and right superior and inferior demifaces following 

Lovejoy et al. (1985). Statistical analyses (Pearson correlation, analysis of covariance 

(ANCOVA), bias, inaccuracy, means and 95% prediction intervals) were performed 

using SPSS and SYSTAT. The authors presented their findings as in an ANCOVA model:  

 
Phase = Sex + Ancestry + Collection + (Sex∗Ancestry) + (Sex∗Collection)  

     + (Ancestry∗Collection) + (Sex∗Ancestry∗Collection) + Age 
 

ANCOVA indicated that for the factors that could be controlled, age is the sole influence 

on auricular surface morphology (p<0.001). Ancestry and sex had no significant effect 

on auricular phase expression (p = 0.632 and 0.595, respectively). No evidence of secular 

changes was detected when comparing the Terry Collection (early 20th century) to the 

Bass Collection (later 20th century). Pearson correlations revealed that subcomponents of 

the auricular surface (i.e., transverse organisation, texture, superior and inferior 

demifaces, left and right sides) correspond with age equally well (r = 0.536-0.565), 

although a combined scoring of all features performs slightly better than any one indicator 

taken alone (r = 0.589).  

  

The authors found low accuracy rate associated to the Lovejoy et al. (1985) method, with 

only 33% of a test sample was aged accurately with a five-year age range. This suggested 

that the published ranges are much too narrow to be used in forensic contexts. The results 

for bias (-4.9 to 7.0 years) and inaccuracy (5.3 to 11.6 years) indicated that the accuracy 

of the method decreases with increasing age. The authors calculated standard descriptive 
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statistics and error ranges to assess the variation in age per phase. The mean ages of 

Phases 1 and 2, and Phases 5 and 6 did not differ significantly from one another (p>0.05), 

hence a modified six-phase system is also presented. This research suggested the 

utilisation of statistical analysis in order to critically evaluate aging methods.  

 

Recent research on the auricular surface technique showed that it requires further 

evaluation and modification on large samples (e.g., Buckberry & Chamberlain 2002; 

Osborne et al. 2004; Schmitt 2004; Igarashi et al. 2005; Mulhern & Jones 2005; Falys et 

al. 2006). Further, a decrease in its accuracy was demonstrated when this method was 

tested on an Asian sample, where only 17.7% to 28% of the sample were classified in the 

correct age phase (Schmitt 2004), hence this method is deemed as unacceptable for 

forensic work (Cox 2000; Schmitt 2004; Osborne et al. 2004; Komar & Buikstra 2008). 

 

2.4.  Summary 

 

Both dental and osteological age estimation techniques for adult individuals were 

discussed in this chapter. This review gives an overview of different methods available, 

all of which have their specific advantages and disadvantages. Many studies have been 

undertaken attempting to find the most reliable method for age estimation, by identifying 

regions of the skeleton that are capable of capturing age-related changes and most 

accurately reflect chronological age (Rogers 2009; Algee-Hewitt 2013, 2017; Christensen 

et al. 2014). The value of skeletal age indicators has been evaluated based on accuracy, 

which is the differences between predicted and actual ages. As with any of the method 

outlined above, the most effective and accurate method is often a combination of many 

methods used in support of each other (i.e., multifactorial approach) for forensic age 

estimation. It is important to be attentive to pathological conditions that might affect traits 

used for aging, especially degenerative changes. It is acknowledged that great range of 

human variation exist and therefore, there is a need for more refined techniques of skeletal 

aging. Three established morphological age estimation methods, which are adaptable into 

the reconstruction and analyses of MDCT images and dental OPGs are selected (i.e., 

secondary dentin formation, spheno-occipital synchondrosis fusion, and pubic symphysis 

metamorphosis) and assessed in detail in the next chapter. 

 

 

 



Chapter Two Adult Age Assessment from the Human Skeleton  

 52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE INTENTIONALLY LEFT BLANK 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

53 

 

 

Chapter Three 

 

Transposition of Selected Adult Age Estimation Methods  

to Computed Tomographic Images 

 

 

 
3.1. Introduction 

 

“Aging is the universal, progressive, and intrinsic accumulation of deleterious changes” 

(Kipling et al. 2004:1426). In the identification of unknown skeletal remains, estimation 

of age-at-death is essential to construct the biological profile used to narrow the list of 

potential missing persons. From a forensic point of view, age at the time of death is the 

chronological age, or the time lapse between the birth and death of the individual; skeletal 

age is the physiological state of an individual in which skeletal traits degenerate with 

increasing age. Age can be estimated by correlating chronological with skeletal age based 

on the biological maturity of the body (Digiovanna 2000; Blenkin 2009; Garvin et al. 

2012; Christensen et al. 2014). 

 

The skeletal system undergoes a systematic growth process that will eventually transform 

into a degenerative state once maturation has occurred (Maples 1989). Adult age 

assessment relies on indicators of deterioration. While the complex breakdown of the 

skeleton occurs gradually at a relatively predictable rate, these changes are not similar in 

every individual because of sex, genetics, physical activity level, lifestyle, nutrition, 

alcohol and drug abuse, personal habits, disease, treatments, and accidents (Klepinger 

2006; İşcan & Steyn 2013; Lewis & Senn 2013; Shirley et al. 2013; Langley et al. 2017). 

Further, skeletal aging occurs at different rates and timing of development within and 

between populations (Katz & Suchey 1989; White & Folkens 2005; Uhl 2013). Therefore, 

it is necessary to use population standards for age estimation in a forensic context 

(Baccino & Schmitt 2006; Cunha et al. 2009; Bassed et al. 2010; Franklin et al. 2016). 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

54 

To connect human biology and age, it is important to utilise a skeletal reference collection 

with a uniform age distribution, along with appropriate application of statistical methods 

(Hoppa & Vaupel 2002; Boldsen et al. 2002; Konigsberg & Frankenberg 2013; 

Konigsberg 2015).  

 

Each method has its own measure of accuracy in the attempt to estimate individuals as 

closely to their actual recorded age as possible. Likewise, quantifying accuracy is not 

uniform across all skeletal age estimation methods, since every age estimation technique 

has unique measures of accuracy and precision (Buikstra & Komar 2008; Fleischman 

2011). For example, the complete fusion of the spheno-occipital synchondrosis (discussed 

in Section 3.3) is reported in mean age and an age range, whereas each phase of the 

Suchey-Brooks pubic symphyseal aging method (Brooks & Suchey 1990) (discussed in 

Section 3.4) has a mean, standard deviation (SD), and 95% age range.  

 

Presently, in Malaysia, human skeletal collections with documented parameters are not 

available. Thus, medical imaging technologies can serve as an alternative for developing 

skeletal standards. In the present thesis, dental orthopantomographs (OPGs) and multi-

detector computed tomography (MDCT) scans of the skull and pelvis are analysed. The 

anthropological methods tested in this work relied on the transposition of physical 

anthropological techniques applied in dry bones to digital images. This accords with 

current forensic applications of virtual anthropology for the assessment of age, with the 

specific aim of developing population-specific skeletal standards (Franklin et al. 2016; 

Franklin & Flavel 2019). 

 

The focus of this thesis is the quantification of secondary dentin formation, spheno-

occipital synchondrosis fusion and pubic symphysis metamorphosis, which as noted, 

manifest valuable markers of age. American Board of Forensic Odontology (2013) and 

American Academy of Forensic Sciences (AAFS or Academy) Standards Board (ASB) 

(2018) emphasize that when estimating the age of unknown individuals, standards that 

have been developed on individuals of similar sex and ancestry to the decedent should be 

utilized. Therefore, the objective of the present research is to evaluate three forensic adult 

age estimation techniques (mentioned above) for overall accuracy rates on a known 

sample of Malaysian individuals collected from both clinical (patients) and post-mortem 

(autopsied forensic cases) CT scans and dental orthopantomographs (OPGs). 
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In this chapter, three established methods for adult age estimation are reviewed: (i) 

secondary dentin formation in the pulp chamber in teeth (Section 3.2); (ii) spheno-

occipital synchondrosis fusion (Section 3.3); and (iii) pubic symphysis metamorphosis 

(Section 3.4). Prior to performing the investigations using those methods on the study 

sample for this thesis, several aspects are considered, such as potential limitations of the 

methods, the different average ages, SD of the variables used and the level of observer 

variability (Dedouit et al. 2014). Repeatability, accuracy, and correlation with age are 

duly considered, as these elements are critical when developing a biological profile for 

forensic purposes (Zinni & Crowley 2013).  

 

3.2. Overview of Human Dentition, with Dental Age Estimation based on 

Quantification of Secondary Dentin Formation  

 

Age-related changes taking place in the dental tissues after the teeth are fully formed can 

be seen on the enamel, cementum, dentin and pulp, hence they are assessed  to derive a 

forensic estimation of adult age. A general description of human dentition (tooth anatomy 

and numbering system) is first provided in Section 3.2.1. The dental age method selected 

for this thesis is based on secondary dentin formation following Kvaal et al. (1995). 

Section 3.2.2 presents research into secondary dentin formation as an age marker; these 

studies demonstrated that the amount of secondary dentin indicates the time since the 

tooth was formed, thus providing a relative estimation of chronological age. Thereafter, 

a critical review of  Kvaal et al. (1995)  and other studies that have tested that method on 

other populations, is presented (Section 3.2.3). 

 

3.2.1. Human Dentition 

A normal adult has 32 permanent teeth; eight incisors, four canines, eight premolars, and 

twelve molars. Forensic anthropologists and odontologists use an objective system to 

record and report dental details. There are several different tooth numbering systems 

globally. The present thesis uses the international recording system Fédération Dentaire 

Internationale (FDI), a two-digit system in which tooth is identified by adding a specific 

quadrant number before the tooth number. The FDI system assigns homologous teeth the 

same number, starting from the upper right quadrant and moving in a clock-wise 

direction. This system has been adopted by the World Health Organisation (WHO). The 

first digit denotes the arch, dentition and side, as follows: 
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1 Right maxillary permanent dentition 
2 Left maxillary permanent dentition 
3 Left mandibular permanent dentition 
4 Right mandibular permanent dentition 

 

The second digit represents the tooth, ranging from 1 to 8 for the permanent teeth. Figure 

3.1 illustrates the FDI designations for the permanent dentition.  

 

 
 

Figure 3.1. The FDI tooth-numbering system for the permanent teeth (from Silver & 
Souviron 2009:39, after FDI 1971). 

 

The human tooth comprises a crown, neck and root. The crown is the portion visible 

above the gum level; the neck is the constriction between the crown and root; and the root 

is the part that articulates with the alveolus (Krogman & İşcan 1986). Each tooth is 

covered on its crown with enamel and filled with dentin and pulp (Figure 3.2); those 

structures are briefly described below. 
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Figure 3.2. Cross section of a typical human incisor showing the enamel, cementum, 
gums (gingiva) and dentin (from White et al. 2012). 

 

(i) Enamel 

Enamel is a dense, non-organic tissue with a crystalline structure that overlays the dentin, 

forming a hypermineralised cap for the tooth and encapsulates the tooth crown (Lucas 

2004). It is the hardest tissue in the body that has no living cells or blood supply, and thus 

no reparative formation (White & Folkens 2005). The teeth have excellent preservation 

relative to the rest of the skeleton in most taphonomic conditions (i.e., changing 

conditions of the burial environment) because the enamel comprises 98% calcium 

hydroxyapatite (an extremely durable inorganic component) deposited within a cellular 

matrix as a result of mineralization (Morse 1991; Scott & Turner 2000; Schwartz 2007; 

Silver & Souviron 2009). Enamel becomes less permeable and possibly more brittle with 

increasing age (Mjör 1996). 

 

(ii) Cementum 

Cementum is a hard, porous substance (i.e., bone-like tissue) covering the dentin of the 

root. This thin layer of cementum provides a surface for attachment of the fibres of the 

periodontal ligament. The enamel and cementum meet at the enamel-cementum junction 

(ECJ), which is the most rootward extent of the enamel (White & Folkens 2005). 

Periodontal fibres attach the periodontal ligament to the periosteum of the alveolus (tooth 

socket) and anchor the tooth in place (Zinni & Crowley 2017). The most characteristic 

age change in cementum is the gradual increase in thickness (Mjör 1996), as is shown in 

Figure 3.3. 
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Figure 3.3. Young incisor (left) and old incisor (right) showing the increase in width 
of cementum, also the reduction in the size of the pulp chamber (from Mjör 1996). 

 

(iii) Gingiva 

Gingiva (gums) are a fibrous connective tissue covered with mucous membrane that 

surround the teeth and envelop the alveolar bone of the maxilla and mandible. The gingiva 

is continuous with the periodontal ligament at the ECJ (Zinni & Crowley 2017). Gingival 

recession (i.e., receding gums) is common in old individuals (Mjör 1996). 

 

(iv) Dentin 

Dentin is the primary component of the tooth; it has both organic (approximately 40%) 

and inorganic parts (Morse 1991; Lucas 2004; Silver & Souviron 2009). Dentin forms the 

core of the tooth, underlies the enamel of the crown, and encapsulates the central soft 

tissue space within a tooth that is known as the pulp chamber (White & Folkens 2005). 

The pulp chamber is the expanded part of the pulp cavity at the crown of the tooth. Dentin 

is supported by the vascular system in the pulp that supplies nutrients, as cellular process 

extends into the tubules and maintains the dentin throughout life by dentin-producing 

cells called odontoblasts (White et al. 2012).  

 

One of the primary age changes in the pulp chamber is increased deposition of secondary 

dentin due to the continuous deposition of odontoblasts in the pulp chamber. Secondary 

dentin is the calcified non-tubular substance deposited by the pulp on the walls of the pulp 

chamber and root canal (Burns & Maples 1976; Mjör 1996). It is formed at a slow steady 

rate by the healthy pulpal tissue following completion of root formation and is associated 

with the normal aging process (Mjör 1996; Lewis & Senn 2013). The formation of 

cementum 

pulp 
chamber 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

59 

secondary dentin reduces the size of the pulp chamber, however, this process does not 

affect the pulp chamber evenly and it varies for different types of teeth (Mjör 1996). For 

example, in the molars, the secondary dentin forms on the ceiling and floor of the pulp 

chamber, rather than on the walls as shown in Figure 3.4.  

 

 
 

Figure 3.4. Young molar (left) and old molar (right) showing the narrowing of the pulp 
chamber by secondary dentin (from Mjör 1996). 

 

3.2.2. Secondary Dentin Formation as a Basis for Age Estimation 

The premise of age estimation based on secondary dentin formation is the known 

relationship between increasing age and secondary dentin deposition in the pulp chamber. 

In this section, previous research explaining the relationship between secondary dentin 

formation and age are reviewed. This review will highlight variations in both the way in 

which the amount of secondary dentin is quantified (i.e., morphological, radiograph, or 

extraction and sectioning) and in the manner the measurements are used to estimate age, 

such as tooth-crown index, ratio between pulp volume and tooth volume, ratios between 

width and length of tooth and pulp (amongst others). 

 

(i) Gustafson (1950) 

A landmark work in adult dental age assessment is that of Gustafson (1950). The aim of 

this investigation was to devise a system for estimation of chronological age from teeth. 

The study acquired hand-ground thin sections of 41 single-rooted teeth with known ages 

between 11 to 69 years from Swedish dental clinics. The author systematically evaluated 

six different dental criteria which undergo age-related changes: attrition (occlusal wear); 

secondary dentin; periodontosis (gingival recession); cementum apposition on the root; 
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root resorption from the apex; and root transparency. Each criterion was scored on a 0 

(absent or incipient) to 3 (most marked) scale, using 0.5 whenever necessary in borderline 

evaluations. Secondary dentin development within the pulp cavity (abbreviated “S”) was 

one of those parameters. “S0” denotes that no secondary dentin is visible; “S1” that the 

secondary dentin has just begun to form in the upper part of pulp cavity; “S2” that the 

pulp cavity is half-filled; and “S3” that the pulp cavity is nearly or wholly filled with 

secondary dentin, as shown in Figure 3.5.  

 

 
 

Figure 3.5. Estimation of age following the Gustafson method. Subscripts refer to 
values for the assessment of age changes in (A) attrition, (S) for secondary dentin, (P) 

periodontosis, (C) for cementum, (R) root resorption, and (T) root transparency  
(from Gustafson 1950). 

 

The scores for each of the factors were summed to represent a point value: 

An+Pn+Sn+Cn+Rn+Tn = points. Increased score in the point system indicates increased 

age. Gustafson (1950) found a strong correlation between dental microstructural features 

with age (r = 0.98) and concluded that root translucency and secondary dentin formation 

were the best indicators for age. A regression analysis was developed, with the sum of 

scores as the independent variable and age as the dependent variable: y = 11.43 + 4.56x. 

The standard error of estimate (SEE) was reported as ± 3.63 to 10.9 years. The author 

was one of the first to consider and quantify a number of structural changes (n = 6) in 

teeth into a workable system. However, it was noted that poor oral health may produce 

higher age estimates than actual age. 
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On the other hand, validation studies of Gustafson (1950) were not able to replicate its 

error rate (Miles 1963; Burns & Maple 1976; Maples & Rice 1979). Maples and Rice 

(1979) found that the original work of Gustafson contained significant technical, 

methodological and interpretive statistical errors. Further, they reported that the 

Gustafson regression formula was incorrectly calculated; a correction formula was 

reported as: y = 13.45 + 4.26x ±7.03 years. Other researchers have since suggested to 

include more scoring points (compared to the four-point system of Gustafson) to increase 

the accuracy of this technique, for instance, Dalitz’s five-point system on the attrition, 

periodontosis, secondary dentin deposition, and root transparency (Dalitz 1962) and 

Johanson’s seven-scoring points of all the age changes, which began with 0 and continued 

with 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 (Johanson 1971).  

 

Limitations of the Gustafson points system are the small sample size (i.e,. 41 single-

rooted teeth from Swedish individuals) (Solheim 1989), subjective scoring (0-3) (Bang 

& Ramm 1970) and poor statistical reliability (Dalitz 1962; Johanson 1971; Maples & 

Rice 1979; Lamendin et al. 1992; Monzavi et al. 2003). Several problems with this study 

include the assumption that all variables are equally effective in age assessment and equal 

staging methodology is needed among the variables (which makes the method time-

consuming) (Maples 1978). Some of these characteristics can only be assessed 

microscopically in ground thin sections, thus this destructive method cannot be applied 

in living persons (Solheim & Anne 2006; Zinni & Crowley 2017) and the observer must 

be knowledgeable in dental histology to interpret the features (Zinni & Crowley 2017); 

and statistically independence of each variable should be considered (Dalitz 1962; Maples 

1978; Solheim 1993).  

 

In order to make the original Gustafson method simpler and more accurate, Maples (1978) 

examined only dentin transparency and secondary dentin formation in 355 teeth. The 

author demonstrated that these two parameters alone had the highest correlation with age 

(however, correlation coefficient values were not reported), besides being relatively 

simple to evaluate. The author also published regression formulae for root transparency 

and secondary dentin formation by tooth position with associated SEE ±6.8 to 12.2 years. 

 

Gustafson (1950) proposed a point system depending on the status of different age 

indicators. Since then, various work on those specific tooth variables as had been explored 
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including: root transparency (e.g., Bang & Ramm 1970; Lopez-Nicholas et al. 1996; 

Sonnaes et al. 1985;  Vasiliadis et al. 1983; Whittaker & Bakri 1996); attrition (e.g., 

Brothwell 1965; Kim et al. 2000; Milnes 1963; Santini et al. 1990; Whittaker et al. 1987), 

cementum apposition or annulation (e.g., Charles et al. 1986; Condon et al. 1986; Lipsinic 

et al.1986; Miller et al. 1988; Stott et al. 1982) and secondary dentin formation (see 

below). 

 

(ii)  Phillipas (1961); Phillipas and Applebaum (1966) 

While the general relationship between Gustafson’s dental criteria and actual age has been 

emphasised, the specific aspect of this relationship has been minimally investigated. 

Phillipas and Applebaum were amongst the first to use a radiographic method to 

determine the influence of age on dentin formation. Even though these studies were 

conducted without the specific objective of age-at-death estimation in a forensic context, 

they quantified the rate and pattern of secondary dentin formation and its correlation with 

age. 

 

In his earlier work (1961), Phillipas intended to ascertain the influence of occlusal wear 

and age on the formation of dentin. A sample of 168 sound, left permanent mandibular 

first molars of both sexes (comprising both contemporary individuals and ancient skeletal 

material) from 5 to 70 years of age were examined, both clinically and radiographically. 

Measurements of eight defined indices were taken and analysed as per the following and 

using Figure 3.6 as reference: (i) a-b, the thickness of dentin at the roof of the pulp 

chamber; (ii) b-c, the height of the pulp chamber; (iii) c-d, the thickness of dentin at the 

floor of the pulp chamber; (iv) a-d, the total distance from the dentino-enamel junction to 

the bifurcation of the roots; (v) a'-b', the thickness of the mesial (axial) wall of dentin; (vi) 

b'-c', the width of the pulp chamber; (vii) c'-d', the thickness of the distal (axial) wall of 

dentin; and (viii) a'-d', the total mesiodistal (width) diameter of the tooth at the cervix. 
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Figure 3.6. Technique for obtaining measurements from cross-section of the first molar 
following Phillipas (1961). 

 

The author found that the correlation between age and the height of the pulp chamber of 

the mandibular first molars was r = -0.75. The main finding, however, was that the amount 

of dentin laid down varied in different parts of the pulp. Dentin at the pulp chamber floor, 

as well as mesial and distal walls, showed a definite increase in thickness with increasing 

age, causing the reduction in size of the pulp chamber, regardless of the degree of occlusal 

wear. The author suggested that changes in the osmotic pressure throughout the tooth as 

an influence on secondary dentin formation. 

 

In their 1966 study, Phillipas and Applebaum focused their research specifically on 

secondary dentin formation. The aim was to study and describe the gradual changes 

evident in ground sections of the upper central incisors, from the time of eruption to old 

age. The sample comprised 273 sectioned maxillary anterior teeth from individuals 

between 6 and 71 years of age. A detailed histological examination of the pattern and rate 

of secondary dentin apposition in the sample revealed an explicit tendency toward an 

increase of secondary dentin formation with increasing age. Deposition of secondary 

dentin by the healthy pulpal tissue following completion of root formation was shown to 

occur at a slow and steady rate that progresses throughout life, which ultimately obscured 

the pulp chamber. This is associated with the normal aging process. Secondary dentin 

formation begins at the most coronal portion of the pulp chamber in single rooted teeth; 

it starts on the roof and the floor of the coronal pulp chamber in multi-rooted teeth. It is 

not evenly deposited onto the walls and it gradually reduces the length and width of the 

pulp chamber.  
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The authors concluded that age has a greater influence than does pathology (i.e., dental 

wear or irritation) in secondary dentin formation. An important observation from these 

studies was that the rate of secondary dentin formation was higher in young individuals 

and slowed with an increase in age. Phillipas and Applebaum (1966) were the first to use 

a radiographic method to analyse the correlation between dentin formation and age. Even 

though the authors did not present any quantitative data, they had provided 14 

photomicrographs of an unstained central section of an incisor showing the deposition of 

secondary dentin across different age groups (i.e., 6-10, 11-15, 16-20, 21-25, 26-30, 31-

35, 36-40, 41-45, 46-50, 51-55, 56-60, 61-65, 66-70, and 71+ years). 

 

(iii) Moore (1970) 

With an aim to estimate dental age for direct forensic application, Moore (1970) proposed 

a system in which age estimation is based on secondary dentin deposition and the 

subsequent reduction in the size of the pulp chamber. The author microscopically 

examined cross sections of 200 upper incisor teeth (250 microns) using a calibrated 

eyepiece. Measurements were taken of the diameter of the pulp chamber and the diameter 

of the cross section of the tooth as a whole (diameter of the pulp/diameter of the tooth). 

 

Two readings were noted for each tooth and the average was adopted as the final 

result. The reading for a young tooth was as high as 0.333; in an older tooth it was only 

0.125 as the pulp chamber had been reduced in size. A scattergram was plotted, showing 

a decrease in the ratio of pulp to crown diameter with increasing age. The correlation 

coefficient between age and pulpal size was found to be -0.62, indicating a negative 

relationship between the ratio with age. However, the latter was deemed too weakly 

related to age to be utilised in a forensic context. 

 

(iv) Ito (1975) 

Ito (1975) aspired to estimate age in teeth for medico-legal purposes based on changes in 

the anatomical crown and the constriction of the coronal pulp cavity (caused by secondary 

dentin formation) with increasing age. In this study, 302 normal, sound permanent teeth 

(excluding wisdom teeth) of known age were sectioned and photographed. Age and sex 

distribution in the sample was not reported. Measurements were taken with a planimeter 

in the standardised film, as shown in Figure 3.7.  
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Figure 3.7. Measurements of the enamel, coronal dentin and coronal pulp cavity  
following Ito (1975). 

 

The author described a method to correlate tooth-crown index with age, which is the ratio 

of the enamel area, and the area of the coronal pulp cavity to the area of the coronal dentin, 

also expressed as: 

 

 Tooth-Crown Index = Enamel area + Area of coronal pulp cavity x 100 
Area of coronal dentin 

 

The result of this study demonstrated that the ratio of coronal dentin increases with age, 

whilst the ratio of enamel and coronal pulp cavity decreases. Scattergrams were used to 

show the linear relationship between tooth-crown index and all combined teeth, also for 

each specific tooth type. This method is less reliable, because of a low correlation 

coefficient between the ratios and age (r = -0.107 to -0.698). The method has an 

associated average variability of ±7.3 years for all teeth combined, ±6.7 years when only 

anterior teeth were considered, and ±6.9 years and ±8.6 years for the molar and premolar 

groups, respectively. 

 

(v) Morse et al. (1991, 1993) 

Morse and colleagues (1991) aimed to investigate differences among various age groups, 

specifically the relationship between physiological and chronological age, and if it is 

possible to estimate the latter using root canal measurements. Their sample comprised 

periapical radiographs of clinically normal teeth of 104 patients (42 male; 62 female) 

between 23 and 80 years of age. The measurements taken using a magnifying lens, a 

milimeter ruler, and a dental vieing box to acquire: (i) tooth length; (ii) coronal length; 
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(iii) apical length; (iv) root canal length; (v) cervical width; (vi) mid-root width; and (vii) 

apical width. Calculations were performed of root canal shrinkage in a vertical direction 

(coronal plus apical shrinkage), a horizontal direction (combined cervical, mid-root, and 

apical shrinkage) and as a combination of the two, as shown in Figure 3.8. 

 

 
 

Figure 3.8. Representation of the radiographic measurements and calculations of a 
hypothetical mandibular central incisor in the same patient at 23 and 45 years of age 

(from Morse 1991). 
 

The authors presented mean and SD of pulp canal shrinkage (mm/year) according to sex; 

combined shrinkage was found to be 0.378 ±0.153 and 0.304 ±0.184 mm/year for male 

and female, respectively. Some degree of statistical significance was found with respect 

to sex (Scheffe test, F = 4.53; p = 0.0357), repeated measures (F = 188.290; p = 0.0001) 

and interaction between sex and repeated measures (F = 2.637; p = 0.0336). This study 
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demonstrated that root canal widths were reduced with advancing age as a result of 

physiological processes. However, the current sample was too small to provide valid 

estimate of the mean length and width of a root canal of a normal tooth at a specific age. 

 

In 1993, Morse and co-workers conducted another study to investigate the non-

pathological reduction of root canal size by measuring canal length and cervical width in 

the periapical radiographs of the mandibular central incisors of 500 dental patients (179 

male; 321 female). The age range was between 17 to 79 years. The methodology applied 

followed Morse et al. (1991) (see above).  

 

The authors demonstrated a statistically significant age-related shrinkage in pulp chamber 

dimensions. For example, a 25-year-old with a 22 mm long mandibular incisor would 

have a mean root canal length of 18.5 mm and a mean root canal width of 1.1 mm; in 

contrast to a 75-year-old with a similar tooth (mean root canal length of 10.7 mm and 

mean root canal width of 0.2 mm), as shown in Figure 3.9. 

 

 
 

Figure 3.9. Representation of radiographic measurements and calculations of 
hypothetical mandibular central incisors in patients 23 and 45 years of age  

(from Morse et al. 1993). 
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Statistical significance age-related shrinkage in pulp chamber dimensions was found 

among all the age groups (F = 208.38; p = 0.0001). This finding supports their previous 

study in that shrinkage was attributed to a combination of dentin deposition in the pulp 

chamber and age-dependent processes (e.g., calcification and fibrosis of soft tissue). 

However, the data presented in this work (mean root canal measurements) are only 

applicable for the age groups studied and they are somehow limited by the number of 

individuals in each group. 

 

(vi) Drusini (1993) 

Drusini (1993) reported a radiographical method for adult dental age estimation for 

forensic and archaeological application. This method calculates the correlation between 

the reduction of the size of the coronal pulp cavity and chronological age. The sample 

comprised 68 premolars and 98 molars from 166 European individuals (102 male; 64 

female) 10 to 86 years of age. Only intact, sound teeth obtained from clinical extractions 

were included. Measurements of the length of the corona (CL) and the coronal pulp cavity 

(CPCL) were taken in soft x-ray photographs with a vernier calliper. Coronal index (CI) 

was calculated using a ratio of pulp chamber height in the crown to total crown length 

(CI = CPCL x 100/CL) to indirectly measure secondary dentin deposition, as shown in 

Figure 3.10. 

 

 
 

Figure 3.10. Measurements in x-ray photographs. The straight line traced between the 
apical extent of the buccal (B) and lingual (L) enamel represents the division between 

the anatomical crown and root. CL = coronal length; CPCL = coronal pulp cavity length; 
PC = pulp cavity (from Drusini 1993). 
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The author demonstrated a negative correlation between the coronal index and age; no 

significant differences in index volumes were found in both sexes. The correlation 

coefficient values ranged from -0.73 (female molars) to -0.89 (female premolars); the 

strong correlation indicated that the coronal index can be utilised for age prediction. 

Regression equations of coronal index and actual age were developed, and the standard 

errors were between ±8.79 years (male premolars) and ±10.08 years (female molars). The 

author also mentioned several factors that may affect the methodology (e.g., age classes, 

individual variability, extent of dental wear, and food habits).  

 

3.2.3.  Kvaal et al. (1995) 

An independent method for estimating adult chronological age based on progressive 

changes in pulp size due to secondary dentin formation, as quantified in periapical dental 

radiographs, was developed by Kvaal et al. (1995). A periapical radiograph is a 

radiographic series of the dentition and its supporting structures that can range from 14 

to 21 images (Danforth et al. 2013). Kvaal et al. (1995) is a significant study as it is non-

invasive as it does not require tooth extraction (Herschaft et al. 2006). Tooth extraction 

may be unacceptable for ethical, religious, cultural, scientific or judicial reasons (Lewis 

& Senn 2013).  

 

The teeth evaluated should be in normal functional occlusion and free of any potential 

manifestation of trauma, including dental restoration, pathology, active caries, erosion, 

abrasion and abnormal attrition. Only single-rooted non-rotated teeth were utilised; multi-

rooted teeth were avoided due to evaluation difficulties and associated errors related to 

root measurements (Solheim & Kvaal 2000). Pulp width was used as the indicator of 

secondary dentin formation because previous research had shown that it was a more 

accurate age indicator compared to pulp length (Kvaal & Solheim 1994). 

 

The sample for this study constituted 100 Norwegian patients (44 male; 56 female) from 

various Dental Faculty Clinics in Oslo, with stated ages between 20 to 87 years. 

Measurements were performed manually in periapical dental radiographs using a 

stereomicroscope. Six teeth were chosen: one maxillary central incisor (tooth #11 or #21), 

one maxillary lateral incisor (tooth #12 or #22), one maxillary second premolar (tooth 

#15 or #25), one mandibular lateral incisor (tooth #32 or #42), one mandibular canine 

(tooth #33 or #43), and one mandibular first premolar (tooth #34 or #44). Teeth from the 
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left or right side may be used and were selected based on the quality of the radiographs 

in the respective region. Age was estimated using the mean values of pulp-to-tooth ratios 

in a regression formula; the authors calculated different ratios for various pulp chamber 

and tooth size measurements to compensate for any potential magnification and 

angulation errors. The measurements included maximum tooth length, pulp length, root 

length on the mesial surface from the ECJ to the root apex, and the root and pulp width 

at the levels A, B and C, as shown in Figure 3.11.  

 

 
 

Figure 3.11. Radiographic dental measurements following the method of Kvaal et al. 
(1995). T = maximum tooth length; P = maximum pulp length; R = root length on the 

mesial surface; A = root and pulp width at ECJ; B = root and pulp width midway 
between measurement levels A and C; C = root and pulp width midway between apex 

and ECJ. 
 

Kvaal and colleagues (1995) found that the correlation between root-to-tooth length ratio 

and age was not significant, and thus it was not included in their subsequent statistical 

analyses. The Kvaal dental ratios are calculated as follows: mean value of all ratios except 

root-to-tooth length (M); mean value of width ratios B and C (W); and mean value of 

length ratios P and R (L).  

 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

71 

The authors demonstrated a significant negative correlation between a composition of 

different ratios of the two-dimensional pulp size and age, which depends on the amount 

of secondary dentin deposition in relation to chronological age. There are separate 

regression formulae for all six teeth; three maxillary and three mandibular teeth, with an 

associated SEE ±8.6 to 11.5 years. Using a combination of pulp chamber dimensions can 

increase the predictive power of age estimations from pulp chamber measurements, which 

was exhibited in the regression equation for three maxillary and mandibular teeth 

combined (r = 0.76; SEE ±8.6 years).  

 

The Kvaal et al. (1995) method involves regression analyses of all data with age as the 

dependent variable. This method is non-sex and non-ancestry specific. The American 

Board of Forensic Odontology (ABFO) recommends Kvaal et al. (1995) method for adult 

dental age estimation as it is non-invasive and applicable to both living and deceased 

individuals.  

 

Instead of using typical periapical radiographs as originally described, the Kvaal et al. 

(1995) method has also been applied based on the assessment of other imaging modalities 

to evaluate the feasibility, accuracy and repeatability of this technique. Descriptions of 

relevant validation studies on quantifying the formation of secondary dentin following 

the Kvaal et al. (1995) method are presented below, which further illustrates significant 

variations among global  populations.  

 

(i)  Bosmans et al. (2005) 

Bosmans and co-workers (2005) explored the accuracy of the formulae of Kvaal et al. 

(1995) based on measurements acquired in orthopantomographs (also known as OPGs) 

instead of the periapical radiographs originally described. This study aimed to evaluate 

the feasibility, accuracy and repeatability of the Kvaal method in OPGs. The study sample 

comprised 197 digital OPGs of Belgian Caucasian individuals (102 male; 95 female) 

between the ages of 19 to 75 years. The methodology applied followed that of Kvaal et 

al. (1995). Measurements were taken in the OPGs using Adobe Photoshop®. Automatic 

data calculation and statistical analysis of dental age (including Student t-test, standard 

error of the estimated age, Pearson correlation coefficient) were achieved using Dental 

Age Estimation® and the SAS statistical package. No precision test was reported. 
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High concordance correlation values of 0.82 and 0.90 were demonstrated between 

estimated and chronological age, this indicated that the technique is reproducible in 

OPGs. This study demonstrated accuracy rates (SEE) of ±8.1 to 11.6 years, which were 

comparable to the original method. The most accurate age estimation model was for the 

mandibular first premolar (SEE ±8.1 years), whereas the least accurate age estimation 

model was for mandibular canine (SEE ±11.6 years). The significance of this study is that 

it reaffirmed the reproducibility of the Kvaal adult age estimation method in digital OPGs. 

 

(ii)  Paewinsky et al. (2005)  

Paewinsky and colleagues (2005) undertook a study aiming to explore the reproducibility 

of dental pulp chamber measurements; the authors also wanted to investigate the 

correlation between individual age and pulp chamber dimensions in OPGs. Scanned 

images of 168 OPGs (91 male; 77 female) between the age of 14 and 81 years were 

collected from the Department of Dental Medicine, The University of Munster, Germany. 

The inclusion criteria for the OPGs were: both mandibular branches had equal width; the 

“spee” (i.e., anteroposterior) curve appeared concave and the depth of field was given. 

Meanwhile, exclusion criteria were carious and teeth with dental treatments (e.g., 

fillings). Tooth measurements were performed in the digital OPGs following the 

directions of Kvaal et al. (1995) method using the Hipax program. The required tooth and 

pulp chamber ratios were then calculated. Regression models were developed using SPSS 

statistical program. 

 

The highest correlations between age and the ratios of width measurements were at level 

A except for mandibular first premolars where the highest correlation was at level B (r = 

-0.90). The most accurate regression model was for the mandibular first premolar (SD 

±6.61 years), whereas the least accurate regression model was for mandibular canine (SD 

±10.02 years). A linear correlation coefficient r = -0.95 (SD ±5.6 years) was derived 

based on the combined width ratios from all teeth. 

 

The advantage of this method is that it can be applied to living individuals as it is based 

on the evaluation of OPGs, which can also provide important information for 

identification. The authors noted the importance of taking precise measurements and 

having quality OPGs (e.g., proper patient alignment, adequate exposure, clear images), 

as these factors will affect the accuracy of the method. The authors also recommended 
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that only teeth without any pathological changes to be examined for ease of visual 

assessment and to produce an accurate estimate. Another important suggestion from this 

study is that initial training (e.g., precision study) is essential to address the issue of 

potentially high inter-observer error, as there were systematic differences in the values 

between observers (>10%) due to interpretation differences especially at the border area 

(grey zone) in OPGs. 

 

(iii)  Meinl et al. (2007) 

The aim of the study was to investigate whether measurements of the size of the pulp 

cavity acquired in OPGs can be used for non-adult age estimation. The objective was to 

evaluate the validity of the Kvaal et al. (1995) method for age estimation in a forensic 

context. Digital OPGs of Austrian juveniles OPGs were obtained from 44 individuals (18 

male; 26 female) between 13 and 24 years of age. The homogenous sample was collected 

from the School of Dentistry, the Bernhard Gottlieb University, Vienna. Only teeth with 

normal function were included in this study and the measurements were acquired 

following Kvaal et al. (1995) using Adobe Photoshop®. Initial training was provided to 

the observers and observer variations was quantified. Statistical analyses were performed 

using SAS to assess the differences between estimated and actual age, as determined using 

the formulae of Kvaal et al. (1995) and Paewinsky et al. (2005). 

 

Both intra- and inter-observer errors were stated to be below 2%, indicating that these 

variations were small and negligible hence validating the Kvall et al. (1995) methodology. 

Age estimation performed using the Kvaal formulae produced a constant underestimation 

of actual chronological age (mean values between 31.44 and 47.10 years) in the juvenile 

sample. The authors argued that the sample effect (small size and adults only) in Kvaal et 

al. (1995) may have eliminated possible influences of chronological or sexual differences. 

These inaccurate age estimations led to the conclusion that the Kvaal  method cannot be 

applied in a juvenile sample and the effect of population specificity should also be 

considered. 

 

(iv) Landa et al. (2009) 

The main purpose of this study was to test the reproducibility of the original Kvaal et al. 

(1995) method in direct digital OPGs and also to evaluate the application of regression 

formulae reported by Kvaal et al. (1995). The sample comprised digital OPGs of 100 
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Caucasian patients (50 male; 50 female) from a private radiology department in Bilbao, 

Spain ages ranged from 14 to 60 years. Originally received in DICOM format, direct 

digital OPGs were saved as JPEG files and analysed using ImageJ. Due to limitations 

relating to the quality of the digital radiographic images, only three mandibular teeth 

(lateral incisors, canines and premolars) were included in this study. The right or left tooth 

was selected depending on the image quality. Length and width measurements were 

acquired following Kvaal et al. (1995). As all measurements were performed by one 

observer, intra-observer agreement was calculated based on two repeat measurement of 

10 radiographs with a four-week interval. Statistical analysis was performed using SPSS 

statistical program.  

 

Intra-observer correlation was calculated using intra-class correlation coefficient (ICC) 

and was higher than 0.75 for the canines and first premolars. The correlation between age 

and the length and width measurements of the mandibular teeth as visualised in the digital 

OPGs were significantly lower than those reported by Kvaal et al. (1995). The highest 

correlation was for the ratio between pulp width and root at Level B from the first 

premolar teeth in both sexes (r = -0.478); lower than the corresponding value reported in 

Kvaal et al. (-0.62). Similar to the observations from Meinl et al. (2007), age estimation 

performed using the formula reported by Kvaal et al. (1995) produced an overestimation 

of actual chronological age (SD ±12.53-14.95 years). 

 

The authors discussed the possibility of technical limitations that might have reduced 

measurement precision, thus it was not possible to confirm the reproducibility of the 

Kvaal et al. models in the direct digital OPGs. The authors concluded that age estimation 

using both tested methods cannot be applied on direct digital OPGs, in contrast to 

Bosmans et al. (2005), Paewinsky et al. (2005), Karkhanis et al. (2014) and Mittal et al. 

(2016). This highlighted the need for further population specific research to assess the 

applicability of the Kvaal method in digital OPGs. 

 

(v)  Karkhanis et al. (2014) 

On the principle that age estimation methods should be population specific, Karkhanis 

and collaborators investigated the accuracy of the Kvaal method in digital OPGs from a 

Western Australian population; the intention was to develop modern adult age estimation 

standards. The sample comprised anonymised digital OPGs of 279 Australian adult 
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individuals (143 male; 136 female) from various hospitals and private practices in 

Western Australia. The stated age range of the sample was 20 to 73 years. The 

methodology of this study followed Kvaal et al. (1995), where the authors measured the 

length and width of the tooth and pulp chamber from maxillary central and lateral incisors, 

second premolars, mandibular lateral incisors, canines and first premolars. Measurements 

were acquired using ImageJ and the CDViewer software. Intra-observer agreement was 

calculated based on six repeated measurement of six teeth in six digital OPGs. Inter-

observer agreement was quantified based on four repeat assessment of four OPGs. 

Regression analyses were performed to evaluate the relationship between chronological 

age and those ratios, and to produce statistical models for age estimation. The predictive 

accuracy (SEE) of the models was quantified in the cross-validation sample. All statistical 

analyses were performed using SPSS statistical program. 

 

Intra-observer error was reported to be within an acceptable range for all measurements 

(TEM<1.0, rTEM<5%, R>0.75), and inter-observer precision was also comparable 

(TEM<1.0, rTEM<5%, R>0.70); this was related to individual expertise levels (including 

the level of familiarity with interpreting dental X-rays and the quality of the dental 

images). This study demonstrated that the correlation between chronological age and 

dental ratios were consistently lower than that of the original Kvaal method. The 

correlation coefficient was highest for the maxillary central incisor (r = -0.319). The most 

accurate regression model was for the combined six teeth using 12 predictors (SEE ±7.96 

years). The comparable standard error of estimates indicate that the Kvaal method is 

suitable for application to OPGs from a Western Australian population.  

 

(vi) Penaloza et al. (2016) 

This is the first study to apply the Kvaal et al. (1995) method for dental age estimation in 

cone beam computed tomography (CBCT) images. The authors assessed 101 tomographs 

obtained from the National University of Malaysia, comprising 46 male and 55 female 

individuals between 15 and 75 years of age and whom underwent dental treatment. All 

images were obtained in DICOM format and analysed using OSiriX. Scans exhibiting any 

abnormality and/or pathology were excluded. The authors only acquired measurements 

from the upper teeth (i.e., central incisor, lateral incisor, canine, and second upper 

premolar) due to unclear definition of the pulp chamber and tooth boundaries for the 

lower teeth in their sample. Measurements were acquired in both coronal (mesio-distal) 
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and sagittal (bucco-lingual) planes of the teeth. Teeth from either the left or right side was 

measured, as significant differences between teeth of both sides have not been reported.  

 

Intra-observer variation was found to be within acceptable range (TEM<1.0, R>0.80%). 

A total of 72% of measurements scored rTEM<5% and 28% had a rTEM<10%. The 

correlation between the pulp/tooth ratios and age for the bucco-lingual measurements was 

stronger than for the mesio-distal measurements, with r of -0.21 to -0.61 and -0.22 to -

0.45, respectively. However, it was observed that all the estimates were over the threshold 

generally accepted for forensic application (SEE ±12.2-15.4 years) (Ritz-Timme et al. 

2000) hence did not validate the method. Although great effort was undertaken to test the 

Kvaal method exclusively in CBCT, this study was limited in terms of the small sample 

size (n = 101) and number of teeth examined (n = 3), which had reduced its statistical 

power. 

 

(vii) Akay et al. (2017) 

The aim of this work is to evaluate the applicability of the Kvaal method and pulp/tooth 

volume ratios for age estimation on CBCT images in a Turkish population. The material 

consisted 211 single-rooted normal teeth that were extracted for dental treatment from 

134 patients (67 male; 67 female) aged between 16 and 71 years. Soft tissue attachments 

were removed by washing the teeth under running tap water. Hard tissue attachments 

(e.g.,  tooth stone) were cleaned. Then, 10% formalin solution was used to prevent 

dehydration in storage. CBCT images (0.1 mm resolution) of the teeth then were obtained 

using a  Planmeca Promax 3D-Mid. Measurements were acquired on coronal sections of 

the CBCT images using Planmeca Romexis 2.7.0.R (Figure 3.12). Methodology was 

following the Kvaal method. Statistical analysis (Pearson correlation coefficient, multiple 

linear regression, paired sample t-test, intra-class coefficient (ICC)) was performed using 

SPSS statistical program. Intra-observer agreement was calculated based on repetition of 

15% of the measurements with a three-week interval. 
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Figure 3.12. The Kvaal measurements in the coronal sections of CBCT images  
(from Akay et al. 2017). 

 

The ICC was very high (ICCtooth length = 0.96, ICCpulp length = 0.97, ICCroot length = 0.96). A 

negative correlation was demonstrated between chronological age and all measurements. 

The most significant results were obtained from the regression formula on three 

mandibular teeth and all teeth (p<0.001). The highest coefficient of determination was 

obtained from regression models in the maxillary second premolar tooth (R2 = 0.550). 

The most accurate regression formula is for maxillary lateral incisor with the mean square 

error (MSE) of 5.44 years, and the least accurate formula is for the mandibular first 

premolar with the MSE of 15.38 years. The authors presented their findings as MSE, 

which is the average variability in the data (in contrast to the commonly used standard 

error, the standard deviation of the sample means) (Field 2012). 

 

This study reaffirms the benefit of using CBCT in obtaining precise measurements based 

on its high ICC values. This study demonstrated that the Kvaal et al. (1995) method is 

applicable to the study population, however the authors reasoned that higher standard 

errors obtained in this study was due to the differences in patient selection criteria (i.e., 

tooth extraction) and the lack of sufficient sample size for individuals between 16 and 36 

years. 

 

(viii) Roh et al. (2018) 

The aims of this study were to evaluate the validity of the Kvaal method using digital 

OPGs and to formulate regression equations for age estimation in a Korean population. 
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The sample comprised a total of 266 digital OPGs acquired from 131 males and 135 

females aged 20 to 69 years who visited the Chosun University Dental Hospital. The 

OPGs were converted into JPG images on a PiViewSTAR PACS workstation and 

measured with Adobe Photoshop CS5. Methodology of this study was following Kvaal et 

al. (1995). All measurements were performed by one observer. Observer agreement was 

calculated based on repeat measurements of 25 OPGs with a 3-month interval by two 

observers. Statistical analyses (Pearson correlation coefficient, linear regression analysis, 

ICC) was performed using SPSS statistical program. 

 

The reliability of measurements was very high for both intra-observer (ICC = 0.977-

0.981) and inter-observer (ICC = 0.9990-0.992). The correlation between chronological 

age and dental ratios were relatively lower than that of the original Kvaal 

method. Correlations between the age and the length ratios of teeth were not significant. 

The sum of the width ratios at levels A, B, and C was used in the regression equation 

since the weight for each variable was similar. The authors presented Korean-specific age 

estimation regression models with associated SEE of ±10.7-14.2 years. The best model 

was for combined bimaxillary teeth (SEE ±10.7 years). The authors stated that the results 

from their study largely differed from studies in other populations due to differences in 

tooth development, tooth size, and pulpal cavity shape. They also mentioned the technical 

limitations of using digital OPGs, which included indistinct anatomical detail due to 

overlapping of the premolar area, unequal magnification, and distortion. 

 

(ix) Li et al. (2019) 

The primary aim of this work is to verify the applicability of the Kvaal method and to 

formulate population-specific regression formulae for age estimation on OPGs in a 

Chinese population. The sample comprised 360 OPGs of northern Chinese individuals 

(180 male; 180 female) 20 to 65 years of age collected from the Stomatological Hospital 

of Xi’an Jiaotong University. The methodology of this study followed Kvaal et al. (1995), 

where the authors measured the length and width of the tooth and pulp chamber from 

maxillary central and lateral incisors, second premolars, mandibular lateral incisors, 

canines and first premolars. Measurements were acquired using Adobe Photoshop CS6. 

Regression analyses were performed to evaluate the relationship between chronological 

age and those ratios, and to produce statistical models for age estimation. The predictive 

accuracy of the models was quantified using the standard error of estimate (SEE) in the 
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cross-validation sample. Precision test was calculated using ICC by two evaluations of 

40 images with two-month interval by two observers. All statistical analyses were 

performed using IBM SPSS statistical program. 

 

Both intra- and inter-observer agreement are highly reliable with ICC = 0.837-0.855 and 

0.737-0.884, respectively. The correlation between chronological age and dental ratios 

were consistently lower than that of the original Kvaal method. The correlation coefficient 

was highest for ratio B from bimaxillary teeth (r = -0.518). As the correlation coefficients 

between age and the sum of two length ratios were not significant, the Chinese-specific 

age estimation equation was obtained only using the width ratios – similar to Paewinsky 

et al. (2005) and Roh et al. (2018). The most accurate regression model was for the 

combined bimaxillary teeth (SEE ±11.4 years). The authors presented their Chinese-

specific equations with only one independent variable W (i.e., width ratios of levels B 

and C). They also cross-validated both Chinese-specific and the original Kvaal equations 

to a test dataset of 90 individuals and found that the original Kvaal equation overestimated 

the actual age of Chinese subjects (8.6 ±11.8 years) compared to Chinese-specific 

equation (3.4 ±11.9 years). They concluded that even though the accuracy was improved 

by using the Chinese-specific equation, the SD remains large. This may be attributable to 

differences in the target populations (i.e., Norwegian and Chinese) and imaging 

techniques (i.e., periapical radiograph and OPG). 

 

3.2.4. Summary 

Previous research has described the correlation between age and secondary dentin 

formation in the pulp chamber walls. Quantification of the amount of secondary dentin 

present can give an indication of the time that has elapsed since the tooth was formed and 

thus provide an estimation of chronological age. The ABFO has recommended the Kvaal 

method for adult age estimation, as this radiographic technique can be applied in both 

deceased and living individuals. Further, the Kvaal method has been tested on various 

digital imaging modalities in various global populations. This chapter has reviewed dental 

age estimation following the methodology of Kvaal et al. (1995), which has been 

validated in different populations using conventional and digital radiographs, and CBCT 

images, for example: German (Paewinsky et al. 2005), Belgian (Bosmans et al. 2005), 

Austrian (Meinl et al. 2007), Spanish (Landa et al. 2009), Turkish (Misirlioglu et al. 2014; 

Akay et al. 2017), Western Australian (Karkhanis et al. 2014; Marroquin et al. 2016), 
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Indian (Kanchan-Talreja et al. 2011; Mittal et al. 2016) and Malaysian (Penaloza et al. 

2016). There is a need to assess the accuracy of the Kvaal et al. (1995) method in a large, 

multi-ethnic Malaysian individuals and to determine if population-specific formulae 

improve age estimation for the application in a forensic context. 

 

3.3.  Age Estimation based on Quantification of Spheno-Occipital Synchondrosis 

Fusion 

 

Depending on bone structure and function, each region of the skeleton will reflect the 

aging process differently, and in the adult skull the progression of suture closure (other 

than the dentition) is the only indicator of age (Novotny et al. 1993; Nafte 2009). Cranial 

suture closure progresses with age, and therefore, the macroscopic assessment of the 

surface of cranial sutures is an established method of age estimation (Acsádi & Nemeskéri 

1970; Meindl & Lovejoy 1985; Nawrocki 1998). Due to a late fusion in the final stage of 

skeletal maturation, the spheno-occipital synchondrosis is a relatively reliable indicator 

of age in adolescent remains that can be used in conjunction with, or to corroborate, other 

methods (Barker et al. 2008; Christensen et al. 2014; Cox 2000; Kewal & Krishan 2013). 

The work in the present thesis focuses on developing contemporary, population-specific 

forensic adult age estimation standards; one of the methods selected for this thesis is based 

on spheno-occipital synchondrosis fusion following Franklin and Flavel (2014). A 

description on the development of spheno-occipital synchondrosis is illustrated below 

along with pioneering research on that anatomical structure and growth (Section 3.3.1).  

Section 3.3.2 presents current trends in age estimation based on the timing of spheno-

occipital synchondrosis status. 

 

3.3.1. Development of Spheno-Occipital Synchondrosis  

A synchondrosis is, by definition, a cartilaginous joint (either hyaline cartilage or fibro-

cartilage) between two hard bones, that allows only slight movement (Cendekiawan et al. 

2010). Being the last sites in the cranium to cease growth, cranial base synchondroses are 

crucial growth centres of the craniofacial skeleton (Melsen 1969; Ingervall & Thilander 

1972). Three synchondroses are present in the midline of the cranial base, which are the 

spheno-ethmoidal synchondrosis between the sphenoid and ethmoidal bones, the 

intersphenoid synchondrosis between two parts of the sphenoid bone and the spheno-

occipital synchondrosis between the sphenoid and basioccipital bones (Cendekiawan et 
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al. 2010). The spheno-occipital synchondrosis is also commonly known as the basilar 

suture. It is a cartilaginous craniofacial growth centre between the occipital and sphenoid 

bones. At birth, the occipital bone is represented by two lateral parts (pars lateralis), the 

squama and the basilar part (pars basilaris) (Figure 3.13).  

 

 
 

Figure 3.13. Skull in basal view showing cranium bones and the 
spheno-occipital synchondrosis (from İşcan & Steyn 2012). 

 

The closure of spheno-occipital synchondrosis occurs first on the intra-cranial surface and 

proceeds towards the base of skull (Scheuer & Black 2000). It involves similar growth 

processes to endochondral ossification (Ubelaker 2010). Although this synchondrosis 

allows for some linear growth in the cranial base, fusion of the spheno-occipital 

synchondrosis is responsible for cranial base flexion (O’Higgins & Strand Vidarsdottir 

1999).  

 

The pattern of spheno-occipital fusion can be scored and correlated with age. Classic 

anatomical texts (e.g., Frazer 1933; Grant & Basmajian 1965; Gray 1962) stated that the 

basi-occipital fuses with the sphenoid between 18 and 25 years of age. McKern and 

Stewart (1957:34) reported on the well-documented remains of the American soldiers 

killed in North Korea that: 
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“… active closure of the [spheno-occipital synchondrosis is in process in 
males] up to and including the age of eighteen years. In the following age 
groups (nineteen to twenty), activity practically ceases and by twenty-one 
years the [synchondrosis] is closed.” 

 

Redfield (1970) asserted that various studies have placed its fusion between 20 and 29 

years of age. Krogman and İşcan (1986) found that 95% of basilar sutures were united 

between 20 and 25 years. Schwartz (2007) is in agreement to those descriptions, stating 

that spheno-occipital synchondrosis begins at approximately 17 years and may be 

complete between 22 and 25 years. Earlier studies focused on anatomical structure and 

growth process of the spheno-occipital synchondrosis fusion, thus help inform forensic 

understanding (e.g., Irwin 1960; Powell & Brodie 1963; Melsen 1969, 1972; Ingervall & 

Thilander 1972; Thilander & Ingervall 1973).  

 

On the contrary, current texts reported fusion of spheno-occipital synchondrosis to take 

place at 11 to 16 years of age in females and 13 to 18 in males (Scheuer & Black 2000; 

Purves et al. 2011). Scheuer and Black (2000:59) commented that “closure of the 

synchondrosis almost certainly occurs during the adolescent rather than the young adult 

period”. This discrepancy in the timing of spheno-occipital synchondrosis fusion may be 

due to the differences in methods of assessment, where studies are now not limited to 

only direct inspection, but also utilising powerful digital imaging methods. High 

resolution CT images enabled the visualisation of the fusion scar and accurate 

assessments of the various growth stages and/or fusion scar (Bassed et al. 2010; Franklin 

& Flavel 2014; Lottering et al. 2015).  

 

(i) Irwin (1960) 

Irwin (1960) reviewed embryological and anatomical considerations for the timing of 

closure of the spheno-occipital synchondrosis. The aim was to examine the appearance 

and timing of closure of the spheno-occipital synchondrosis. The author evaluated single 

tomographic section in the mid-sagittal plane of the skulls from 47 individuals between 5 

to 25 years of age. However, the author did not distinguish between the sexes. Irwin 

observed that the ossification began at the superior border of the synchondrosis and 

progressed inferiorly, hence the pattern of fusion was categorised into four categories: (i) 

open; (ii) narrow superiorly; (iii) closed superiorly, open inferiorly; and (iv) closed.  
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The synchondrosis was found to be open below 10 years of age, although superior 

narrowing could be seen at as early as six years of age. Closure was found to begin 

superiorly between 10 and 13 years of age. This study suggested that ossification began 

at the superior border of the synchondrosis as early as age 11. The author noted that in 

general, fusion occurred by the age of 13 years, progressed inferiorly and complete fusion 

was achieved by 18 years old. However, this study does not provide observer accordance 

or any statistical analysis as the sample size is too small. 

 

(ii)  Powell and Brodie (1963) 

The purpose of this study was to re-examine timing of closure of the spheno-occipital 

synchondrosis and to concurrently study the posterior cranial base using laminagraphy, 

which is applicable to living individuals as it is a non-invasive method. Laminagraphy is 

a radiographic technique used to image cross-sectional views through solid objects (Segal 

& Cohen 1990). Powell and Brodie described the radiological appearance of the spheno-

occipital synchondrosis from the examination of midsagittal cephalometric laminagrams 

of 205 males (8 to 21 years) and 193 females (6 to 21 years). Measurements of the sella 

turcica (S) to basion (BA) was taken on traced laminagrams from the whole sample, while 

the spheno-occipital junction-to-basion dimension was assessed only on those individuals 

exhibiting a completely open spheno-occipital junction. The landmarks and linear 

measurements acquired in this study are shown in Figure 3.14. 

 

 
 

Figure 3.14. Points and dimensions on tracing of laminagram. BA = basion; SO = 
spheno-occipital synchondrosis; S = sella turcica; SE = spheno-ethmoidal junction; SO1 

= a point on the dorsal surface of the basioccipital at the spheno-occipital 
synchondrosis (from Powell & Brodie 1963). 
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The scoring for spheno-occipital synchondrosis closure were categorised into: (i) 

complete opening; (ii) superior border closed; (iii) superior one-fourth closed; (iv) 

superior one-half closed; (v) superior three-fourths closed; and (vi) complete obliteration. 

The mid-sagittal lamina of the spheno-occipital junction appears as a band of less radio-

opacity when the suture is open. Further, closure was found to occur first in the cranial 

border and progress inferiorly.  

 

This study demonstrated a significant sex difference in the age of complete fusion; 13 to 

16 years in males and 11 to 14 years in females. The authors reported complete fusion 

times during adolescence, with females being on average two years in advance of males. 

The work of Powell and Brodie (1963) is significant because it is amongst the first studies 

suggesting that complete fusion of spheno-occipital synchondrosis usually occurs during 

late adolescence and the time of closure varies according to sex.  

 

(iii) Melsen (1969, 1972) 

With the intention to investigate the precise time of closure of the spheno-occipital 

synchondrosis, Melsen (1969) examined the spheno-occipital synchondrosis by direct 

inspection on radiographs of 132 skulls from India of unknown age (hence the findings 

derived from this study need to be treated with caution since age composition of the 

reference sample was not accurate). No information on sex was provided. The study 

materials were categorised according to stages of dental development, which were 

deciduous teeth fully erupted; permanent incisors erupting; permanent incisors fully 

erupted; canines or premolars erupting; canines and premolars fully erupted; second 

molars fully erupted; and third molars fully erupted. A total of 23 linear and 2 angular 

measurements were made directly in the radiographic films to the nearest 0.1 mm and 

nearest half degree. The author described the standard condition on how the spheno-

occipital synchondrosis was studied; the markings on the skull, radiographic technique 

employed to ensure highest resolution films, and duplicate measurements on skulls to 

address the issue of measurement error. The structures and reference points employed are 

shown and described in Figure 3.15.  
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 Figure 3.15. Reference points employed on profile radiographs. S = the centre of sella 

turcica; s’ = the deepest point of the floor of the sella turcica; N = the most anterior 
point of the clivus (nasion); Ba = the extreme postero-inferior point of the nasofrontal 

suture (basion); Ho = the extreme dorsal point of contact of the vomer with the 
sphenoid body in the mid-sagittal plane between the alae of the vomer (hormion); 

Sphen = the uppermost point of the tuberculum sellae (sphenoidal point); sba = the most 
inferior point of the posterior surface of the sphenoid body (sphenobasion anterior); sbp 

= the most inferior point of the anterior surface of the basilar part of the occipital bone 
(sphenobasion posterior); sos = the point of intersection between the sba line and the 

posterior surface of the sphenoid body (synchondrosis spheno-occipital superior); soi = 

the point of intersection between the sba line and the anterior surface of the basilar part 
of the occipital bone (synchondrosis spheno-occipitalis inferior) (from Melsen 1969). 
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Intra-observer variation was calculated by duplicate measurements of 10 skulls from 

various age groups, and no systematic error was observed (random error = 0.18-0.77 mm, 

angle = 1.24-1.55º). The growth of the synchondrosis was assessed by measurements of 

the increase in the distance from the sella turcica to the distal surface of the synchondrosis 

(s-sbp, s’-sbp, sphen-sbp and s-soi). The author noted that the closure of synchondrosis 

started at the internal surface of the cranial base, and fusion occurred after the eruption of 

the permanent canines, premolars and second molar teeth. This craniometrics study thus 

demonstrated that closure of spheno-occipital synchondrosis was related to the time 

interval between the eruption of second and third molars. In contrast to Irwin (1960) and 

Powell and Brodie (1963), the reported age for complete fusion of the spheno-occipital 

synchondrosis was much earlier; 11 and 12 to 13 years, respectively. This might be 

attributed to the unknown actual age, methodology (i.e., radiography versus direct 

inspection of the skull) and population variation in the sample studied.  

 

In 1972, Melsen conducted another study to establish the timing of closure of the spheno-

occipital synchondrosis in relation to chronological age, but this time using a histological 

method. The sample comprised 100 individuals (65 male; 35 female) between 0 and 20 

years of age. Serial sections of tissue blocks comprising the central part of the anterior 

cranial base, the clivus, nasal septum and part of the hard palate were obtained from post-

mortem examination. The spheno-occipital synchondrosis was exposed as the area from 

the cribriform plate to the anterior border of the foramen magnum was separated in the 

mid-sagittal plane. The synchondrosis was recorded as: open; closing (the first osseous 

bridge between the occipital and sphenoid bones had been established); or closed (all 

cartilage had been replaced by bone).  

 

This study affirmed previous findings that closure starts at the internal surface (clivus) 

and proceeds in a wedge shape. The author found that the age of the males with closing 

synchondrosis varied from 13 to 18 years (mean = 16 years), whilst for the females, it 

was 12 to 16 years (mean = 14 years). Based on human autopsy material, spheno-occipital 

synchondrosis was indicated to commence between the age of 12 and 18 years, but there 

was no report on time for complete fusion. This study also established sex variation in 

spheno-occipital synchondrosis fusion. 
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(iv) Ingervall and Thilander (1972); Thilander and Ingervall (1973) 

Ingervall and Thilander (1972) investigated spheno-occipital synchondrosis fusion 

macroscopically. The sample was collected from 53 Swedish individuals (32 male; 21 

female), aged 2 days to 24 years 11 months. The study material comprised the major part 

of the clivus and dorsum sallae, which were decalcified and serially sectioned in the 

sagittal plane. Sections of the synchondrosis were stained and photographed in four times 

enlargement. The width of the synchondrosis was measured using sliding calipers on the 

photographs, as shown in Figure 3.16. 

 

 
Figure 3.16. Measurement sites for width of synchondrosis following Ingervall & 

Thilander (1972). 
 

Individuals aged 0 to 10 years demonstrated open spheno-occipital synchondrosis with 

associated widths from 1.5 mm to 3.0 mm. The authors observed that the initial sign of 

closure of the spheno-occipital synchondrosis was the appearance of a bony bridge in its 

superior part, as described in Irwin (1960) and Powell and Brodie (1963). It was also 

noted that the synchondrosis was never completely open in any of the females above 13 

years 9 months, whilst the corresponding age for the boys was 16 years. These findings 

are compatible to those of Melsen (1969). 

 

Thilander and Ingervall (1973) proceeded with a histological and micro-radiographical 

study in their investigation of closure of the spheno-occipital synchondrosis. The authors 

also wished to address the gap in their previous study; whether the sella cartilage grows 

post-natally, and if bone remodelling occurs in the sella turcica and the clivus. The sample 

consisted of post-mortem tissue samples from 78 individuals (53 male; 25 female) aged 

2 days to 24 years 11 months. For the histological method, 53 samples were decalcified 
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and serially sectioned in the sagittal plane. They were then subjected to tissue staining 

and microscopic examination. The remaining samples for the micro-radiographical study 

were fixed, embedded and sectioned, before being exposed to radiation.  

 

This study found that the synchondrosis was completely ossified by the age of 16 to 17 

years in females and about two years later in males. This may be attributable to the early 

growth process or maturity of females. It also explained the development and remodelling 

changes of human synchondrosis during the growth period.   

 

3.3.2. Spheno-Occipital Synchondrosis Fusion as a Basis for Age Estimation 

Current literature review on the correlation between spheno-occipital synchondrosis 

fusion and age are described below in chronological year of publication, with variations 

in the methodology in which the spheno-occipital synchondrosis fusion is assessed (i.e., 

physical bones, radiograph, magnetic resonance imaging (MRI), and CT) and the scoring 

system used to assign each phase relative to fusion status. The methodology selected for 

the present thesis is Franklin and Flavel (2014), discussed in a separate section below. 

 

(i) Madeline and Elster (1995) 

Madeline and Elster (1995) examined normal cranial CT images (i.e., without any skull 

base deformity) of 189 American infants and children; neonates to 18 years of age. These 

patients (115 male; 74 female) were referred for clinical cranial CT. Based on axial CT 

image assessment, the authors observed and graded the closure of 18 sutures and 

synchondroses using a five-tier scale; Grade 1: margins of the synchondrosis (suture) are 

clearly separated on all sections; Grade 2: clear separation of the synchondrosis (suture) 

is clearly seen along most sections, but some area are indistinct or suspicious for bony 

bridging; Grade 3: area of fusion or bridging across a portion of the synchondrosis 

(suture) definitely is seen; Grade 4: complete fusion of the synchondrosis (suture) with 

remnant sclerotic margins is seen; and Grade 5: complete closure is seen with no apparent 

vestige remaining. The scans were assessed by two observers (i.e., experienced 

radiologists), with a final grade assigned by consensus. Statistical analyses were 

performed using Systat statistical program. 

 

The spheno-occipital synchondrosis showed signs of early fusion by the age of 8 years 

(the 50% percentile for Grade 3 closure). The authors found that the median age for Grade 
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3 closure of the spheno-occipital synchondrosis occurred on average at 13.5 years in 

males and 14 years in females. This study also found that the synchondrosis remained 

partially open into the teenage years; 16 years in females and 18 years in males, in 

agreement with Powell and Brodie (1963), Thilander and Ingervall (1972) and Melsen 

(1972). These radiographical standards for assessment of skull base maturity advanced 

the understanding of the complex process of skull base development (ossification centres, 

sutures and synchondroses).  

 

(ii)  Okamoto et al. (1996) 

Okamoto and colleagues (1996) aimed to assess the development of the spheno-occipital 

synchondrosis based on the examination of high resolution thin-section CT scans (1.5-

2.5 mm resolution). The authors evaluated CT images of 253 Japanese individuals aged 

1 to 77 years, and reviewed the persistency of the synchondrosis, the location and time of 

appearance of the ossification centre in the synchondrosis, and the vestige of the 

synchondrosis after fusion of the sphenoid and occipital bones. However, no information 

on sex distribution in the study sample was provided. Three points were assessed on CT 

scans: persistency of the synchondrosis; the location and time of appearance of the 

ossification centre in the synchondrosis; and the vestige of the synchondrosis after fusion 

of the sphenoid and occipital bones. 

 

The authors reported the presence of additional symmetric ossification centres on either 

side of the midline in females, and that fusion of the spheno-occipital synchondrosis 

begins at the endocranial surface and progresses ectocranially. This study showed that the 

earliest complete closure of the synchondrosis occurred at the age of 12 years in females 

and 13 years in males. The authors found that spheno-occipital synchondrosis was closed 

in all individuals above the age of 13 years, in which they also acknowledged that 

“Although a persistent spheno-occipital synchondrosis up to 20 years of age has been 

reported, it was not seen in our study and is thought to be rare” (Okamoto et al. 1996:119).  

 

This study demonstrated high-resolution CT scans can recognise and predict the 

progressive ossification of spheno-occipital synchondrosis. The authors concluded that 

population specificity may affect the development of spheno-occipital synchondrosis, and 

further investigation is warranted. 
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(iii)  Sahni et al. (1998) 

The objective of this study was to estimate skeletal age by establishing the timing of 

spheno-occipital synchondrosis fusion in a Northwest Indian population. The authors 

examined a quadrilateral piece of bone extending from the posterior clinoid processes to 

the jugular tubercles, which was removed during post-mortem investigations of 84 

individuals (50 male; 34 female) between 10 and 20 years of age. The study materials 

were radiographed in a supero-inferior and lateral position prior to labelling and 

maceration. These materials were studied through direct inspection. In addition, CT 

images were acquired from living subjects (46 male; 27 female) between 10 and 19 years 

of age, however the scanning protocols were not provided by the authors. Fusion status 

was categorised as complete (+2), partially complete (+1) and unfused (0). No observer 

accordance was reported. 

 

The authors observed that complete fusion occurred between 13 and 17 years in females, 

and between 15 and 19 years in males. Regression models for both sexes were also 

developed and the results showed that the age of 16 years was the baseline where Indian 

individuals can be correctly classified (91.67% males; 85.25% females). The authors 

reported that if a complete fusion has occurred, the age of the decedent should be 15 years 

or above in males, and 13 years or above in females. In the case of no or partial fusion, 

the decedent is estimated to be younger than 19 years for males and 17 years for females. 

This study provides a general guideline in estimating age based on the closure of spheno-

occipital synchondrosis among Indian individuals. Even though the authors adopted two 

methods in their study (i.e., direct inspection of physical bone and digital imaging), no 

separate findings on subjects (i.e., living individuals and autopsy sample) nor individual 

observations on direct inspection, x-rays or CT scans, is presented. 

 

(iv)  Kahana et al. (2003) 

The aim of this study was to corroborate the validity of implementing the stage of closure 

of the spheno-occipital synchondrosis as an age indicator towards the identification of 

unknown remains. Direct observation of the closure of the spheno-occipital 

synchondrosis was performed during post-mortem examination of 91 individuals (70 

male; 21 female) between 8 and 26 years of age from various background (76 Caucasian; 

14 Mexican-American; one African-American). The sample included 54 individuals from 

necroscopies performed at the National Centre of Forensic Medicine in Tel Aviv, Israel, 
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and 38 autopsied at the Forensic Science Center of Pima County, Tucson, Arizona. The 

stage of closure was classified into “open” or “closed” depending on the presence or 

absence or cartilage as viewed on the endocranium. Assessment in the Israeli series was 

performed by two or three investigators, and the Arizona sample was examined by one 

investigator. Statistical analyses were performed using SPSS statistical program. 

 

The mean age for males and females with “open” synchondrosis was 16.9 years and 12.3 

years, respectively. In males, the authors found that the mean age where the 

synchondrosis was closed was 17 years, whereas it was 15.7 years in females. Although 

these results are similar to previous studies (e.g., Irwin 1960; Melsen 1969; Okamoto et 

al. 1996; Powell & Brodie 1963), the small female sample leads to queries on its statistical 

value. One of the limitations of this study is that the female sample is too small and 

inadequate to represent the population (n = 21), for this reason unable to provide 

statistically applicable data in forensic case work. The authors also categorised the closing 

status only as “open” and “closed”, which is inappropriate to the nature of this site, that 

it is a continuous process and not discrete. 

 

(v)  El-Sheikh and Ramadan (2006)  

El-Sheikh and Ramadan (2006) assessed the closure of the spheno-occipital 

synchondrosis in an Arabian Gulf population in an attempt to establish population specific 

age estimation standards. The study material consisted of high resolution thin-section CT 

images of 207 individuals between the ages of 9 and 23 years. No information on sex 

distribution was provided by the authors. The spheno-occipital synchondrosis was scored 

as either open or closed, with partial closure classified as open. Complete fusion data of 

the spheno-occipital synchondrosis appeared to occur between 12 to 18 years in males, 

whilst in females the corresponding ages were 11 to 16 years. No mean age for spheno-

occipital closure was provided. Although the results from this study was in concordance 

to previous reports where closure times occurred during adolescence and earlier in 

females, this trial study had adopted a rigid two-stage scoring system, despite the nature 

of the suture to fuse in a continuous process. 

 

(vi)  Akhlaghi et al. (2010) 

Akhlaghi and co-researchers (2010) investigated the timing of spheno-occipital 

synchondrosis fusion macroscopically to verify its validity as an age indicator. The 
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sample comprised  376 Iranian cadavers (190 male; 186 female) between 8 to 26 years of 

age.  The state of the fusion was examined between the rostral margin of the foramen 

magnum, through the body of the sphenoid bone and the clinoid anterior processes. The 

fusion status was classified into three groups: open (suture was open or less than ¼ had 

been calcified); semi-closed (more than ¼ and less than ¾ of the cartilage had been 

calcified); and closed (more than ¾ had been calcified). Statistical analyses (i.e., 

Spearman correlation coefficient and regression analysis) were performed using SPSS 

statistical program. The authors stated that the study was carried out by “unique 

examiners” and used the word “we” throughout the article but did not provide clear 

definition on who were the examiners, which indicate that observer variability and 

observation bias may exist in the study. 

 

The mean age of males with a semi-closed spheno-occipital suture was 16.6 years (95% 

CI = 12.6-21.6 years) and the corresponding age for females was 14.1 years (95% CI = 

9.5-20.1 years). The mean age of male cadavers with a closed spheno-occipital suture was 

21.1 years (95% CI = 17.1-26.1 years) and the corresponding age for females was 19.3 

years (95% CI = 14.7-25.3 years). Linear regression models were developed for age 

estimation according to spheno-occipital synchondrosis closure status in males and 

females, however, the values for standard error of the estimate (SEE) were not reported: 

 
Male; y = 12.07 + 4.50x (R2 = 0.618) 
Female; y = 8.75 + 5.32x (R2 = 0.540)  
 
where y =  age, x = degree of fusion (0, 1 and 2). 
 

The results highlighted significant sex differences in the timing of spheno-occipital 

synchondrosis fusion, although large variations and overlapping in the age of closure 

were demonstrated in the study. The authors also proposed for further investigation in 

different ancestral groups to address wide discrepancy of fusion time, as noted in Kahana 

et al. (2003).  

 

(vii) Bassed et al. (2010) 

Bassed and co-investigators (2010) conducted a retrospective assessment of CT scans to 

investigate the sequence and timing of closure of the spheno-occipital synchondrosis in a 

modern Australian population. They aimed to assess if this age marker is useful for age 
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estimation in individuals around the age of 18 years (in accordance with the age of 

majority). The sample consisted 666 individuals (458 male; 208 female) aged 15 to 25 

years, whom were admitted to the Victoria Institute of Forensic Medicine, Melbourne. 

These individuals were subjected to full body CT scanning during the course of routine 

medico-legal death investigation. The authors examined multislice CT (MSCT) scans of 

the head and neck (1.0 mm resolution), which were acquired using a Toshiba Aquilion 

16® multislice scanner. The scans were later reconstructed and viewed using Aquarius-

Net®.  

 

Ossification status was assessed from the midsagittal view of the scan and categorised 

into a five-stage system, which was a modification from Powell and Brodie (1963); Stage 

1: synchondrosis is completely open and unfused; Stage 2: the superior border has fused 

whilst the remainder of the fusion site is patent; Stage 3: half the length of the 

synchondrosis is closed; Stage 4: closure is essentially complete, but the site is still visible 

by way of a fusion scar; and Stage 5: the site has been completely obliterated with the 

appearance of normal bone throughout. Intra- and inter-observer variations were 

quantified with 46 of the images being scored twice by two observers with a one-month 

interval between scoring sessions. Statistical analyses were performed using SPSS 

statistical program.  

 

Excellent agreement was achieved in the precision test (Cohen’s κ = 0.907 and  0.780 for 

intra- and inter-observer agreement, respectively). The authors noted that with advancing 

age, the fusion begins superiorly and progresses inferiorly, similar to Irwin (1960). 

Spheno-occipital synchondrosis closure is essentially complete by the age of 17 years for 

both males and females. However, the authors did not find any significant differences in 

the progress of fusion between males and females after the age of 16 years. This study 

reaffirmed that high resolution CT images enabled the visualisation of the fusion scar and 

accurate assessments the various growth stages, this is not possible with conventional 

radiography or in the de-fleshed cranium. Closure of the spheno-occipital synchondrosis 

was suggested to be an unreliable marker when attempting to determine if an individual 

has reached the age of 18 years in this population. This study also highlighted the 

importance of population-specific data for estimation of age. 
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(viii) Shirley and Jantz (2011) 

In their study on modern Americans from various ethnic backgrounds classified as 

American White, American Black, Hispanic, White-Hispanic, White-Black, White-

Native American, White-Vietnamese, Shirley and Jantz (2011) wished to address issues 

concerning fusion age, scoring methodologies and sexual dimorphism, and to 

concurrently devise updated age standards that can be readily and easily applied. The 

samples were accessed from the Forensic Data Bank (a central database of forensic 

anthropology cases from around the United States) and casework by the authors; 

comprising 162 American individuals (62 male; 100 female) between 5 to 25 years of 

age.  

 

The authors independently assessed the development of the spheno-occipital 

synchondrosis through case photographs. The synchondrosis was scored via direct 

physical inspection of the ectocranial surface: open/unfused (visible gap between the 

basilar portion of occipital and the sphenoid; no bone present in gap); closing/fusing 

(synchondrosis beginning to ossify, proceeding endo- to ecto-cranially; the gap is 

narrowing and becoming filled with bone); or closed/fused (no gap remains between 

occipital and sphenoid; occipital and sphenoid are continuous at the basilar portion; fusion 

scar may be present). Since age is a continuous process and to address problems with 

developing age standards (i.e., age mimicry and sample size limitations), Nphases2 was 

used to perform transition analysis to produce a log-age cumulative model to calculate 

the mean and standard error of the age of transition between the developmental phases.  

 

A strong positive relationship was demonstrated between age and phase across the study 

sample: r = 0.744 for male, 0.624 for female, and 0.629 for pooled-sex. The authors 

observed that the onset of fusion corresponded closely with the onset of puberty. The 

earliest age at which complete fusion was identified was 16 years in males and 13 years 

in females. Transition analysis is able to determine the average ages at which an 

individual transitions from unfused to fusing and from fusing to fused status. The 

maximum likelihood estimates indicated that males are most likely to change from open 

to closing at 16.5 years, with the corresponding age for females being 11.4 years. The 

mean age of male with closed spheno-occipital suture was 17.4 years, the corresponding 

age for females was 13.7 years (i.e., almost four-year gap between both sexes). 

 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

95 

In comparison with previous literature, the slight greater sex difference may be an artefact 

of the larger female sample. Another possible explanation for this is the difference in data 

collection techniques between macroscopic and CT assessment. Since this study could 

not statistically evaluate ancestral differences due to issues relating to the sample size, 

validation studies on other modern samples was recommended.   

 

(ix)  Can et al. (2014) 

Can and colleagues (2014) investigated spheno-occipital synchondrosis fusion in a 

Turkish population. The aim of this study was to evaluate the accuracy of the timing of 

closure of spheno-occipital synchondrosis for forensic age estimation. The sample 

comprised MDCT scans (1.0 mm resolution) of 638 individuals (399 male; 139 female) 

between the age of 10 and 20 years who had undergone CT scanning procedure at the 

Bakirköy Dr. Sadi Konuk Teaching and Research Hospital. The scans were reformatted 

in the sagittal plane and examined by one observer. Fusion status of the spheno-occipital 

synchondrosis was scored according to Bassed et al. (2010) and statistical analyses were 

performed using SPSS statistical program. All scans were assessed by one observer, but 

intra-observer agreement was not reported. 

 

This study reaffirmed previous findings that spheno-occipital synchondrosis fusion 

increases with increasing age (r = 0.714 and 0.698 in males and females, respectively). 

The authors reported that fusion started approximately two years earlier in females and 

was completed by the age of 17 years in both sexes. The differences between stages was 

evaluated and results showed significant differences between sexes for the ages of 11 to 

16 years (p ≤0.039), which were attributed to puberty. However, no significant difference 

between sexes was found at the age of 10 years and at the age group of 16 to 25 years. 

Linear regression analysis had a lower correlation coefficient (r = 0.642 and 0.527 for 

males and females, respectively) compared to Akhlaghi et al. (2010) and Franklin and 

Flavel (2014). The authors acknowledged the effect of methodological differences (i.e., 

CT images versus direct physical inspection), population size, sample distribution, 

ethnicity and socioeconomic status on the development of age standards based on spheno-

occipital synchondrosis. 
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(x) Franklin and Flavel (2014) 

Franklin and Flavel (2014) conducted a study to develop population-specific forensic age 

estimation standards for direct application in a Western Australian population. The 

authors examined cranial multidetector CT (MDCT) scans (<1.5 mm resolution) in a 

random sample of 312 Australian individuals (169 male; 143 female) between  5 and 25 

years of age. The MDCT scans were obtained from a Picture Archiving and 

Communication Systems (PACS) database comprising patients from various Western 

Australian hospitals. The scans were reconstructed and visualised using OsiriX and the 

fusion status of the spheno-occipital synchondrosis was quantified in the median sagittal 

plane using three-dimensional (3D) oblique multiplanar reformatting (MPR).  

 

Modified from the work of Bassed et al. (2010) and Shirley and Jantz (2011), the authors 

developed a four-stage scoring system for spheno-occipital synchondrosis fusion: Phase 

0 (Unfused): completely open with no evidence of fusion between the basilar portion of 

the occipital and sphenoid, no bone present in the gap; Phase 1 (Fusing endocranially): 

no more than half the length of the synchondrosis is fused, proceeding endo- to 

ectocranially; Phase 2 (Fusing ectocranially): greater than half the length of the 

synchondrosis is fused, ectocranial (inferior) border remains unfused; and Phase 3 

(Complete fusion): completely fused with the appearance of normal bone throughout, a 

fusion scar may be present. These phases are shown in Figure 3.17. 

 

 
 

Figure 3.17. Stages of spheno-occipital synchondrosis in the median sagittal plane 
(from Franklin & Flavel 2014). 

 

High intra- and inter-observer agreement was demonstrated with Kappa value, κ = 0.907 

for intra-observer agreement and κ = 0.867 for inter-observer agreement. Transition 

analysis was performed using Nphases2. The results demonstrated a significant positive 
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relationship between age and stage of spheno-occipital fusion for both sexes (r = 0.855 

and 0.821 for males and females, respectively). The latest age at which fusion remained 

incomplete (Phase 2) was 16.83 years in males (mean 16.38 years) and 15.09 years in 

females (mean 13.53 years). Complete fusion (Phase 3) was reached from as early as 

13.42 years in males (mean 19.83 years) and 11.75 years in females (mean 18.62 years). 

 

These findings supported previous research, where spheno-occipital fusion began earlier 

in females and completed during adolescence. The present study adopted four-tier scoring 

system, producing higher levels of inter-observer accordance, decreasing subjectivism in 

assessment between examiners (κ = 0.867) compared to five-tier system of Bassed et al. 

(2010) (κ = 0.780). However, potential issues that affect skeletal maturation (e.g., 

ancestral background, socioeconomic status, nutrition, amongst other) could not be 

addressed as these parameters were not available in the medical sample.  

 

(xi) Barrany et al. (2015) 

Suggestions in the literature for further population-specific investigations of age 

estimation based on spheno-occipital synchondrosis fusion provided the impetus for 

Barrany and colleagues (2015) to undertake a cross-sectional study in a local population. 

The aim was to determine the sequence and timing of closure of the spheno-occipital 

synchondrosis among Yemeni individuals, as to thereafter construct a specific age 

estimation formula for that population. The sample comprised anonymised clinical 

MSCT scans (0.625 mm resolution) of 217 individuals (121 male; 96 female) between 15 

and 25 years of age. They were obtained from the Department of Radiology, University 

of Science & Technology Hospital, and from school and colleges of Sana’a. Acquisition, 

reconstruction and visualisation of all scans were performed using the imaging system 

employed in the hospital; Siemens SOMATOM® DEFINITION AS multislice scanner. 

The scoring system for spheno-occipital synchondrosis was modified from Bassed et al. 

(2010): Stage 1: completely open; Stage 2: closed superior border; Stage 3: complete 

fusion with a visible fusion scar; and Stage 4: complete fusion with no visible fusion scar. 

Intra- and inter-observer accordance was calculated based on two repeat assessment of 30 

CT images by two observers with one-month interval. Statistical analyses were performed 

using SPSS statistical program. 
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Intra- and inter-observer agreement was determined using Cohen’s Kappa and 

demonstrated good agreement (κ = 0.729 for within examiner, and κ = 0.678 for between 

examiners). Complete fusion was observed at 16 years of age and above in males and 

from 15 years in females. The mean age for complete fusion of spheno-occipital suture 

in males was 21.32 years and the corresponding age for females was 21.56 years. Linear 

regression analysis with age as a dependent variable (y) and degree of fusion as 

independent variable (x), formulae were developed for age estimation but the accuracy 

values (standard error of the estimate, SEE) were not reported:  

 

Male, y = 14.905 + 1.788x (R2 = 0.335)  
Female, y = 18.614 + 0.633x (R2 = 0.025)  

 
where y = age, x = degree of fusion (0, 1, 2, and 3). 

 

The authors also contrasted their findings with Akhlaghi et al. (2010) and Sahni et al. 

(1998), only to highlight the differences in the results which could occur due to difficulties 

to assign the synchondrosis of some individuals to a particular stage. Hence, the authors 

put further emphasis on comparing studies that employed the same scoring system. 

 

(xii) Lottering et al. (2015) 

Focusing on Australian individuals, Bassed et al. (2010) and Franklin and Flavel (2014) 

had conducted separate studies on spheno-occipital synchondrosis fusion among 

Victorians and Western Australians, respectively. Both studies provided different mean 

ages of complete fusion in males and females (17 years in Victorians, 17.9 and 15.5 years 

in Western Australian males and females, respectively). The latter is likely due to intra-

population variation. Therefore, Lottering and co-investigators (2015) aimed to assess the 

development of this site in individuals from another state in Australia (i.e., Queensland) 

and thus assess the degree of interstate variation in skeletal maturity. The authors also 

intended to recalibrate age parameters for a Queensland population using an alternative 

Bayesian approach (i.e., vague t-distribution) to model the transition of individuals from 

one developmental stage to another in an ordered sequence. 

 

The sample consisted 864 MSCT scans (<0.5 mm resolution) of Queensland individuals 

(448 male; 416 female) from birth to 20 years of age. These samples were acquired from 

“The Skeletal Biology and Forensic Anthropology Virtual Osteological Research 
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Database”, which comprises anonymised DICOM patient data of individuals admitted at 

the Department of Medical Imaging, The Royal Children’s Hospital. The authors had 

excluded patients who identify as Australian Aboriginal or Torres Strait Islander ancestry; 

and scans which exhibit significant trauma and/or pathology or display foreign bodies 

within the scan field (e.g., orthopedic plates, screws, and shunts). Visualisation was 

performed using 3D MPR in OsiriX. The ossification pattern was scored according to an 

extended six-stage system (Melsen 1969; Madeline & Elster 1995; Bassed et al. 2010; 

Franklin & Flavel 2014): Stage 1: Open; Stage 2: Commencing fusion; Stage 3: 

Appearance of median ossification nodule; Stage 4: Active fusion; Stage 5: Advanced 

fusion; Stage 6: Complete fusion. Intra- and inter-observer accordance was calculated 

based on three repeat assessment of 50 scans acquired from individuals of varying ages 

by three independent observers with minimum one-week interval between repetitions. 

 

Both intra- and inter-observer agreement were reported to be “almost perfect” (κ = 0.973 

and 0.955, respectively). This study revealed sex differences in spheno-occipital 

maturation and significant sexual dimorphism in ossification union of the primary centres 

of the basiocranium, in accordance with the literature. The authors reported that complete 

fusion of spheno-occipital synchondrosis was attained between 15 to 17 years in males 

and 12 to 14 years in females. These findings had proven the existence of intra-population 

variations among various states in Australia, perhaps due to distribution of individuals 

with different ancestry and socioeconomic status in the samples. The authors 

recommended further validation and comparative studies to develop universal age 

standards for the Australian population. 

 

(xiii) Sinanoglu et al. (2016) 

This is the first study on the assessment of spheno-occipital synchondrosis for age 

estimation based on cone beam computed tomography (CBCT) images. Sinanoglu and 

co-researchers undertook this study with the aim of assessing the spheno-occipital 

synchondrosis fusion for its age estimation potential in a Turkish sub-population. The 

authors also aimed to test the reproducibility and reliability of CBCT evaluations for the 

purpose of age estimation in both living and deceased individuals. The sample comprised 

238 Turkish individuals (90 male; 148 female) between the ages of 7 and 25 years, who 

were referred to the Faculty of Dentistry, University of Kocaeli for diagnostic CBCT 

scans. Images with 0.2 to 0.4 mm slice thickness were acquired using a Planmeca CBCT 
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machine and reconstructed with Romexis®. The methodology and scoring system 

followed those of Franklin and Flavel (2014). Intra-observer reliability was calculated 

based on repeat assessment of 50 images by three radiologists with 2-weeks interval 

between assessments. Another session was held for the final scoring of all cases with the 

consensus of all three observers. Statistical analyses (i.e., Spearman correlation, Mann–

Whitney test, Student’s t-test, and linear regression analysis) were performed using SPSS 

statistical program. 

 

Intra- and inter-observer reliability was demonstrably high (κ = 0.722-0.787, and 0.798-

0.829, respectively). The authors also noted the significant positive relationship between 

age and fusion stage in both sexes: r = 0.841 for males, and r = 0.566 for females. The 

mean age for complete fusion of the spheno-occipital synchondrosis in males was 20 

years and the corresponding age in females was 18 years. Linear regression models were 

developed for males and females according to transition stages (i.e., Stages 0-1, Stages 1-

2, and Stages 2-3), associated standard error (SE) for males and females were 0.753-2.059 

years and 0.776-2.473 years, respectively. The regression revealed that fusion started one 

year earlier in females (10.56 years) compared to males (11.37 years). These findings 

were higher than the findings from another study on the same population by Can et al. 

(2014); the cause of different mean ages may be as a consequence of inequal sample 

distribution. The authors also recommended the use of CT imaging to provide population-

specific forensic data. 

 

(xiv) Pate et al. (2018) 

Pate and colleagues aimed to evaluate the utility of assessing spheno-occipital 

synchondrosis fusion for age estimation in a Central Indian population. The sample 

comprised 198 individuals (117 male; 81 female) aged between 8 to 26 years, who were 

referred for medico-legal post-mortem examination in the Department of Forensic 

Medicine at a major teaching hospital in Central India (i.e., further details were not 

provided). Direct inspection of the ectocranial surface of cleaned dry bone (i.e., skull 

base) was performed and the length of cartilaginous part of the basilar suture was 

measured using a STANLAY™ digital Vernier calliper (range: 0.00-150 mm, accuracy: 

±0.02mm/±0.001). Fusion status was scored using Mitra-Akhlaghi Scale (Akhlaghi et al. 

2010): (i) Open (0): suture was open or less than ¼ has been calcified; (ii) Semi closed 
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(1+): more than ¼ and less than ¾ of cartilage had been calcified; and (iii) Closed (2+): 

more than ¾ has been calcified. Intra- and inter-observer agreement was not reported.  

 

This study showed that fusion of spheno-occipital synchondrosis begins at 14 to 15 years 

in males and 11 to 12 years in females (i.e., at the age of onset of puberty). The mean 

(SD) age of male individuals with a closed suture was 21.48  ±2.05 years and the youngest 

was 17 years. Correspondingly, the mean age of female individuals with a closed suture 

was 20.27 ±2.65 years and the youngest was 14 years. These finding are in accordance to 

the timing of spheno-occipital synchondosis fusion in a Northwest Indian population (i.e., 

15 to 19 years in males; 13 to 17 years in females) (Sahni et al. 1998). The authors also 

performed regression analysis for pooled-sex and individual sex, but the accuracy values 

(SEE) were not reported: 

 

Pooled-sex, y = - 0.876 + 0.132x (Adjusted R2 = 0.686)  
Males, y = - 1.340 + 0.150x (Adjusted R2 = 0.762) 
Females, y = - 0.434 + 0.116x (Adjusted R2 = 0.666) 
 
where y = degree of fusion (0, 1 and 2), x = age. 

 

This study demonstrated that a significant linear correlation exists between age and 

spheno-occipital suture closure for both sexes and the fusion status of spheno-occipital 

synchondrosis is useful for age estimation. 

 

3.3.3. Summary 

Timing of spheno-occipital closure had been assessed via direct inspection on dry bone 

gross morphology, wet bone morphology at autopsy, histological examination, 

conventional radiography and CT imaging across the various disciplines (e.g., forensic 

sciences, anatomical, odontological and medical). It is acknowledged that the closure of 

the spheno-occipital synchondrosis is positively correlated to age. The research reviewed 

collectively showed that spheno-occipital fusion begins earlier in females and is generally 

completed during adolescence. Even though there is a wide variability in its age of 

closure, spheno-occipital synchondrosis can provide an upper or lower age bound 

depending on its state of fusion. This information is useful when combined with other age 

markers. Studies reviewed so far, however, indicated lack of agreement on the age of 

closure of spheno-occipital synchondrosis due to different methodologies, variations in 
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sample sizes and age ranges, and differences in statistical analyses. Inconsistent time of 

closure among different populations in the world suggests that there may be significant 

inter-population differences related to ancestry and genetics for this development site. 

Hence, an extensive research is needed to investigate and establish population-specific 

data for forensic age estimation based on spheno-occipital synchondrosis fusion in 

Malaysian males and females. 

 

3.4.  Age Estimation based on the Pubic Symphysis Metamorphosis 

 

The most frequently utilised skeletal feature to indicate age-at-death is the pubic 

symphysis (Suchey & Katz 1998; Telmon et al. 2005; Garvin et al. 2012). The pubic 

symphysis is established as one of the most accurate regions of the skeleton for adult age 

estimation in a forensic context due to the reliability, clarity and distinctiveness of age-

related changes (Meindl & Lovejoy 1989; Buikstra & Ubelaker 1994; Barker et al. 2008). 

Examination of this skeletal feature is able to produce accurate age estimates in 

comparison to other age indicators (e.g., cranial sutures) (Meindl et al. 1985; Suchey et 

al. 1986; Brooks & Suchey 1990; Klepinger 1992). Historically, numerous methods have 

been developed to assess degenerative changes in the pubic symphysis (e.g., Todd 1920, 

1921; McKern & Stewart 1957; Gilbert & McKern 1973; Brooks & Suchey 1990). 

Further, there are recognisable differences between sexes and populations in the timing 

and transition of age-related changes exhibited in the pubic bone (e.g., Todd 1920, 1921; 

Suchey 1979; Katz & Suchey 1989). The Suchey-Brooks method (Suchey 1979; Katz & 

Suchey 1986; Suchey 1986, 1987; Suchey et al. 1986; Brooks & Suchey 1990; Suchey & 

Katz 1998) is the most widely applied macroscopic method for age-at-death estimations 

in the pubic symphysis (Klepinger et al. 1992; Klepinger 2006; Falys & Lewis 2011; 

Garvin & Passalacqua 2012).  

 

The third method selected for this thesis is based on pubic symphysis metamorphosis 

following Brooks and Suchey (1990), with the aim to develop contemporary, population-

specific forensic adult age estimation standards. A description on the development of the 

os coxae and pubic symphyseal face metamorphosis is first illustrated below (Section 

3.4.1). In a chronological order of publication, the following section will thereafter review 

research into pubic symphysis metamorphosis in relation to age (Section 3.4.2), followed 
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by a critical evaluation of the method proposed by Brooks and Suchey (1990) and 

subsequent studies that have applied that method in other populations and visualisation 

modalities. 

 

3.4.1.  Development of the Os Coxae and Pubic Symphyseal Face Metamorphosis  

The hip bone (os coxa or innominate) is one of the most dynamic regions in biologically 

mature adults as it displays considerable age-related morphological changes after skeletal 

maturity is achieved. The hip bone is one of a pair of large irregularly shaped bones, with 

its pair ventrally and sacrum dorsally, comprise the pelvis (Schwartz 2007). Before 

maturity, each innominate has three main bones; the ilium (the upper portion of hip bone), 

ischium (lower portion of hip bone which supports the body in sitting position) and pubis 

(anterior portion of hip bone which articulates with the opposite hip bone at anterior 

midline of the body at the pubic symphysis) and several epiphyses. These three bones  

may unify across the acetabulum between 14 and 16 or as late as 18 years (Schwartz 

2007) and three epiphyses are not united: iliac crest, ischial tuberosity and ramus. The 

pubic symphysis (a symphysis is a “false” joint) at the junction of the two pubic bones 

anteriorly. It does not fuse and is bridged by a thick fibrocartilage acting as a cushion 

between the two bones that results in some limited movement. The anatomy of the pelvis 

is shown in Figure 3.18. 

 

 
 

Figure 3.18. The pelvis in anterior view, showing the three main bones (i.e., ilium, 
ischium and pubis) and pubic symphysis (from Saladin 2013). 
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With aging, the symphyseal face of the pubis undergoes metamorphosis (Todd 1920, 

1921; McKern & Stewart 1957; Gilbert & McKern 1973; Brooks & Suchey 1990). In 

general, in the adolescent to adult skeleton, age estimation in the symphyseal face is 

associated with the disappearance of a billowing pattern to the bone, represented by a 

distinct complex of ridges and grooves on the auricular surface. The auricular margins 

become built up, and ultimately, beyond the age of 50 years, there is erosion of the 

symphyseal surface. It becomes smooth and grainy in appearance; marginal osteophytes 

develop and are associated with separation of the pubic tubercle from the remainder of 

the face. The raised platform of the symphyseal face slowly changes over the years from 

a rough, rugged surface to a smooth, well-defined area in predictable ways (Uhl 2013). 

 

The research on morphological changes to the face of pubic symphysis has generated 

many studies leading to its establishment as one of the most reliable skeletal methods for 

age estimation. Two approaches have been followed: either the phase method in which 

the entire anatomical unit is assessed (Todd 1920, 1921; Brooks 1955; Meindl et al. 1985; 

Brooks & Suchey 1990); or a component method where different parts are scored 

separately, and the scores are then combined (McKern & Stewart 1957; Gilbert & 

McKern 1973). The advantage of the phase method is the availability of casts and 

photographs with detailed descriptions. However, inherent observer subjectivity leads to 

bias and the phase ranges are wide (i.e., Suchey-Brooks Phase VI: 34-86 years old). 

Further, the open-ended interval for final phase (i.e., Todd Phase X: 50+ years old) does 

not capture right-most tail of population. Although evaluation of the components is easy 

and scoring various components helps to eliminate observer bias, the component method 

is more time-consuming.  

 

The following section presents historical research on the pubic bone; describing 

morphological changes in the pubic bone throughout life and their relationship to skeletal 

age. 

 

(i)  Todd (1920, 1921) 

Age-related changes in the pubic symphysis were first studied by Todd (1920), who 

categorised the morphological changes he observed in 306 males of European ancestry 

from the Western Reserve University (now known as the Hamann-Todd) collection. The 

aim of this study was to describe age-related changes in the pubic symphysis. The author 
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noted that there was a problem with obtaining accurate ages at death since civil and 

hospital records were not dutifully maintained; he also observed that individuals tended 

to provide their ages in round numbers which produced distinct increases in the numbers 

of individuals within certain age categories. Todd (1920) examined ventral border, dorsal 

rampart, superior extremity, and inferior extremity. This included the development, 

formation and eventual degradation of specific features including the amount of billowing 

and ridging of the pubic symphysis.  

 

Todd (1920) proposed a 10-phase system of age-related morphological changes to the 

pubic symphysis; Phase 1 beginning at 18-19 years and ending with Phase 10 at 50+ 

years. The early phases describe post-adolescence when the pubic symphysis expresses 

billowing. Then, the phases describe the changes that occur throughout middle-aged 

adults, which are characterized by definition of the upper and lower extremities and the 

formation of a symphyseal rim. The final phase encompasses all individuals 50 years and 

older. This is when features are no longer developing but rather degenerating. This final 

phase is defined by the break down of the symphyseal rim, erosion of the symphyseal 

face, and lipping along the margins. It was found that the pubic symphyseal face contains 

ridges in younger adults and that those ridges diminish with an overall degradation in 

bone quality as age increases. Each defined phase is related to an age range as illustrated 

in Figure 3.19, with associated data shown in Table 3.1. Todd concluded that the pubic 

bone is best for aging individuals between 20 to 40 years old and that the technique should 

not be used in isolation. He suggested using the pubic bone in conjunction with other 

aging methods when the whole skeleton is available. 
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Figure 3.19. Todd’s ten pubic symphysis phases showing morphological changes 
corresponding to phases and age ranges (from McKern & Stewart 1957, after Todd 

1920). 
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Table 3.1. Definition of pubic symphysis metamorphosis according to phases following 
Todd (1920). 

 
Phase Description 

I First post-adolescent phase: Age 18-19 years. Typical adolescent ridge and 
furrow formation with no sign of margins and no ventral bevelling. 

II Second post-adolescent phase: Age 20-21 years. Foreshadowing of ventral 
bevelling with slight indication of dorsal margin. 

III 
Third post-adolescent phase: Age 22-24 years. Progressive obliteration of 
ridge and furrow system with increasing definition of dorsal margin and 
commencement of ventral rarefaction (bevelling). 

IV Age 25-26 years. Completion of definite dorsal margin, rapid increase of 
ventral rarefaction and commencing delimitation of lower extremity. 

V 
Age 27-30 years. Commencing formation of upper extremity with 
increasing definition of lower extremity and possible sporadic attempts at 
formation of ventral rampart. 

VI Age 30-35 years. Development and practical completion of ventral rampart 
with increasing definition of extremities. 

VII 
Age 35-39 years. Changes in the symphyseal face and ventral aspect of 
pubis consequent upon diminishing activity, accompanied by bony 
outgrowths into pelvic attachments of tendons and ligaments.  

VIII 
Age 39-44 years. Smoothness and inactivity of symphyseal face and 
ventral aspect of pubis. Oval outline and extremities clearly defined but no 
“rim” formation or lipping. 

IX Age 45-50 years. Development of “rim” on symphyseal face with lipping 
of dorsal and ventral margins. 

X 
Age 50 years and upwards. Erosion of and erratic, possibly pathological, 
osteophytic growth on symphyseal face with breaking down of ventral 
margins. 

 

In the following year, Todd (1921) compared the pubic aging morphology of European-

American females (n = 17) 16 to 74 years of age, African-American males (n = 90) aged 

17 to 45 years of age, and African-American females (n = 22) 16 to 45 years of age to 

determine whether individual standards were needed for each group. Todd (1921) found 

that the pubic symphysis metamorphosis occurs through the same phases across both 

ancestral groups (with an exception for Phase IX) and the relationships between 

successive phases and age are substantially the same in both populations. The author 

stated that “racial stock” produced “strikingly few differences” in pubic symphyseal 

aging (Todd 1921:64).  

 

Additional descriptions on the metamorphosis for European-American females and 

African-American males and females were provided due to differences seen in the rates 

of aging. For instance, in African-American males the second period (Phases IV-VI) 
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terminates with completion of the symphysial outline about two years earlier and certain 

features (i.e., lipping and secondary erosion) commence earlier than European-American 

males. The relationship between age and pubic symphysis metamorphosis in African-

American females accords with the European-American females, with the first (Phases I-

III) and second periods (Phases IV-VI) both terminate about two years later than in the 

males. Todd concluded that this technique was more accurate in the earlier years (20 to 

40 years) and should be used with caution. The author also stated that there was no 

difference between ancestral groups or sexes when observing the rate of degeneration of 

the pubic symphysis. Even though Todd admitted to the difficulties in obtaining parity 

information on the females in the collection, with that category of data largely unknown, 

he still concluded that the variation observed on female pubic symphyses was not due to 

the effects of parturition, a belief also supported later by Gilbert and McKern (1973).  

 

An acknowledged issue with the Todd method was that accuracy of the method decreased 

with increasing age and that the phases were based on the most typical specimen of each 

phase. The underlying cause of this issue may be due to the fact that the Hamann-Todd 

collection is comprised of mostly older individuals, and the ages of the collection were 

improperly verified as  many of the ages were rounded off and listed as 35, 40, 45, 50 and 

60 years (Suchey et al. 1986). Many adults from that collection fall within the older age 

ranges when major developmental changes of the pubic symphysis are completed 

(Suchey et al. 1986). The extremely attenuated sample may contribute to the inclination 

of the method to overage the sample (Brooks 1955).  

 

The work of Todd (1920, 1921) was the initial attempt to determine the age of an 

individual based on the morphology of the pubic symphysis and became a foundation for 

many other pubic symphyseal aging methods (Brooks 1955; Hanihara & Suzuki 1978; 

Meindl et al. 1985; Suchey et al. 1986). Subsequent methodologies have modified Todd’s 

system to address the issue of biased age estimation. These modifications are directed at 

narrowing or expanding the age intervals of Todd’s method or condensing his ten-stage 

system (Kemkes-Grottenthaler 2002; Meinl et al. 1985; Suchey et al. 1986). 

 

(ii)  Brooks (1955) 

The first validation and systematic study of Todd’s (1920,1921) pubic aging method was 

conducted by Brooks in 1955. She attempted to rectify the issue of overaging male and 
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female pubic symphyses by Todd’s ten-phase system. Brooks (1955) evaluated Todd 

(1920; 1921) methods in two samples, the first was the University of California Museum 

of Anthropology series, which consisted of Californian Native Americans (194 male; 177 

female) and the second was the Western Reserve University series (103 male; 82 female), 

which was the original sample upon which Todd based his aging method. The issue with 

this sample is that the individuals are of unknown ages. Even still, Brooks (1955) was 

able to observe sex differences between pubic symphyseal surface morphology. 

   

In this evaluation, the correlations between estimated and actual ages were higher in 

males than in females. The author found that a variety of individuals with particular age 

exhibited pubic symphyseal traits that cannot be scored with any of the stages outlined 

by the Todd system. Brooks (1955) illustrated that the Todd’s method tended to over-age 

individuals, especially in the third and fourth decades of life. This outcome was attributed 

to sampling issues where many of the adults in the reference sample were older (majority 

of the sample were aged 35, 38, 40, 45, 50, 55 and 60 years). In order to correct these 

inaccuracies, the author proposed that Todd’s Phases V-VIII to be shifted three years 

younger to accommodate for the method’s prevalence to over-age individuals.  

 

Once the modifications were completed with the assistance of statistical applications (i.e., 

age limits and amplifications of phases), the modified technique produced accurate age 

estimates with a 60% success rate, compared to 54% and 30% correct prediction for 

Todd’s and Brook’s data, respectively, beforehand. The main contribution from the 

Brooks (1955) study was the creation of casts of the pubic symphysis intended to 

represent the most typical specimens for each phase. 

 

(iii)  McKern and Stewart (1957) 

McKern and Stewart (1957) tested the Todd’s method and found that it was too static 

with “typical” indicating regular progression through each phase, such that it did not take 

into account the range of variation encountered at the face of pubic symphysis, as outlined 

by Brooks (1955). Therefore, the authors developed a component analysis system in order 

to assess individual variation in the pubic symphysis based on their observation from 349 

Americans (United States Marines) who were killed during the Korean War. The sample 

was entirely male and most of whom were younger than 35 years of age. 
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This aging method incorporates different strategy towards age estimation by dividing the 

pubic symphysis into separate components. Three features were evaluated, consisting of 

the dorsal plateau, the ventral rampart and the symphyseal rim. The authors settled on 

these three distinct areas as they were found to exhibit the most distinctive age-related 

morphological features. This component approach enables age estimation in adults who 

possess morphological characteristics that have not been described by Todd (1920; 

1921).  

 

McKern and Stewart (1957) described the age-related changes of the symphyseal face as 

follows: The dorsal plateau begins on the dorsal demi-face and gradually fills in until it 

becomes flat. The ventral rampart is more variable and may remain incomplete leaving a 

hiatus. The ventral rampart begins as a beveling (flattening) of the ventral demi-face and 

then the rampart begins to form as extensions of either the superior or inferior surfaces. 

The symphyseal rim is the final stage of maturation. At the same time the rim is 

completing, the bone texture begins to change from a granular to a more fine-grained and 

dense bone. With increased age, the rim begins to breakdown and becomes smooth.  

 

Each feature was assigned a numerical score of 0 through 5 independently based on the 

absence or extent of the presence of each component. The sum of these scores was used 

to derive the estimated age of the individual. The description of the scoring system by the 

authors (McKern & Stewart 1957:75-79) is shown in Figure 3.20 and described in Table 

3.2.  
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Figure 3.20. Component analysis of the pubic symphysis in 
males following McKern and Stewart (1957). 
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Table 3.2. Scoring of the components of the pubic symphysis following McKern and 
Stewart (1957). 

 
Score Description 

 Component I. Dorsal Plateau 
0 Dorsal plateau absent. 

1 Slight margin formation first appears in the middle third of the dorsal 
border. 

2 The dorsal margin extends along entire dorsal border. 

3 Filling in of grooves and resorption of ridges to form a beginning 
plateau in the middle third of the dorsal demi-face. 

4 The plateau, still exhibiting vestiges of billowing, extends over most 
of the dorsal demi-face. 

5 Billowing disappears completely, and the surface of the entire demi-
face becomes flat and slightly granulated in texture. 

 Component II. Ventral Rampart 
0 Ventral bevelling is absent. 

1 Ventral bevelling is present only at superior extremity of ventral 
border. 

2 Bevel extends inferiorly along ventral border. 

3 The ventral rampart begins by means of bony extensions from other or 
both of the extremities. 

4 The rampart is extensive, but gaps are still evident along the earlier 
ventral border, most evident in the upper two-thirds. 

5 The rampart is complete. 
 Component III. Symphyseal Rim 
0 The symphyseal rim is absent. 

1 
A partial dorsal rim is present, usually at the superior end of the dorsal 
margin, it is round and smooth in texture and elevated above the 
symphyseal surface. 

2 The dorsal rim is complete, and the ventral rim is beginning to form. 
There is no particular beginning site. 

3 The symphyseal rim is complete. The enclosed symphyseal surface is 
finely grained in texture and irregular or undulating in appearance. 

4 
The rim begins to break down. The face becomes smooth and flat and 
the rim is no longer round but sharply defined. There is some evidence 
of lipping on the ventral edge. 

5 
Further breakdown of the rim (especially along superior ventral edge) 
and rarefaction of the symphyseal face. There is also disintegration 
and erratic ossification along the ventral rim. 

 

The assigned scores were then added in order to obtain a composite score in conjunction 

with a table of corresponding age ranges to arrive at the age estimate. The components 

and their stages may be used to give a total score, which could range from 0 to 15. Age 

range and mean age for the total scores of male pubic symphyses is shown in Table 3.3. 
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Table 3.3. Age limits (in years) of the component stage in the male pubic symphysis  
(from McKern & Stewart 1957). 

 
Stage Age Range Mode 

Component I   
0 17.0-18.0 17.0 
1 18.0-21.0 18.0 
2 18.0-21.0 19.0 
3 18.0-24.0 20.0 
4 19.0-29.0 23.0 
5 23.0+ 31.0 

Component II   
0 17.0-22.0 19.0 
1 19.0-23.0 20.0 
2 19.0-24.0 22.0 
3 21.0-28.0 23.0 
4 22.0-33.0 26.0 
5 24.0+ 32.0 

Component III   
0 17.0-24.0 19.0 
1 21.0-28.0 23.0 
2 24.0-32.0 27.0 
3 24.0-39.0 28.0 
4 29.0+ 35.0 
5 38.0+ - 

 

McKern and Stewart (1957) felt that their new method “expresses the true nature of 

symphyseal variability and does not confine the observer to the narrow limits of typical 

phases” (1957:88). The advantage to this approach was that it was based on skeletons of 

known age-at-death and casts with more revealing details compared to drawings or photos 

were employed. However, the sample had affected their results (Meindl et al. 1985) as it 

was heavily concentrated, biased to males within an extremely attenuated age range (early 

20s, only 15% of the sample was older than 31 years). Therefore, stated age ranges and 

standard deviation for the total three component score were much too constricted and 

tended to underage the older individuals of the sample. Their work was focused on 

identifying soldiers of that very same sex/age category and this method has never been 

systematically tested on another population of known age. 
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(iv) Acsádi and Nemeskéri (1970) 

Acsádi and Nemeskéri (1970) proposed a combined sex system of five pubic phases 

resulting from extensive European research conducted during the 1950s and 1960s. This 

system is derived from a reference sample of 105 individuals acquired from historic 

Hungarian cemeteries and included 61 males and 44 females with ages ranging from 23 

to 93 years. There were a significantly limited number of younger individuals selected to 

represent the reference sample. Only 27 males and 13 females between the ages of 23 and 

50 years were included in this study; in which only one female represented the 23 to 30 

years old age group.  Acsádi and Nemeskéri (1970) revised the Todd ten-phase method 

and reduced the number of phases. The authors had determined five phases based on age-

related changes in the symphyseal face, as shown in Figure 3.21 and Table 3.4. 

 

 
 

Figure 3.21.  Phases of the superficial changes of the pubic symphyseal face (from 
Acsádi and Nemeskéri 1970).  
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Table 3.4. Phase and corresponding age (in years) in the symphyseal face following 
Acsádi and Nemeskéri (1970). 

 

Phase Mean age 
± SD 

Mean 
deviation 

Actual 
range 

Calculated 
range  

(M ± 3SD) 
I - The surface is convex, transverse 
by horizontal ridges and furrows; 
curved transition in the region of 
rami. 

26.3 - 18-45 - 

II – The original structure of the 
surface begins to disappear with 
ridges becoming flatter and grooves 
shallower. Ventral and dorsal 
margins show rim formation; also 
bordering in the region of rami. 

46.5 ± 
1.76 11.5 23-69 41.2-51.7 

III – The original structure is 
present on the surface in granular 
remnants only; a continuous rim is 
forming on the ventral and dorsal 
margins; a well-defined border 
appears in the region of the rami. 

51.1 ± 
1.62 10.9 25-76 45.8-56.3 

IV – The symphyseal face has 
become completely smooth; a sharp 
rim has developed along the ventral 
and dorsal margins; the inferior end 
of the face terminates in a ridge 
forming an acute angle. 

58.1 ± 
2.16 11.5 24-81 51.7-64.6 

V – The completely smooth surface 
is partly concave, sunken inwards, 
porous and shrivelled. The fully 
developed ventral and dorsal rim 
rises above the surface like a crest 
and surrounds it together with the 
sharp lower extremity. 

68.5 ± 
2.53 11.9 41-86 61.0-76.1 

 

The phases outlined by Acsádi and Nemeskéri (1970) fail to describe the full aged-related 

transition of morphological attributes that appear in the ventral rampart. In particular, this 

method overlooks the key morphological traits that occur in the ventral rampart of middle-

aged adults. The pubic phases only outline the metamorphoses of the ventral rampart 

related to bone modelling in younger adults and erosion in older individuals; this caused 

many individuals to be categorized as being between phases (Brooks & Suchey 1990). A 

few flaws were found with this study, such as the lack of utilizing casts for comparison 

when selecting phases, the use of skeletons with unknown ages, and the fact that this 

study concentrated largely on the early and late developmental features. 
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(v) Gilbert and McKern (1973) 

As noted above, McKern and Stewart (1957) generated a male standard for age estimation 

utilising the pubic symphysis and did not consider the effect of sexual dimorphism in 

symphyseal face metamorphosis. Therefore, Gilbert and McKern (1973) modified the 

McKern-Stewart method to accommodate the skeletal age estimation of females. They 

examined a sample of 120 females, 17 to 55 years of age. The authors applied the McKern 

and Stewart (1957) three-component method and discovered that the morphology of 

females differed slightly from males. Further, those females who had given birth (n = 80) 

exhibited age-related traits that were characteristics of patterns found in older individuals. 

The authors created an analogous three-component system using the same criteria defined 

by McKern and Stewart (1957). Each component was broken down into six stages (0-5) 

of age-related morphological change, as illustrated in Figure 3.22. Calculation of average 

age was also performed according to McKern and Stewart (1957); the total score obtained 

was converted to age by comparison to a female-specific age range data, as shown in 

Table 3.5. 
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Figure 3.22. Component analysis of the pubic symphysis in females following Gilbert 
and McKern (1973). 
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Table 3.5. Age limits (in years) of the component stage in the female pubic 
symphysis following Gilbert and McKern (1973). 

 
Stage Age Range Mean 

Component I   
0 14-24 18.0 
1 13-25 20.0 
2 18-40 29.8 
3 22-40 31.0 
4 28-59 40.8 
5 33-59 48.0 

Component II   
0 13-22 18.6 
1 16-40 22.5 
2 18-40 29.6 
3 27-57 38.8 
4 21-58 40.9 
5 36-59 48.5 

Component III   
0 13-25 20.2 
1 18-34 21.8 
2 22-40 32.0 
3 22-57 35.1 
4 21-58 39.9 
5 36-59 49.4 

 

Gilbert and McKern (1973) did not include any individuals over 57 years in their sample 

because they could not distinguish any regular metamorphic changes after that age. This 

study demonstrated that the sequence of transformation of overall symphyseal 

morphology, as well as of a symphysis’s components, was sufficiently different between 

males and females. However, the authors did not address the issues of inter-observer 

variation and the effects of pregnancy and parturition in females.  

 

This aging method was evaluated by Suchey (1979) and 23 professional forensic 

anthropologists on a sample of 11 females with unrevealed documented ages. A high 

inter-observer variation was found between the forensic anthropologists, where the 

accuracy rate was only 51%. The poor performance of Gilbert-McKern method was 

attributed to difficulties in interpreting whether the symphyseal rim and ventral rampart 

were in the process of remodelling bone or erosion (Suchey 1979). This study had proven 

that the complex method was difficult to be understood and applied, thus the Gilbert-

McKern system appeared highly unreliable and inaccurate. 
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(vi)  Hanihara & Suzuki (1978) 

To assess age from the pubic symphyseal surface, and to ascertain similarities of the pubic 

symphyseal surface based on a contemporary Japanese sample, Hanihara and Suzuki 

(1978) utilised a statistical regression analysis and a Quantification Theory Model I 

analysis (defined as a multiple regression analysis with dummy variables (Igarashi et al. 

2005)). The sample comprised 70 pairs of pubic bones of combined male and female 

individuals aged 18 to 38 years from the Department of Anatomy, the University of Tokyo 

and the Department of Anatomy, Sapporo Medical College. The authors purposely 

selected young sample with the premise that pubic symphysis is extremely reliable in 

predicting the age-at-death of individuals between 20 and 40 years of age (Todd 

1920;1921). 

 

The specimens were scored on a scale of 1 through 4 based on morphological features in 

the pubic symphysis: horizontal ridges and furrows (X1); pubic tubercle (X2); lower end 

of the auricular surface (X3); dorsal margin (X4); superior ossific nodule (X5); ventral 

bevelling (X6); and symphyseal rim (X7). Seven-term regression models were developed 

for both sexes, in which the scores for morphological features correspond to independent 

variables and the age to be assessed to dependent variables (Age = 10.14 +1.40X1 + 

0.48X2 + 2.11X3 + 1.91X4 – 0.27X5 + 1.45X6 + 0.14X7). Using Quantification Theory 

Model I, the age of an unknown individual can be assessed by summing the normalised 

scores that corresponds to each score for the morphological features. The authors 

concluded that there was little difference between European-descent and Japanese 

individuals when the Todd method was applied. However, if European-descent standards 

were used, Japanese individuals tend to be three years older than their actual age. 

 

The accuracy of the age estimates generated by this method is often questioned since the 

stage descriptions for each feature pertain to both sexes. The authors combined males and 

females based on Todd’s  incorrect assumption that the sexes exhibited similar pubic 

symphyseal characteristics with increasing age (Todd 1920). Further, the reference 

sample has an extremely attenuated age distribution.  

 

(vii) Meindl et al. (1985) 

In 1985, Meindl and colleagues (1985) conducted a study with two goals. First, the 

authors wanted to perform a blind test of several widely used methods for age estimation 
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using the pubic symphysis to find out which performed the most accurately. Then, the 

authors would take the best performing method and revise it with the best practice 

standards currently in use. The authors tested the Todd (1920; 1921), McKern-Stewart 

(McKern & Stewart 1957), Gilbert-McKern (Gilbert & McKern 1973) and Hanihara-

Suzuki (Hanihara & Suzuki 1978) systems in a blind assessment of 96 individuals (64 

male; 32 female) from the Hamann-Todd collection. Each sample was carefully screened 

relative to the accuracy of the stated age at death, and the authors ensured that all 

observers directly involved in providing age estimations had no prior knowledge of the 

age, sex, or ancestry of any specific specimen. Sample was aged by two observers 

experienced in both archaeological and forensic application of pubic age standards, 

however, no findings on observer agreement was reported. 

  

All of the aging techniques were highly susceptible to providing estimates that were 

significantly younger than the documented ages of older adults. This outcome may be 

attributed to the significant number of younger individuals present in the reference 

collections used to develop the methods tested in this study, such as the McKern-Stewart 

and Hanihara-Suzuki techniques. The younger age estimates generated by Todd system 

are thought to result from the narrow age intervals associated with most of stages, except 

for stage ten, which has an open-ended interval of 50+ years. The most reliable system 

for all age ranges was the Todd system (inaccuracy 10.6 years; bias -7.5 years) compared 

to the McKern-Stewart/Gilbert-McKern system (inaccuracy 14.5 years; bias -10.4 years) 

and error in the Hanahara-Suzuki regression system is reported for ages 20 to 40 years 

only, since these authors restrict the applicability of their system to these two decades.  

 

In comparison to the other three approaches, the Todd system is descriptive and requires 

application of a series of phases typical of stages in the chronological metamorphosis of 

the symphyseal face, whereas numerical scoring of separate dimensions of variation was 

involved (three in the McKern-Stewart and Gilbert-McKern systems and seven in the 

Hanihara-Suzuki system). The reliability of the Todd system was due to the seriation 

method, larger sample size, dual sex composition, and greater age range of the population 

on which this system was developed. Therefore, a second test using a new sample of 109 

os pubis was conducted using a revised Todd system and the results were subjected to an 

analysis of variance. This study had addressed the problem of the effects of race and sex 

on the application of pubic age standards. The authors found that European-descendants 
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were overaged by 0.03 years and African-descendants by 1.92 years over all age 

categories. In addition, European-descent females were underaged by 1.23 years, while 

European-descent males were overaged by 2.33 years across all age categories. The 

results of a three-way factorial analysis of variance were presented based on the model:  

 
Expected (bias) = mean + race (i) + sex (j) + age (k) + interactions 

 
where bias = expected minus real age, for i = 1, 2; j = 1, 2; and k = 1, 2, ... 5. 

 

There were no significant differences of all ages and sexes between the European- and 

African-descendants (F = 0.13); among the four ancestry-sex subclasses (F = 0.35); and 

across all ten ancestry-age subclasses (F = 0.54). 

 

Meindl and colleagues acknowledged the expectation for inaccuracy to increase with age 

and attempted to remove bias from age ranges by adjustments to the original Todd phases. 

They recommended future research on the effects of sex and ancestry and believe age 

estimation should be based on multiple indicators. 

 

(viii)  Katz & Suchey (1986) 

Katz and Suchey (1986) tested the accuracy of Todd’s (1920; 1921) original ten-phase 

method and McKern and Stewart’s (1957) three-component scoring system with the aim 

to use a large sample and apply regression analysis to study the performance of aging 

methods. The authors examined a sample of 739 male pubic symphyses taken from 

autopsies at the Department of the Chief Medical Examiner-Coroner, County of Los 

Angeles, whose ages ranged from 14 to 92 years. In contrast to Todd (1920; 1921) and 

McKern and Stewart (1957), the sample for this study comprised individuals with known 

birth and death dates,  born both in the United States and in foreign countries (the authors 

classified them into White, Black, Mexican, Oriental, and Other), and pubic bones outside 

of normal morphology were not removed from the study sample. All pubic symphyses 

were scored using both the Todd (1920; 1921) and McKern and Stewart (1957) methods.  

 

Katz and Suchey (1986) discovered that the Todd (1920; 1921) method tended to over-

age individuals by five years, while both methods could not account for the variation that 

occurs within older individuals.  As a result, the authors proposed the implementation of 

a modified six-phase Todd (1920; 1921) system, which they determined would be more 
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accurate and repeatable that the original systems developed by Todd (1920; 1921) and 

McKern and Stewart (1957). A series of simple and multiple linear regression analyses 

were performed – when specimens over the age of 40 years were eliminated from their 

regression analyses; the SD was reduced by an average of 5 years. Katz and Suchey 

(1986) noted that the McKern-Stewart system is difficult for inexperienced individuals. 

They also stated that these standards cannot be used to assess ages for females because 

an analysis of female pubic bones demonstrated that females present more variability than 

males. 

 

3.4.2.  The Suchey-Brooks Pubic Symphysis Aging Method 

Brooks and Suchey (1990) began to study the pubic symphysis from a large collection of 

739 males and 273 females from the Los Angeles County Coroner / Medical Examiner’s 

Office. These individuals had birth and/or death certificates, their sex was known, 

however the ancestral group to which they belonged were estimated as that data were 

unavailable. The intention was to collect a modern sample consisting of multiple ancestral 

backgrounds that could be assessed not only for age, but also for variations due to sex 

(e.g., shape and pregnancy-related changes in the pelvis). In essence, the Suchey-Brooks 

system revised and compressed Todd’s ten phases into five phases with modified limits 

for each sex, and the McKern and Stewart combined sum approach was restructured into 

one pattern analysis with modifications of age ranges (Suchey et al. 1986). Comparison 

between the Suchey-Brooks and Todd systems is shown in Table 3.6. 

 
Table 3.6. Phase and age ranges for the Suchey-Brooks and Todd systems. 

 
Suchey-Brooks 

Phase 
Suchey-Brooks  

Age Range 
Todd  
Phase 

Todd  
Age Range 

I 15 – 23 I 18 – 19 
II 19 – 34 II 20 – 21 
III 21 – 46 III 22 – 24 
IV 23 – 57 IV 25 – 26 
V 27 – 66 V 27 – 30 
VI 34 – 86 VI 30 – 35 

  VII 35 – 39 
  VIII 39 – 44 
  IX 45 – 50 
  X 50+ 

 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

123 

The authors further modified this system to a series of six phases represented by ‘early’ 

and ‘late’ pattern to mark the end points of each phase (Brooks & Suchey 1990), as the 

method focuses on the total pattern of bone changes rather than individual elements or 

features. The application of this method is straight-forward, as it is a six-phase system 

with detailed morphological descriptions of the pubic symphysis according to sex-

specific and age-related osteological features corresponding to each phase. The six phases 

of Suchey-Brooks system for males and for females are illustrated in Table 3.7. 
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Table 3.7. The scoring system for pubic symphysis with mean age (in years) and 
descriptions of each phase following Brooks and Suchey (1990). 

 

Phase 
Mean & 
Range  
(years) 

Pubic Symphyseal Age-Related Changes 

I Male: 
18.5 

(15-23), 
Female: 

19.4 
(15-24) 

Symphyseal face has a billowing 
surface composed of ridges and 
furrows which includes the pubic 
tubercle. The horizontal ridges are 
well-marked. Ventral bevelling may 
be commencing. Although ossific 
nodules may occur on the upper 
extremity, a key feature of this phase 
is the lack of delimitation for either 
extremity (upper or lower). 

   
Male             Female 

II Male: 
23.4 

(19-34), 
Female: 

25.0 
(19-40) 

Symphyseal face may still shows 
ridge development. Lower and upper 
extremities show early stages of 
delimitation, with or without ossific 
nodules. Ventral rampart may begin 
formation as extension from either or 
both extremities. 

Male              Female 
III Male: 

28.7, 
(21-46), 
Female: 

30.7 
(21-53) 

Symphyseal face shows lower 
extremity and ventral rampart in 
process of completion. Fusing ossific 
nodules may form upper extremity 
and extend along ventral border. 
Symphyseal face may either be 
smooth or retain distinct ridges. 
Dorsal plateu is complete. No lipping 
of symphyseal dorsal margin or bony 
ligamentous outgrowths.  

Male               Female 

IV Male: 
35.2 

(23-57), 
Female: 

38.2 
(26-70) 

Symphyseal face is generally fine-
grained, although remnants of ridge 
and furrow system may remain. Oval 
outline usually complete at this stage, 
though a hiatus may occur in upper 
aspect of ventral circumference. 
Pubic tubercle is fully separated from 
the symphyseal face through 
definition of upper extremity. 
Symphyseal face may have a distinct 
rim. Ventrally, bony ligamentous 
outgrowths may occur in inferior 
portion of pubic bone adjacent to 
symphyseal face. Slight lipping may 
appear on dorsal border. 

Male              Female 

continued over 
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cont. 

Phase 
Mean & 
Range 
(years) 

Pubic Symphyseal Age-Related Changes 
 

V Male: 
45.6  

(27-66), 
Female: 

48.1  
(25-83)  

Slight depression of the face relative to 
a completed rim. Moderate lipping is 
usually found on the dorsal border with 
prominent ligamentous outgrowths on 
the ventral border. Little or no rim 
erosion, though breakdown possible on 
superior aspect of ventral border. 

    
Male              Female 

VI Male: 
61.2  

(34-86), 
Female: 

60.0  
(42-87)  

Depressed, sometimes irregularly 
shaped surface may be pitted, rim 
erosion and ventral syndesmosis 
(marked) continues, pubic tubercle may 
appear further isolated. 

Male               Female 
 

The first feature observed is the aspect of the articular surface, which is billowy with 

clearly marked ridges and furrows in young individuals. The surface becomes flat in the 

40s and eventually becomes excavated and irregular because of porosity, bone 

destruction, and construction. The second criterion is the dorsal and ventral rims, which 

are absent in the initial stages. The dorsal formation begins first, the upper part of the 

ventral margin being the last to be completed. Only in the fourth phase is an oval, articular 

surface achieved. The evaluation of the completion of the upper and lower extremities 

enables differentiation of the three earlier phases. They are absent in Phase I, incomplete 

in Phase II, and complete in Phase III.  

 

These phases encompass a mean age, SD, with an allocated range of 95% confidence 

interval given by sex. In addition, pubic casts (France Casting) with written descriptions 

of age specific phases are available for visual comparison. Another advantage of this 

technique is that it is developed on a large multiethnic reference sample whose age ranges 

vary from adolescence to the elderly. These factors have contributed to the popularity of 

the Suchey-Brooks method in estimating age-at-death in forensic contexts.  

 

The Suchey-Brooks method is the most commonly used and widely regarded as the most 

accurate for forensic age estimation in the pubic symphysis as they capture the variability 
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that exists in the age-related changes of skeletons from individuals of the same 

chronological age (Baccino et al. 1999; Klepinger 2006; Djuric et al. 2007; Chen et al. 

2008; Hens et al. 2008; Garvin & Passalaqua 2012; Milner & Boldsen 2012). This method 

is highly accurate for young adults between 20 to 40 years of age (inaccuracy: 6.2 ±5.4 

years) (Martrille et al. 2007; Cunha et al. 2009), as Brooks and Suchey (1990) stated that 

“the first two phases have narrow age distributions and will often serve as the upper 

limit”. The male samples were large enough to refine the phase-specific age estimates 

according to European-American, African-American, and Mexican ancestral groups 

(Katz & Suchey 1989).  

 

The Suchey-Brooks system, however, presents some disadvantages. Sex and ancestry are 

prerequisites, and the symphyseal face is often damaged in charred bodies. This method 

yields wide age interval estimates for each phase (e.g., 34-86 in males and 42-87 years in 

females for Phase VI, respectively), hence on-going research are testing the Suchey-

Brooks method in other populations in an attempt to improve the accuracy of the method 

(see below).  

 

(i) Klepinger et al. (1992) 

The performance of the McKern-Stewart, Gilbert-McKern and Suchey-Brooks methods 

over a large sample was evaluated by Klepinger and co-workers (1992). The authors used 

modern autopsy samples comprising 202 paired female pubic bones (aged 15 to 95 years) 

collected from the Office of the Chief Medical Examiner-Coroner, County of Los 

Angeles, and 116 male pubic symphyses (aged 16 to 89 years) from the Office of the 

Dade County Medical Examiner, Miami, Florida. These samples were blindly evaluated 

for age at death using the three pubic symphysis methods. The authors noted several 

limitations in their study, “… the observer had considerable experience in dealing with 

both of the three-component systems, but had never before used either Suchey-Brooks 

method” and “Although not included as part of this research design, repeated observations 

using the same standards and samples would serve to evaluate intra-observer error” 

(Klepinger et al. 1992:767). 

 

The results for the females showed that the average absolute deviation of actual age from 

the mean phase age was 16.1 years for the Suchey-Brooks system, and 14.6 years for the 

Gilbert-McKern system. For males, the deviation of actual age from the total score 
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interval mean was 15.8 years for the McKern-Stewart system, and 11.1 years for the 

Suchey-Brooks system for pooled-ancestry sample (10.5 years when phase means were 

assigned according to ancestry). The percentage of cases falling within ±1SD, ±2SD, or 

within the stated age range was consistently much higher for the Suchey-Brooks 

compared to Gilbert-McKern and McKern-Stewart systems. The authors stressed that 

±2SD should be included in the estimates, and that the chances of error should be 

considered. The large age ranges encompassed by all (except the earliest phases) are 

conservative estimates of the variation in symphyseal metamorphosis showing that the 

95% range underestimates the real potential variability. 

 

Klepinger and colleagues (1992) insisted that severe trauma and lack of normal physical 

activity (i.e., organic brain syndrome and healed fractures) had delayed or advanced the 

rate of age-related morphological changes exhibited in the pubic symphyses of various 

individuals in their target sample. The authors also supported the usage of multi-factorial 

approach to achieve highly accurate age estimates. 

 

(ii) Pasquier et al. (1999) 

The goal of the exploratory study by Pasquier and co-investigators was to improve the 

accuracy of age estimation through quantifying certain morphological features of the 

human pelvis based on the analyses of CT scans. The study sample included 74 pubic 

bones (148 symphyseal surfaces) from male individuals collected in the Forensic 

Medicine Department of Brest. However, sample age distribution was not reported. The 

pubic bones were scanned using Elsint Exel 2400 CT scanner with 0.5 mm resolution. 

Classification of the specimens using the Suchey-Brooks method was conducted by an 

expert, with comparison to the casts. The estimated age was considered as the mean age 

of the obtained phase. The authors focused on three surface features of the pubic 

symphysis (dorsal lipping angle, billowing, and ventral rampart development), along with 

several measurements based on subsurface bone density (i.e., mean and SD of the grey-

level distribution of the trabecular bone, and the peak and frequency of ridging). 

Statistical analysis was performed using SPSS statistical program. 

 

This study demonstrated that when both sides of the pubic symphysis were assessed, a 

multiple regression analysis using all the features showed an increase in age estimation 

accuracy for the relationship between known and estimated age (SD ±7.30 years, R2 = 
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0.74) over the Suchey-Brooks method (SD ±10.18 years, R2 = 0.49). A slight decrease in 

accuracy was demonstrated when only one side of the pubic symphyses was used (SD 

±11.6 years, R2 = 0.41).  

 

3D visualisations based on CT scanning is possible as performing CT scanning prior to 

autopsy at forensic institutes has become an increasingly common procedure. In addition  

to improve the accuracy of age estimation using pubic bone analysis, the authors also 

wished to avoid lengthy bone preparation time and bone damage, hence CT scans were 

utilised. Although this study is a good starting point of using geometric correlations to 

estimate age, it only attempted quantifying a limited number of morphological features. 

 

(iii) Schmitt (2004) 

The aim of this study was to evaluate the applicability of the Suchey-Brooks system and 

auricular surface method (Lovejoy et al. 1985) in an Asian skeletal sample. Schmitt 

applied the Suchey-Brooks system for the assessment of age-at-death of an identified 

sample of Asian individuals drawn from a Thai skeletal collection in the Department of 

Anatomy, the University of Chiang Mai. The sample comprised 66 left-right pairs of os 

coxae (37 male; 29 female) aged 20 to 60+ years, within which 125 pubic symphyses 

were assessed according to the Suchey-Brooks system. Bias (i.e., the mean over- or under-

prediction) and inaccuracy (i.e., the average absolute error of age estimation) were 

calculated. In cases when morphological phases were different between left and right 

pubic symphyses, the mean age between both sides was calculated. However, observer 

agreement was not reported.  

 

The author found that the degree of inaccuracy is as high as 27.2 and 32.2 years in males 

and females over 60 years of age, respectively. Percentage of individuals classified in the 

correct Suchey-Brooks confidence interval is low (36.1% and 37.9% in males and 

females, respectively). The work of Schmitt (2004) was the first time that the Suchey-

Brooks method had been tested on an Asian skeletal sample – this study demonstrated 

that the Suchey-Brooks method should be applied with caution on Asian populations, 

either in archaeological or forensic context, due to the low reliability of the system when 

tested onto different populations other than the original reference sample. Even though 

the sample used to generate the Suchey-Brooks system includes individuals of Asian 

descent, the author found that the Suchey-Brooks method tended to underage individuals 
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(bias upto -27.0 and -32.2 years in males and females, respectively) and was largely 

inaccurate when aging individuals in older cohorts. Therefore, validation studies are 

warranted to determine the reliability of each technique in samples that vary from the 

reference sample used to create the original method.  

  

Schmitt also discussed the issue of asymmetries on both right and left sides of the pubic 

symphysis and warned that elements from the same individual, if found separately, could 

result in the assessment of different phases of pubic symphysis morphology, which 

increases the error rate associated with age estimation. However, the author did not 

provide the variance value for asymmetries. 

 

(iv) Telmon et al. (2005) 

With the advancement of 3D scanning, Telmon and co-researchers (2005) compared 3D 

scans to the physical bone specimens to determine whether 3D representations can be 

used to accurately assess age using the established visual criteria of Suchey-Brooks. The 

bone material consisted of seven dried os coxae and 14 symphyses with soft tissue from 

the Department of Forensic Medicine, Toulouse. All specimens were from 21 individuals 

(14 male; 7 female) aged between 20 and 99 years. Helical CT scan was done using a 

Siemens Somatom Plus 4 (1.0 mm resolution scans). Assessment was performed by two 

observers, one experienced in the Suchey-Brooks method and the other was not. The 

assessors applied the Suchey-Brooks method to both the CT images and to the bone 

specimens, and studied the ridges, delimitation of the two extremities, ventral rampart, 

symphyseal rim, face depression, ligamentous outgrowths and bone texture.   

 

Inter-method agreement was high for both observers (κ = 0.82-0.86). Intra-observer 

agreement was high (κ = 0.91-0.94). There was no significant difference of accuracy 

between the physical specimens and 3D images assessments (z = 0.36, p = 0.71). For 

comparison of CT images and bones, the percentage of agreement was found to be 

between 81% and 100% for all seven features (100% for ridges and delimitation of 

extremities; 95% for ligamentous outgrowths; 90% for bone texture and face depression; 

86% for the rim; and 81% for the ventral rampart).  

 

The authors acknowledged that their study was limited by the small sample size. They 

also made several good suggestions for future research – to use images with high quality, 
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and to conduct training and precision test to improve observers’ performances and 

validate the method based on CT imaging. 

 

(v) Sakaue (2006) 

The aim of this study was to apply the Suchey-Brooks system to a large, documented 

Japanese sample and to determine the mean age and degree of variation for each of the 

six phases. The sample comprised pubic bones of 416 Japanese individuals (326 male; 90 

female) between 14 to 83 years, from the skeletal collection in the University Museum, 

the University of Tokyo; the Department of Anatomy, Chiba University School of 

Medicine; the Graduate School of Social and Cultural Studies, Kyushu University; and 

the Kyoto University Museum. Specimens were evaluated according the Suchey-Brooks 

method. Statistical analyses for the calculations of mean age, differences in age between 

sex for each phase, and mean errors between estimated and actual ages (inaccuracy and 

bias) were performed using SYSTAT. 

 

The author compared the mean age and SD of each of the six phases and found significant 

differences between each of the two adjacent phases (p <0.05), except between Phases III 

and IV in the females. When the mean sex-specific ages of the Suchey-Brooks series were 

applied to the Japanese sample, inaccuracy was reported at between 2.4 to 8.0 years in 

males, and for females the error 3.2 to 6.7 years. Bias for the male and female samples 

were -2.2 to 6.4 years and -4.5 to 5.9 years, respectively. Age estimation by the Suchey-

Brooks method in Japanese individuals in the oldest age group (i.e., 50-59 years) showed 

the highest inaccuracy (male: 8.0 years, female: 6.7 years) and bias values (male: -2.2 

years, female: -4.5 years). In contrast to Schmitt (2004), Sakaue claimed that this study 

illustrated the applicability of the Suchey-Brooks system to the Japanese population as 

the difference between mean ages of the recent Japanese sample and the original samples 

of Brooks and Suchey (1990) were less than three years, however, the the sample utilised 

in this study was not normally distributed.  

 

(vi) Djurić et al. (2007) 

The aim of this study was to test the applicability of the Suchey-Brooks method in the 

Balkan populations. The sample consisted of pubic bones collected during post-mortem 

investigation of 85 individuals (52 male; 33 female) aged between 17 to 91 years from 

the Institute for Forensic Medicine, University of Belgrade. All samples were assessed 
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based on observations of the pubic casts of Suchey-Brooks age phases, with the following 

features recorded: changing relief of the symphyseal surface (furrows and ridges, 

grainness, and symphyseal convexity or concavity); dorsal margin; ventral rampart; 

dorsal plateau; lipping of the margin; and the symphyseal rim. Classification of the 

sample corresponded to the Suchey-Brooks phases and the accuracy and reliability of 

each features were analysed for both sexes. The Student t-test, Pearson linear correlation 

coefficient, and discriminant analysis were used for this analysis. Precision test was 

conducted by repeat evaluation of the sample after one month by two observers.  

 

Both observers exhibited a ‘good agreement’ in categorisation into Suchey-Brooks age 

phases (κ = 0.726). This study found that 82.98% of males and 75.0% of females were 

correctly classified into the Suchey-Brooks age phase. Significant difference between the 

mean chronological age of the individuals and the mean values established by the Suchey-

Brooks method was evident in Phase VI in both males (t = 3.01, df = 50) and females (t 

= 2.99, df = 31). In addition, the correlation between actual and estimated age estimated 

using the Suchey-Brooks method was high (r = 0.899). Discriminant  analysis showed 

that the best discriminators of the phases were relief of symphyseal face, lipping, oval 

outline, and dorsal margin.  

 

This study reviewed the results of independent tests of the Suchey-Brooks method applied 

to a modern Serbian sample as tested by two anthropologists with different experience 

levels, hence highlighting the effect of population specificity and user experience on the 

accuracy of this aging method. The authors had proposed several corrections of the 

original Suchey-Brooks description in aging the Serbian population, which could be 

useful for routine forensic practice of identification of the war victims in former 

Yugoslavia: (i) in rugged male symphyses, ridges, and grooves over less than half of the 

surface and of a small density indicated Phase III/2; (ii) in finely granulated male 

symphysis, the absence of lipping and ventral rampart suggests IV/2 age category, while 

their presence indicates Phase V/1; (iii) in eroded male symphyses, the presence of 

ossification nodules suggests VI/1 age category; and (iv) appearance of oval contour 

points to Phase V, while complete formation indicates an age over 55 years. 
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(vii) Kimmerle et al. (2008) 

This study investigated the applicability of the Suchey-Brooks method in Balkan and 

American populations based on a set of Bayesian statistical methods utilising the 

Gompertz-Makeham (GM) mode. A reference sample of identified individuals with 

known ages-at-death from Kosovo, Bosnia and Herzegovina, and Croatia (n = 861) was 

used to determine the age structure of victims and serves as the prior in the Bayesian 

analysis. The study sample consisted of a Balkan reference and skeletal sample (975 male; 

182 female) aged 15 to 98 years and American skeletal sample (1560 male; 518 female) 

aged 15 to 102 years. The American sample was from University of Tennessee Forensic 

Data Bank, Gilbert-McKern skeletal data and McKern-Stewart Korean War Dead data, 

Los Angeles County Medical Examiner’s Office forensic skeletal materials, and the 

Robert J. Terry Anatomical Skeletal Collection. Pubic symphyses were scored in the 

manner of Todd (1920, 1921) and were converted from the Todd ten-phase system to the 

Suchey-Brooks six-phase system (Brooks & Suchey 1990). An analysis of deviance was 

calculated using an improvement chi-square to test for population variation in the aging 

processes of Balkan and American populations using proportional odds probit regression. 

Transition analysis was performed using Nphases, while other statistical procedures were 

run in the statistical program ‘‘R’’ and SPSS.  

  

The authors presented both descriptive statistics (i.e., mean age, SE, 95% CI, SD range) 

and age-of-transition distributions derived from the unrestricted cumulative probit model 

for Suchey-Brooks phases in Balkan and American individuals of both sexes. Although 

several conflicting reports have been published about which of the two sexes showed the 

most variation in different populations, these authors found a significant association 

between females and population of origin (df = 1, chi-square likelihood ratio = 15.071, p 

<0.001), whereas males of both populations aged similarly (df = 1, chi-square likelihood 

ratio = 3.209, p = 0.073). The GM hazard parameters for Balkan males (a2 = 

0.012482505, a3 = 0.003543657, b3 = 0.058074052) and Balkan females (a2 = 

0.0140656844, a3 = 0.0003480993, b3 = 0.0866711354) were used to calculate the 

probability density function for each  pubic symphyseal phase for estimating individual 

ages-at-death. The authors also indicated the age of transition from each phase to the next. 

Mean (SD) age of transition for both sexes combined are as follows: from Phase I-II, 

21.49 (±3.50) years; from Phase II-III, 22.99 (±3.97) years; from Phase III-IV, 28.63 

(±8.76) years; from Phase IV-V, 43.53 (±17.18) years; and from Phase V-VI, 61.12 
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(±15.22) years. The variability in age of transition between phases is especially noticeable 

in the later stages. 

 

Using this statistical approach allows for estimation in the level of accuracy and precision. 

New point estimates for calculating individual ages-at-death are provided that can be used 

in the field at the time of examination or may be applied to cases retroactively. This study 

is important as the authors published results from large Balkan and American samples 

(although limited number of females) and provided an atlas with photographic images of 

the observed changes. 

 

(viii) Overbury et al. (2009) 

A potential issue with the Suchey-Brooks method is bilateral asymmetry in the 

morphological development of the pubic symphysis and its effect on the accuracy of the 

derived estimates (Katz & Suchey 1986; Suchey & Katz 1998). Overbury and colleagues 

(2009) aimed to provide a set of basic guidelines to apply the Suchey-Brooks method in 

the presence of asymmetry. The sample consisted of 130 contemporary European-

American males aged between 18 and 86 years from the Hamann-Todd Osteological 

Collection at the Cleveland Museum of Natural History.  

 

The phase of each symphyseal face was coded through a two-digit numeral, in which the 

first digit expressed the assigned phase number (numbers one through six) and the second 

digit differentiated between early and late versions of each phase (number one for an early 

version and number two for a late version) (i.e., early Phase I: 11, late Phase I: 12, early 

Phase II: 21, late Phase II: 22, early Phase III: 31, late Phase III: 32, early Phase IV: 41, 

late Phase IV: 42, early Phase V: 51, late Phase V: 52, early Phase VI: 61, late Phase VI: 

62). The following definitions of asymmetry were used: asymmetry, same phase 

asymmetry, categorical asymmetry, asymmetry of at least one phase difference, and 

asymmetry greater than one phase difference. The authors studied the asymmetry 

relationship to accuracy of the Suchey-Brooks method, presence of directional 

asymmetry, and the relationship of asymmetry to age. Intra-observer agreement was 

calculated based on repeat evaluations of 100 left symphyseal faces. 

 

In the intra-observer error study, almost 50% (42 out of 87) of the pubic symphyses scores 

differed in the first and second assessments. However, the variation related to intra-
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observer error was significantly smaller than that related to asymmetry (F86, 86 = 1.46, p = 

0.041) indicating that the observed asymmetry cannot be completely attributed to intra-

observer error. Asymmetry in age-related morphological development and eventual 

deterioration of the pubic symphysis was present in 63% of the sample, with 43% showing 

categorical asymmetry or asymmetry of phase difference. The authors found that 84% to 

86% of correct classification was achieved when each individual pubic symphysis was 

considered as a unique individual, compared to when analysing the pubic symphyses as 

a paired sample  (68% to 78%); this indicated that both the right and left sides of an 

individual must produce a correct age range in order to be considered an accurate 

assessment.  

 

As high degree of asymmetry can compromise the method’s accuracy, the authors 

recommended using the older-looking side – this is, however, a subjective matter that 

depends on the experience of the observer. The authors noted that the exact cause of 

skeletal asymmetry is not fully understood and likely related to a combination of various 

factors, including genetics, environmental and dietary stresses, or mechanical loading 

(e.g., discrepancies lower limb length or morphology acquired during early development 

could affect the progression of skeletal age markers in adjacent and mechanically related 

anatomical areas). This study contradicted previous research by Hens et al. (2008) that 

reported that bilateral asymmetry is not statistically significant to the accuracy of age 

estimations using the Suchey-Brooks method. 

 

(ix) Lottering et al. (2013) 

This study aimed to: (i) establish probability distributions for estimating individual male 

and female age-at-death in a European-Australian subpopulation using a Bayesian 

approach; (ii) report the probability of correct age classification utilising the Suchey-

Brooks method in an Australian sub-population and assess inter-population variation on 

bias and inaccuracy values of age estimation; (iii) investigate the age range in which the 

morphological Suchey-Brooks descriptors are observed in the study population; and (iv) 

assess the impact of asymmetry and sex on the Suchey-Brooks phase allocations for age 

estimation. The study material comprised MDCT scans (0.5 mm resolution) of left and 

right pubic symphyseal surfaces obtained from 195 anonymised autopsy patients (119 

male; 76 female) of European-descent aged 15 to 70 years, collected from the Queensland 

Health Forensic and Scientific Services – Forensic Pathology Mortuary, Coopers Plains, 
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Queensland. CT scans were conducted using a Toshiba® Acquilion LB™ CT 16 slice 

multi-detector scanner. The 3D reconstructions were performed using Amira® and 

Rapidform®. Each image of known sex was classified into early/late stage of one of the 

six Suchey-Brooks phases, blind to the actual age of the individual. Morphological 

descriptions and pubic symphyseal plaster casts scanned under the same CT data 

acquisition protocol were used for comparative reference during scoring. The estimated 

age was considered as the mean age of the obtained phase using the Suchey-Brooks 

method for utilization in the calculation of inaccuracy and bias. Transition analysis and 

Bayesian statistics were conducted to obtain age ranges to model the Queensland 

population by using Nphases2. Precision test was performed by repeat assessment of 10% 

of the sample by two observers with difference experience levels (i.e., novice versus 

expert). 

 

Both intra- and inter-observer agreement in categorization into Suchey-Brooks age phases 

were high (κ = 0.748 and 0.878, respectively). By using the Suchey-Brooks method, 

transition analysis and Chi-square statistics showed 63.9% and 69.7% correct age 

classification associated with the left symphyseal surface of Australian individuals, 

respectively. The authors reported inaccuracies of 1.55-8.79 years for the right surfaces 

and 1.55-8.25 years for the left surfaces of males. In females, the corresponding 

inaccuracies were 2.87-14.18 and 2.48-10.0 years, respectively. Meanwhile, bias ranged 

from 28.63 to 6.45 years and 27.13 to 6.88 years in males and females, respectively. The 

authors also provided mean ages-at-transition and standard error, which represent the 

average age at which a Queensland individual is most likely to transition from one phase 

to the consecutive phase. The variability in age of transition between phases is especially 

noticeable in the later stages, with the degree of overlap for transition distributions is 

greater for females compared to males. 

 

This study verified the utility of the pubic symphysis in a forensic anthropological context 

and highlighted significant sexually dimorphic features and age-related changes as 

observed in CT images. This study also provided a revised calibration for estimating age-

at-death by reporting population-specific probability density distribution tables and mean 

ages-at-transition through a Bayesian statistical approach. 
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(x) Wink (2014) 

The aim of this retrospective study was to determine whether the pubic symphysis can be 

sufficiently visualised in 3D reconstructions of clinical CT scans for skeletal and 

chronological age estimation. The sample comprised stored clinical CT scans of 44 

individuals (20 male; 24 female) between 19 to 89 years of age, collected from the Boston 

University Medical Center. All subjects were scanned at 1.25-millimeter resolution. All 

identifying information is removed except for sex and age. The 3D reconstructions were 

performed using OsiriX (volume rendering function and low contrast preset). The 

reconstructed images were then analysed and scored according to the Suchey-Brooks 

system. Intra-observer agreement was calculated based on repeat assessments of the 

sample after one-week interval.  

 

In 72.7% of the cases, the phase determinations between first and second observations 

were in perfect agreement (Krippendorph’s α = 0.65). Phase determinations between first 

and second observations agreed perfectly or differed only by one phase in 97.7% of cases. 

Analysis of the 3D images captured the true ages of 70% males and 87.5% females. The 

3D-CT method had a slight tendency to underage individuals in Phase III and beyond 

because of the wide range of variability within Phases III through VI, as noted by Telmon 

et al. (2005).  

 

This study demonstrated the main advantage of virtual anthropology; that once skeletal 

tissues were digitally isolated from the body, a documented skeletal collection from a 

modern sample becomes available, without the risk of exposing patients to more ionising 

radiation than they had already clinically agreed to (or required). The author has 

established that clinical pubic symphysis CT scanning parameters from living individuals 

are adequate for creating images to be analysed for age estimation. However, the sample 

studied is too small. The authors proposed recommendations to improve the study: (i) to 

include inter-observer error among anthropologists and radiologists; (ii) conducting this 

study on fleshed remains prior to maceration; and (iii) to re-evaluate aging standards, as 

not all features on the pubic symphysis were equally visible on the scans. 

 

(xi) Savall et al. (2016) 

The aim of the work by Savall and co-researchers (2016) was to test the reliability of the 

Suchey-Brooks method on MSCT examination of contemporary French males. The 
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material studied include 680 clinical MSCT scans (1.5 mm resolution) of pubic 

symphyses from adult males aged 15 to 92 years (mean 46.3 years; SD ±22 years). Those 

MSCT images were obtained through a Picture Archiving and Communication System 

(PACS); scans were saved in DICOM format, and post-processing was performed using 

Amira®. A stage was assigned to each pubic symphysis using morphological criteria and 

the methodology proposed by Suchey-Brooks as agreed by two observers. To quantify 

intra- and inter-observer agreement, 80 randomized specimens were subjected to two 

repeat assessments with a two-months interval by two observers.  

 

Intra- and inter-observer agreement were excellent (κ = 0.88 and 0.73, respectively). The 

authors found inaccuracy (4.5 to 33 years) and bias (-33.0 to 6.2 years) increases with 

age, and inaccuracy exceeded 20 years for individuals over 65 years of age when the 

Suchey-Brooks method was applied to French males. The mean ages for Phases I and II 

were significantly lower in the French males (i.e., 17.2 and 21.0 years, respectively) in 

comparison to the original Suchey-Brooks sample (i.e., 18.0 and 23.5 years, respectively). 

However, the mean ages for Phases IV, V and VI were significantly higher (i.e., 40.5, 

56.2 and 73.7 years) compared to the original Suchey-Brooks study (36.7, 46.5 and 60.4 

years, respectively). Except for Phase III where the results were not significant, these 

results are consistent with an overestimation of the real age for Phases I and II and an 

underestimation of the real age for Phases IV, V and VI. This study corroborated the 

inaccuracy of the Suchey-Brooks method when applied on samples outside of the United 

States (Schmitt 2004; Rissech et al. 2012; Lottering et al. 2013). It also illustrated the 

applicability the Suchey-Brooks method to be transposed to CT images. 

 

(xii) Merritt (2018) 

Merritt (2018) aimed to assess the applicability of the Suchey-Brooks age estimation 

method on volume rendered images (VRIs) generated from CT scans of deceased 

individuals. A sample of 420 full body CT scans (210 male; 210 female) aged between 

20 and 79 years was obtained from the Victorian Institute of Forensic Medicine in 

Melbourne, Australia. The scans were of 1.5 mm resolution; 2D DICOM images and 3D 

VRIs were reconstructed using Siemens syngo.via. The Suchey-Brooks descriptions of 

each phase were applied to the VRIs of male and female left pubic symphyses, 

respectively.  The correlation between known age at death and the phases was calculated, 

and descriptive statistics for the revised method were created. Age-of-transition 



Chapter Three Transposition of Selected Adult Age Estimation Methods to CT Images 

 
 
 

138 

distributions were calculated using a cumulative probit model. Reliability of the Suchey-

Brooks method was evaluated using inaccuracy (∑|estimated age − actual age|/n), bias 

(∑(estimated age − actual age)/n) and percentage correct classification (i.e., the 

individual's age at death fell within 1SD of the mean age of the phase they were assigned). 

All statistical tests were performed with IBM SPSS Statistics. Intra-observer reliability on 

the revised pubic symphysis method was performed on a random sample of 36 individuals 

after a two-weeks interval.  

 

The Kappa value for intra-observer error is 0.849, indicating almost perfect agreement 

between the two tests. This study demonstrated that the VRIs of the pubic symphysis were 

of high quality, and in younger individuals, billows and furrows were visible, along with 

features of rim development. In some instances, macroporosity was visible on the 

symphyseal face of older individuals. However, the major distinguishing features of 

porosity and bone weight for the oldest age phases could not be evaluated in the VRIs. The 

author reported that the SD when the Suchey-Brooks method was applied to the virtual 

sample of Australian individuals as ±2.1-12.2 years in males, and ±2.4-12.4 years in 

females. In males, inaccuracy was found to be 3.78 to 20.51 years, while the 

corresponding data in females was 5.17 to 19.33 years. For older individuals, the Suchey–

Brooks method performed poorly, similar to the findings from other studies (e.g., Hens 

et al. 2008; Gotcha et al. 2015; Savall et al. 2016). The author also suggested to test the 

method on other populations and with different CT protocols. 

 

(xiii) Joubert et al. (2019) 

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

estimation in a European-South African population. A total of 184 os coxae (99 male; 85 

female) were obtained from the Raymond A. Dart Collection of Modern Human 

Skeletons and the Pretoria Bone Collection of individuals with known ages of 15 to 84 

years. The Suchey–Brooks descriptions of each phase and pubic casts were applied to the 

left pubic symphysis to avoid intra-individual asymmetry. Accuracy, precision and 

repeatability were also calculated. Precision test was performed based on two repeat 

assessments of 20 random individuals (10 male; 10 female) by two observers. 

 

The weighted kappa results for intra-observer error showed a good degree of agreement 

between assessments in females (κ = 0.632) but a moderate degree of agreement in males 
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(κ = 0.333). The weighted kappa results for inter-observer error showed a moderate 

degree of agreement between assessments in males (κ = 0.412) and females (κ = 0.545). 

The frequency of which true age fell within the corresponding estimated Suchey-Brooks 

phase was 67.68% and 98.82% in males and females, respectively. Spearman’s rank 

correlation indicated significant moderate positive correlation between estimated and true 

age in males (rs = 0.595) and females (rs = 0.582). Overall bias showed a constant 

underestimation of age in both males (-16.221 years) and females (-11.619 years). The 

authors found that the Suchey-Brooks method performed best in younger individuals 

between 15 and 45 years. Standard error of estimate was calculated for Phases IV-VI of 

the Suchey-Brooks method (the sample size for Phases I-III were too small), showing 

large SEE in both males (SEE ±14.75-23.44 years) and females (SEE ±14.92-20.62 

years). The authors concluded that the use of the Suchey-Brooks method in a European-

South African population is acceptable given the moderate positive correlation with true 

age and good repeatability. However, the method consistently underestimated age after 

35 and 45 years of age for males and females, respectively.  

 

3.4.3.  Summary 

The Suchey-Brooks system (Katz and Suchey 1986; Suchey et al. 1986; Katz & Suchey 

1989; Suchey & Brooks 1990; Suchey & Katz 1998) is the most widely applied 

macroscopic method for the estimation of age-at-death from the pubic symphysis because 

of their large sample, detailed phase descriptions and availability of corresponding casts. 

There are, however, some known issues with this method, largely due to the broad 

confidence interval, particularly for the later phases (some are 40+ year intervals), the 

choices of statistical information derived from this method (using the sex and ancestry 

specific age ranges and/or based on experience and expertise to produce an age range) 

and the claims that it is the most accurate method for aging young adults. Testing in other 

populations showed that poor performance in estimating age was related to inter-

population variation, applicability of standards derived from modern bones to 

archaeological remains, broad age-spans corresponding to each phase (except the young 

adults), and the characteristics of reference samples (i.e., reliability of age documentation, 

sample size, age range, sex distribution). 3D CT imaging appears to be applicable to study 

the pubic symphysis for age estimation (e.g., Lottering et al. 2013; Wink et al. 2014; 

Merritt 2018). Accuracy of the Suchey-Brooks method when being applied to the 
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Malaysian sample will be determined by examining whether the actual chronological age 

is correctly included in the age ranges corresponding to the observed phase.  

 

3.5. Conclusions 

 

Age-at-death is a significant factor aiding in human identification efforts in forensic 

anthropology, as it represents one of the key indicators involved in the development of a 

biological profile (Cattaneo 2007; Franklin 2010; Franklin et al. 2015; Langley et al. 

2017; Adserias-Garriga & Wilson-Taylor 2019; Ubelaker & Khosrowshahi 2019). Most 

methods applicable in adults involve degenerative skeletal changes that exhibit both 

natural and environmentally induced variability (Garvin et al. 2012; Christensen et al. 

2014; Black & Ferguson 2016;  Langley & Dudzik 2017; Langley et al. 2017). All 

available skeletal and dental age indicators should be assessed when possible. Even 

though each method has its own limitations, age should be estimated as accurately as 

possible. A more robust age estimate can be derived when multiple indicators corroborate 

an age range. The use of multiple age markers can help to narrow down confidence 

interval, as it is far better to be approximately correct than to be precisely wrong when 

trying to identify unknown remains (Klepinger 2006; Christensen et al. 2014; Algee-

Hewitt 2017; Langley & Dudzik 2017; Hartnett-McCann et al. 2018). Attempts to 

eliminate the level of subjective analyses in macroscopic aging techniques and increase 

standardisation should be incorporated into age estimation methodologies to identify 

distinct aging features that correlates with chronological age. 

 

 

 

 

 

 

 

 

 




