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ABSTRACT 

Background: The health and wellbeing of children are enhanced by judicious use of 

information gathered from monitoring their growth and development. For the general 

assessment of growth, individual weight and/or height are the primary tools employed 

worldwide, including in South Africa. The use of more precise indicators of development, 

such as skeletal maturation, long bone growth or tooth formation, is extensively used in both 

human biological research and forensic anthropology. Skeletal data are used in evaluating 

clinical conditions that result from hormonal imbalances, heritable bone dysplasias and 

nutritional problems. However, the scarcity of skeletal and dental data on growth and 

development in foetuses and young children in Southern Africa often necessitates the 

application of standards and atlases that are derived from older datasets derived primarily 

from European ancestry populations. The implications of using those non-African standards 

and atlases are not fully understood, but populational variation is documented. Therefore, 

population-specific standards to monitor growth, estimate age and compare growth 

worldwide are required to ensure the accurate assessment of skeletal and dental development.  

Aim: The aim of this study was to develop a dental formation sequence and document long 

bone dimensions for a representative sample of urban South African children of African 

ancestry. These two growth indicators will then be used for the purposes of describing 

developmental variation and undertaking age estimation for a large paediatric cadaveric 

research collection. Additionally, it was the aim of this study to digitise and archive the 

paediatric cadaveric collection for future research activities. 

Materials and methods: This cross-sectional study used purposeful convenience sampling 

by comparing computer tomography (CT) scans of the University of the Witwatersrand 

Paediatric Cadaveric Collection (PCC) to archived medical radiographs from two Gauteng 

provincial hospitals, as well as, the Wits Dental and Oral Health Centre. Panoramic dental 

radiographs of 41 living children (16 males, 25 females aged 2.5 - 4.5 years), 665 limb 

radiographs of 267 living children (145 males, 122 females aged 0 - 4.9 years) and 110 PCC 

cadavers (62 males, 48 females aged less than 5 years) were included. 

Segmentation from the CT scans was accomplished using a 3D volume rendering technique 

with VG Studio Max 2.2 software. The 3D volume images and 3D surface renderings were 

then transferred to Avizo software. All radiographs were coded with ImageJ software. The 

developmental stage of each tooth was based on the degree of mineralisation where scoring 
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followed the Demirjian 8-stage method adapted for use on the primary dentition. Diaphyseal 

length and breadth measurements of the limbs were taken from transformed left diaphyses. 

Data were analysed using Microsoft Excel software 2016 and IBM SPSS Statistics 25.0 

software for Windows. Intra-observer error analysis was done on both dental scoring and 

limb measurements. Variability in the long bone dimensions was assessed using the level of 

covariance within each cohort. Comparisons between the living child and cadaver samples 

were carried out with the Mann-Whitney U test to determine if the samples were from the 

same population. Statistical significance was inferred at p<0.05. 

Results: The Wits PCC sample was stratified into six age groups based on aggregate 

diaphyseal lengths of the living children. Outliers in the groups were reassigned to achieve 

concordance between dental scores and diaphyseal lengths. The 0-0.9 year-old group had the 

largest representation (33 males, 25 females) while only one male and one female were in the 

4-4.99 year-old cohort. Student’s t-tests revealed no statistically significant differences in the 

mean diaphyseal lengths for males and females. There were also no substantial sexual 

differences in the tooth development stages, which allowed for the pooling of the samples for 

further analysis. 

The sample showed radiographic evidence of mineralisation of all the primary teeth by the 

30th week of gestation and mineralisation of the M1 was noted after birth. Visual observation 

of the dental scores found no more than one stage difference between the PCC and living 

children, which was considered as not statistically significant. The limbs of the living 

children were found to be larger than the PCC individuals; however, the Mann-Whitney test 

demonstrated no substantial difference in the proportion of individuals from either sample 

below or above the grand median. The non-normal distributions of the two samples show 

small effect sizes except for the femur and fibula in the 3-3.9 year-olds. These results 

justified the pooling of the living and PCC samples to generate dental and limb growth charts 

for South African children of African descent. 

All CT scans and segmented bones are now archived with the Human Variation and 

Identification Research Unit (HVIRU) of the School of Anatomical Sciences, University of 

the Witwatersrand and available in DICOM format for future research activities. 

Conclusion: This study showed lower variability in tooth development compared to the limb 

bone dimensions. The generated data on dental development and limb bone lengths over the 
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age cohorts not only resulted in the construction of a virtual PCC skeletal collection, but can 

also be used to better estimate age in southern African children. 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Assessment of skeletal development is an important tool for evaluating the overall maturity 

and well-being of individuals. The dentition and skeleton undergo quantifiable changes in 

morphology from birth to childhood and beyond. Tooth formation and emergence follow 

recognised sequences, similar to the processes of ossification and epiphyseal fusion of long 

bones, that are useful indicators of the maturation process. These sequential morphological 

changes are time-specific and can be employed to monitor child growth and development and 

to estimate age. 

Variation in developmental timing can be an informative signal of underlying medical 

conditions for individuals (Natale and Rajagopalan, 2014) or a sign of populational level 

stress. Analysis of anthropometric measurements at infancy can identify short stature and 

faltering growth that are deleterious to long term outcomes in society (Victora et al., 2010). 

At present, use of weight and/or height are employed to monitor growth among children 

worldwide. However, the use of skeletal data, especially tooth formation, can be of greater 

value in monitoring development. The majority of dental tissue development occurs in utero 

and the formation process is relatively protected even when the mother is stressed. Teeth are 

thus less affected by postnatal adverse conditions (Klepinger, 2006; Cardoso, 2007) and this 

makes them ideal for studies of biological variation on the population level. In contrast, the 

greater plasticity of the skeleton due to activity patterns, load bearing and a prolonged period 

of growth provides greater insights about life experiences and adaptations to environments. 

The comparison of tooth and bone growth for an individual or within a population provides 

more detailed information on levels of environmental stress. 

In forensic anthropology, there is a critical need for accurate methods to estimate the age of 

children where the birth record is not available (Garn et al., 1965a) or the identity of a living 

child is unknown. Age in those circumstances is typically estimated by using the average 

body height or the diaphyseal lengths of long bones from appropriate comparative data. A 

target estimate, relative to a corresponding established age estimate, is then assigned to the 

unknown child (Klepinger, 2006). When standardised images of the dentition at different 

ages are available in the form of an atlas (AlQahtani et al., 2014; Esan and Schepartz, 2018a), 

dental developmental assessment is a better option. 
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Use of the skeleton or dentition in child forensics is often limited by a lack of standard 

population-specific data for age estimation. This is certainly the case for long bone 

diaphyseal dimensions, but it applies to the dentition in the case of neonates and infants. The 

state of the primary dentition in the oral cavity is a useful way to assess dental development 

for young children. Tooth eruption is a slow process involving formation and emergence of 

teeth in the oral cavity until opposing teeth meet in occlusion (Moorrees et al., 1963a; 

Krogman, 1968; El-Nofely and Iscan, 1989). The mandibular central incisor, the first tooth to 

emerge in the oral cavity, is only visible approximately six months after birth (Moorrees et 

al., 1963b; Proffit et al., 2012). Without use of x-rays, the developmental status prior to six 

months is undeterminable. However, the vulnerability of children to radiation effects 

prohibits their use except where medical diagnosis is critical (Resnick and Niwayama, 1988; 

Ritz, 1996; Barth et al., 2011). Previous research designs involving radiographs of living 

children, such as the important studies using carpal ossification sequences, are now not viable 

given our enhanced understanding of the risks and the revised research ethical standards. 

The paucity of data on skeletal growth in very young children is directly related to the limited 

study materials. Standards or reference data can only be generated when measurements are 

taken on skeletonised materials or from radiographs of living children of known age. Hospital 

radiograph archives can be an invaluable source of information when such materials are 

available. Unfortunately, this is not the case for many developing countries, as in South 

Africa, where curation of medical records is only now being implemented in the public 

sector. 

One valuable source of data on human variation from individuals with documented 

information are cadaveric materials used in health science training. These play a significant 

role in South African anatomical and biological anthropology research, as permitted by the 

Human Tissue Act of 1983 and previous national legislation (Kramer and Hutchinson, 2015). 

Curated cadaveric-derived skeletons are the basis for the large Raymond A. Dart Collection 

of Human Skeletons in the School of Anatomical Sciences of the University of the 

Witwatersrand in Johannesburg (Dayal et al., 2009) and other university skeletal collections 

in South Africa. However, these are principally rich sources of documented adult skeletal 

material. The School of Anatomical Sciences also curates a Paediatric Cadaveric Collection 

(PCC).  This is comprised of cadavers of children that were donated to the School by local 

public hospitals in the Johannesburg area. 



3 
 

South Africa is a multiethnic society of over 57 million people. It is predominantly comprised 

of Black African ancestry individuals (80.88%). The remainder are those with mixed 

ancestry- resulting from historic gene flow, amongst European settlers, Khoisan peoples and 

people from the South Asia, classified as Coloured ancestry (8.79%); White (European 

ancestry) (7.83%) and Asian ancestry (2.51%) groups. Over 10% of the population is under 5 

years of age, and those children are predominantly of Black African ancestry (86.52%) 

(Statistics South Africa, 2018). South Africans of African ancestry are made up of several 

subgroups, with each having an officially recognised spoken language. Many of these 

subgroups live in areas transcending current national borders and recent immigration has 

been extensive- hence the term ‘Southern African’ is biologically appropriate. Since South 

Africans self-identify with religion, language, and region (Christopher, 2002), it can be said 

that the Zulu, Xhosa, Tswana and Sotho subgroups constitute the majority of the people that 

live in the greater Johannesburg area today. They form the bulk of the users of the hospitals 

and thus the majority of the cadaveric materials donated to the School of Anatomical 

Sciences of the University of Witwatersrand. Previous studies suggested that these four 

subgroups, all members of the larger Bantu-language speaking population of sub-Saharan 

Africa, are homogeneous in terms of their biological characteristics. According to de Villiers 

(1968a), there are no statistically significant differences amongst them based on analyses of 

craniometric data. Lundy (1983) came to the same conclusion from the analysis of the long 

bones. Similarly, using three-dimensional coordinates, Franklin et al. (2005) re-examined the 

de Villiers (1968b) cranial sample and concluded that the four subgroups are 

morphometrically similar. Thus, the children in the PCC can be viewed as a homogeneous 

sample that is representative of the Johannesburg Black child population. 

The PCC has not been used to its full scientific potential because it lacks adequate 

documentation of the individuals. Many of the cadavers are perinatal, and due to the 

extremely sensitive nature of child death, any recorded dates of birth and death are unreliable. 

Hence the potential of the collection for aging research is seriously compromised. This study 

aims to address this issue by estimating the ages of the younger cadavers, the age cohorts for 

which population-specific data are most lacking, based on developmental statuses of the 

primary dentition and long bone diaphyseal dimensions. 

Presently, South African clinical and forensic practices depend largely on European growth 

standards to assess children. The use of the PCC to investigate dental development and bone 

growth in young Black Southern African children will provide detailed knowledge of their 



4 
 

growth timing and how they compare to other populations. Full body medical CT scans of the 

paediatric cadavers will be employed to create a digital skeletal/dental collection. 

1.2 Clinical, anthropological and forensic significance of the study 

Numerous studies have pointed out how dental development is less affected by environmental 

stress compared to the growth of skeletal elements. Examination of the PCC will shed light 

on the pattern of differences between these two key indicators of both growth and 

environmental stress. The study will generate comparative data for dental development and 

limb growth in very young children. These data are needed for clinical management of 

children at risk as well as for forensic analysis in cases of unidentified children. In addition, 

detailed analysis of the timing of tooth development and the correlation with developing 

bones can provides a better understanding of health disparities and the pattern of biological 

growth among Southern African children in comparison to other populations. 

1.3 Objectives and hypotheses 

 Objective 1: To develop a dental formation sequence that may be used as a tool to 

monitor growth in Black Southern African children less than 5 years of age. 

o Null Hypotheses: 

i. The interval between cusp initiation and root completion is not fixed for 

each tooth. Any variation is not population-specific and no particular tooth 

will be a key indicator for the population under study. 

ii. The eruption of primary teeth does not follow a chronological order that 

can be monitored and recorded. Variations in the sequence are not 

population-specific. 

 Objective 2: To document age-correlated changes in the diaphyseal dimensions of 

long bones in Black Southern African children less than 5 years of age. 

o Null Hypotheses: 

i. Linear dimensions of long bones will not be related to overall development 

in children less than 5 years of age. 

ii. There are differences in dimensional changes among the long bones; all 

long bones do not develop along the same growth trajectory. 

 Objective 3: To determine whether stages of dental development correlate to 

definable ranges in long bone dimensions. 
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o Null Hypothesis: 

i. Stages in dental development do not correlate with specific ranges in the 

dimensions of the long bones. 

 Objective 4: To create a digital skeletal and dental archive of the PCC. 

1.4 Organisation of the thesis 

Chapter 2 begins with a review of the concept of age as used in biological anthropology, 

followed by a presentation of the various techniques available to estimate age, current 

standards available for use worldwide, a general discussion of dental formation and 

differences with limb development, regional differences in growth and genetic and 

environmental influences on growth. 

Chapter 3 details the design of the study and includes a brief description of the samples used 

to achieve the objectives. This is followed by background information on the technology and 

procedures used to obtain the diagnostic radiographs. The image processing and the 

theoretical basis of the statistical analyses are then described. The analytical section includes 

details of how the derived age estimate equations were used to validate the estimated ages of 

the cadavers. 

Chapter 4 provides the results and descriptive parameters generated for Southern African 

children. The study concludes with Chapter 5, which is a discussion on the findings and their 

relevance to understanding growth of Southern African Black children, the limitations of the 

study and future research possibilities. 
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CHAPTER 2: LITERATURE REVIEW 

Comprehensive knowledge of growth and development is necessary to understand 

morphological variation in children. In this context, growth refers to processes leading to 

increase in size or weight, while development pertains to element-specific recognised 

stages of the maturation process (Eveleth and Tanner, 1990; Bogin, 1999). Starting in 

utero, growth and development are orderly and sequential progressions that are 

irreversible (Moorrees et al., 1963a) and regulated by complex molecular clocks 

(Reppert and Weaver, 2002; Simmer et al., 2010; Lui et al., 2011). It is these qualities 

that make growth and development data ideal for age estimation in forensic anthropology 

contexts. Furthermore, accurate age estimation is highly dependent upon current, 

population-specific data for the different measures of growth and development. 

2.1 The concept of age 

Age is not a single concept in growth and development studies. Chronological age is 

equivalent to the common usage of ‘age’ that is based on the date of birth. Yet even the 

same chronological age may involve varying developmental statuses. The exact date of 

conception is frequently unknown, gestation lengths differ and preterm and post-term 

births are common. Even twins or multiple births can be born with differing levels of 

development. Thus, chronological age can only provide a rough approximation of the 

range in development at any given ‘age’. 

Physiological age can better reflect the status of individual children (Eveleth and Tanner, 

1990). Physiological age is based on the degree of maturation exhibited by different 

tissue systems, including the vital organs, skeleton and dentition (Acheson, 1954; 

Moorrees et al., 1963a; Demirjian et al., 1985; Smith, 1991a; Ritz-Timme et al., 2000; 

Klepinger, 2006). It uses the progress towards accomplishing a phase of development 

(Moorrees et al., 1963a). The terms biological age and developmental age are 

synonymous with physiological age. 

Due to the high level of variability in growth, the concept of biological age is the most useful 

indicator for research applications where the state of development of individuals or cohorts 

is compared to standards based on healthy children (Acheson, 1954; Moorrees et al., 

1963a; Demirjian et al., 1985; Smith, 1991a; Ritz-Timme et al., 2000; De Onis et al., 

2004).  
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2.2 Assessment of growth 

The earliest appraisal of human growth and development is credited to de Montbeillard who, 

beginning in 1759, measured the height of his child every six months from birth until 18 

years of age. The results, showing the relationship between height and age, were published by 

Scammon (1927). Although de Montbeillard’s study was very basic, stature remains a 

traditional means of growth assessment that is employed by parents and health care 

providers globally. A further step is the use of growth to assess progress of individuals 

relative to growth standards or population-specific reference values. These can be 

generated from an array of developmental processes and are usually presented in the 

form of a growth chart. 

Stature is a simple proxy for skeletal growth and development, which is a complex process 

involving not only the incremental growth in long bone dimensions, but also the development 

of other skeletal elements from primary centres of ossification to their completed adult size 

and morphology (Krogman and Işcan, 1986; Klepinger, 2006; Sadler, 2012). Stature is a 

phenotypic expression of those developments and reflects genetic and adaptational 

differences on both individual and populational levels. It is the individual level of variation 

that is clearly evident in stature and most difficult to describe and explain because of the 

many non-genetic confounders that are involved. Because of this, researchers have worked to 

identify developmental indicators that are less plastic than stature. Among these, the most 

investigated are the sequence and timing of carpal bone and tooth development (Gustafson, 

1950; Greulich and Pyle, 1959; Lacey et al., 1973; Anderson et al., 1975; Krailassiri et al., 

2002). 

Skeletal maturation involves ossification of growth plates and completion of bone size 

increases (Liliequist and Lundberg, 1971), while dental maturation is achieved when 

apices of the roots close (Smith, 1991a). These two biological phenomena are not linked 

sufficiently with other growth parameters (Demirjian et al., 1985). Consequently, Demirjian 

(1986) argued that any existing correlations between the dentition and the skeletal system 

should be exploited in the analysis of biological maturation (see section 2.3.4). Due to 

the complexity of that research focus, only a few of such studies are available (Demisch 

and Wartmann, 1956; Lamons and Gray, 1958; Lacey et al., 1973; Coutinho et al., 1993; 

Krailassiri et al., 2002). 
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2.2.1 Skeletal growth 

The advent of radiography led to great advancements in the understanding of skeletal 

growth and variation. Pryor (1928) determined that the bones of females ossify ahead of 

males and that reported variations in ossification centre timing were linked to population 

differences. Further evidence of this was provided in the studies of Hess and Weinstock 

(1925) and Dunham et al. (1939) that documented the advanced carpal development of 

Black American children relative to Whites as well as earlier female ossification. Similar 

findings were reported by Levine (1972b) in the South African population groups. 

In terms of limb development, the primary ossification centres are established in all limb 

bones by the 12th week of gestation (Moore et al., 2018). O'Rahilly and Gardner (1975) 

found that chondrification begins slightly earlier for the humerus than for the femur. 

Both are visible radiologically by the tenth week of gestation (van Zalen‐Sprock et al., 

1997). Subsequently, the radius and tibia usually are visible, about two days ahead of the 

ulna and fibula (O'Rahilly and Gardner, 1975). At birth, diaphyses are completely 

ossified, but the two ends remain cartilaginous. The ensuring changes in limb growth 

correlate with overall changes in crown rump length, and foetal age has been predicted 

from lengths of ossified diaphyses of the humerus and femur (Mehta and Singh, 1972; 

Bagnall et al., 1982; Adalian et al., 2001). 

Femora and tibiae, the fastest growing limb bones, are the most affected by unfavourable 

conditions and are the most sensitive to environmental influences including socio-economic 

and nutritional status (Maresh, 1943; Maresh, 1955; Telkka et al., 1962; Eveleth and Tanner, 

1990; Bogin, 1999; Smith and Buschang, 2004). Additionally, the lower limbs carry the body 

weight and are relatively prone to defective blood circulation that lowers local temperature 

and can influence bone growth adversely (Gill and Le Roy, 1942). Thus, linear growth 

faltering can be recognised three to six months after birth (Allen, 1994; Martorell et al., 1994; 

Shrimpton et al., 2001). Severe environmental stress leaves a mark on developing skeletal 

elements in the form of transverse (Harris) lines resulting from bone tissue reaction to 

physiological disturbances (Dubos, 1980). For some of these reasons, the documented 

skeletal advancement of Black African children relative to their White counterparts was 

found to be lost just 18 months after birth (Jones and Dean, 1956; Falkner, 1958; Levine, 

1972b). 
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2.2.2 Dental growth and development 

The following description of dental developmental processes, timing and sequence is 

predominantly based on research using children of European ancestry. The focus of early 

studies was on documenting the basics of dental development without emphasising the 

aspects of population- level variation that are of contemporary interest. 

Buds of the primary teeth, comprising of oral ectoderm and ectomesenchyme of the neural 

crest, appear around the sixth week in utero and are visible radiographically about 16 

weeks thereafter (Masthan, 2009). The sequence of prenatal mineralisation starts with the 

primary central incisors at around the 14th week of gestation, followed by the primary first 

molars, lateral incisors, canines and second molars in succession with approximately a two-

week interval between each tooth. (Kraus and Jordan, 1965; Sperber, 1989; Kjaer and 

Bagheri, 1999; Nanci, 2013). It takes around 34 weeks for the enamel of m1 and i1 to be 

fully deposited, while it can take up to 58 weeks for the enamel of m2 to be laid down 

completely (Schour and Massler, 1940a; Moorrees et al., 1963b; Lunt and Law, 1974; 

Shellis, 1984; Mahoney, 2011). 

Formation of the primary molar crown begins with the mesiobuccal cusp, followed by the 

mesiolingual, distobuccal, distolingual cusps and finally the distal cusp that is present in 

some mandibular molars (Schour, 1936; Kraus and Jordan, 1965; Hillson, 1996; Mahoney, 

2011). The crown formation takes an average of 30-60 weeks (Schour and Massler, 

1940b; Shellis, 1984). 

The development of roots begins after the completion of the crown and shows even 

greater variability than the crown formation. The time taken for root completion 

appeared to increase proportionally to the timing of the sequence of initiation i.e. M1 has 

the shortest time to complete, followed by I1, while M3 could take between 18-25 years 

of age based on the study of Garn et al. (1959). This also corresponds to the rate of dentin 

deposition and the overall length of the tooth root (Schour and Massler, 1940b). 

Root development is accompanied by gradual movement of teeth towards the oral cavity 

and takes between 1½ and 2 years to be accomplished. The emergence of teeth starts 

with the primary mandibular incisors followed by the maxillary incisors. About four 

months later, the mandibular and maxillary m1s emerge. The primary mandibular canine 

emerges after another 3-4 months, followed by the maxillary canine. The process is 

completed with the emergence of the m2s. On average, the total time taken for primary 
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teeth to reach occlusal line and complete the eruption is 2-3 years (Moorrees et al., 

1963b; Proffit et al., 2012). Tooth completion is signified by closure of the root apex 

(Moorrees et al., 1963b; Sperber, 1989). 

The permanent dentition also starts to form prenatally. There is histological evidence of M1 

calcification in utero around the 32nd week of gestation (Gleiser and Hunt, 1955), but Garn et 

al. (1959) and Logan and Kronfeld (1933) reported that M1 begins six weeks postnatally. 

Subsequent permanent teeth develop roughly four months postnatally, starting with the 

initiation of permanent incisors, excluding the maxillary lateral incisors that develop 

eight months after the canine. The canines develop a month after the other incisors. The 

calcification of P1, P2 and M2 follow consecutively, beginning from the third year after 

birth (Shellis, 1984; Sperber, 1989; Hillson, 1996). 

There is no consensus on whether mineralisation begins in the maxilla or mandible. 

Kraus (1959) and Turner (1963) found earliest evidence of calcification in the maxilla, 

while Boller (1964) reported the first evidence of tooth calcification in the mandible. 

This latter finding of mandibular precedence was based on radiological and anatomical 

study of 200 foetuses and it supported an earlier report by Meyer, as detailed in Churchill 

(1935). According to the dissection studies of Nomata (1964) and Kraus and Jordan 

(1965), the timing of calcification is variable but the primary maxillary teeth develop 

ahead of the mandibular teeth. This is in agreement with the earlier findings of Moorrees 

et al. (1963b) for their radiologically based longitudinal study. 

There is greater variation in the formation of crowns compared to their initiation timing. 

For example, it takes 33 weeks for m1 crown completion as reported by Shellis (1984), 

in contrast to 47 weeks reported by others (Moorrees et al., 1963b; Lunt and Law, 1974) 

while the i1 crown is fully completed in 33-34 weeks (Schour and Massler, 1940b; Lunt 

and Law, 1974; Shellis, 1984). 

Limited details on sex differences are available for the development of primary teeth. 

However, there is general agreement that there are no sex differences in the early stages 

of tooth development up until the crown completion stage (Moorrees et al., 1963b; 

Nyström et al., 1977). These differences increase during development of the roots and 

emergence (Garn et al., 1958; Nolla, 1960). Available evidences suggest that enamel 

completion times of the i1 and i2 are ahead of the m1 (Nomata, 1964; Lunt and Law, 

1974), this is contrary to (Shellis, 1984) who posited that the m1 crown completion 
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occurs earlier than the incisors and that the canine exhibits the greatest sex differences 

(Fanning, 1961). Although mineralisation begins and ends earlier in the girls, absolute 

divergence between the sexes only become noticeable later in life (Steggerda and Hill, 1942; 

Garn et al., 1958; Nolla, 1960; Black III, 1978). However, tooth crowns of males are 

broader than those of the females (Meredith, 1946; Moorrees et al., 1957; Black III, 

1978). 

Male primary teeth emerge earlier than females; more so from the age of ninth months to 

the second year (Meredith, 1946) and particularly with respect to the maxillary incisors 

(Tanguay et al., 1984) and mandibular incisors (Magnusson, 1982). However, Nyström 

(1977) found that the m1 is ahead in girls and Glister et al. (1964) suggested that females 

appeared advanced by two months when they are ten months old. According to Nanda 

(1960), boys have all their primary teeth emerged four weeks ahead of girls. Nonetheless, 

numerous studies suggested no sex differences in emergence (Sandler, 1944; McGregor, 

1968; Hargreaves et al., 1997; Folayan et al., 2007). 

The average time taken for all the primary maxillary teeth to emerge is about seven 

weeks shorter than the mandibular teeth (Folayan et al., 2007). (Nanda, 1960). The 

emergence normally occurs in antimere pairs and it has been suggested that any side 

differences are probably due to chance variation (Steggerda and Hill, 1942). While 

primary teeth are buffered against environmental influences (Koningsberg and Holman, 

1999), hypothyroidism (Garn et al., 1965b; McDonald et al., 2004) and malnutrition (El-

Nofely and Iscan, 1989) are known to cause delayed emergence. 

2.2.3 Tooth emergence and age estimation 

Tooth formation and the timing of emergence are used to assess dental age (Moorrees et al., 

1963b; Demirjian et al., 1973; Nyström et al., 2000; Liversidge and Molleson, 2004; Viciano 

et al., 2018). The exact time of a tooth’s emergence may be difficult to ascertain, having been 

described as a specific, difficult to observe, event (Grøn, 1962) that is subject to 

environmental influences (Esan and Schepartz, 2019). Nonetheless, emergence is frequently 

used in the assessment of dental age due to the ease of documentation by visual observation 

(Smith, 1988; Hillson, 1996). The emergence pattern in children born prematurely and with 

low birth weight does not compare with the full-term developmental pattern. On average, 

delayed emergence of as much as one-third of the teeth may be noticed at 24 months of age 

(Fadavi et al., 1992), notwithstanding the minimal effect that low birth weight has on actual 
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tooth development (Bailey, 1964). Tooth formation is considered a more precise indicator of 

maturity than emergence as discrete stages are identified (Demirjian et al., 1985). 

It is of importance to clinicians and anthropologists that a well-founded standard be available 

for a reliable assessment of dental development in children (Reid and Dean, 2006). The 

interest in dental development as a measure of growth is due to its high correlation with 

chronological age (Smith, 1988). The development of the dentition is also correlated to foetal 

weight and length (Garn et al., 1970).  

Visual, histological, biochemical, and radiological techniques can be used for dental age 

estimation. However, not all the techniques are applicable to young children. 

2.2.3.1 Visual method 

This method employs the evaluation of the emergence sequence and relies on physical 

inspection and documentation of the timing relative to established standards. Tooth 

emergence follows a chronological pattern (Moorrees et al., 1963a; Smith, 1988). The visual 

method is simple and particularly useful in children during active stages, but of doubtful use 

during quiescent periods. In addition, it is difficult to specify the time when a tooth emerges 

(Grøn, 1962). Different stages of emergence (initial, total occlusal surface, full crown, etc.) 

can be described. After cessation of emergence, other morphological changes associated with 

function, such as attrition (Kim et al., 2000), changes in colour and secondary dentin 

deposition can also be used to estimate age in adults (Gustafson, 1950; Boyde, 1963). 

2.2.3.2 Histological method 

This involves destructive preparation of the tooth for microscopic examination and is most 

appropriate for post-mortem situations. Due to the cost, time involved and difficulties of 

histological preparation, newer non-destructive methods are increasingly employed. Prenatal 

dental maturity can be assessed by using dissection and alizarin staining from the 28th week 

of gestation (Scheuer et al., 2004). Cross striation seen in enamel rods represent daily 

incremental deposition of enamel (Risnes, 1998; Janardhanan et al., 2011). The majority of 

the early data on tooth development in infancy are based on histological sections and 

radiographic studies of cadavers (Logan and Kronfeld, 1933; Schour and Massler, 1940a; 

Christensen and Kraus, 1965; Nyström et al., 1977). 



13 
 

2.2.3.3 Biochemical methods 

These techniques rely on analyses of dental mineralised materials, such as the gravimetric 

analysis of tooth cusps dry weight (Stack, 1964), the ratio of calcium/phosphorus in 

peritubular dentine and the rate of racemization of D and L enantiomers of aspartic acid 

residues in the collagen of the dentin (Kosa et al., 1990; Whittaker, 1992; Ohtani et al., 

2003). Similar to histological methods, biochemical age determination is only possible with 

extensive crown destruction, although Ritz et al. (1995) suggested the use of dentinal biopsy 

samples taken from molars in living subjects. 

2.2.3.4 Radiographic methods 

The use of radiographs to assess the development of individual teeth using different crown 

and root maturity stages is commonly used for research in living and post-mortem dentitions. 

All stages of tooth formation are considered, including tooth germ appearance (Nolla, 1952; 

Masthan, 2009), onset of mineralisation (Hess et al., 1932), extent of crown formation 

(Shellis, 1984), degree of root completion (Liversidge and Molleson, 2004), emergence in the 

oral cavity (Nyström et al., 1977), size of open apices (Rai et al., 2010), and degree of root 

resorption (Moorrees et al., 1963b). Various types of radiographic images, such as intraoral 

periapical and panoramic radiographs and digital and advanced imaging technologies, have 

been employed for these evaluations (Liversidge et al., 2010). Radiographic methods have 

universal application for all ages right from in utero, with little training on the scoring 

techniques required. 

Despite the many advantages of radiology, histological analyses remain the best technique for 

investigating the earliest stages of tooth mineralisation (Gleiser and Hunt, 1955; Reid and 

Dean, 2006; Nyström et al., 2007). The visibility of initial mineral deposits in radiographs is 

possible only when the mineral mass of the developing tooth is above the absorbance level of 

the jaw (Hess et al., 1932; Reid et al., 1998; Simpson and Kunos, 1998). The crypts of 

anterior teeth are seldom visible due to the topography of the mandible and additional 

blurring of the area in panoramic radiographs (Langland et al., 1989; Nyström and Ranta, 

2003). This blurring is eliminated in CT scans, but the mineralisation threshold remains an 

unresolved issue. 

Two major approaches are used to estimate dental ages from the maturation stages that are 

read from radiographs; 1) the atlas-based comparison method, and 2) the maturity scoring 

system. 
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2.2.4 Atlases 

The status of dental mineralisation in an individual or sample can be compared with dental 

atlases, which are depictions of different stages of developing teeth relative to specific ages. 

The earliest atlas was presented by Legros and Magitot in 1881 (Smith, 1988). Their 

‘Chronology of the human dentition’ has been modified over the years (Lunt and Law, 1974) 

but the general principle remains the same. Typically, atlases are developed from children of 

known age, although some are based on archaeological samples (Ubelaker, 1999) that are 

aged using non-dental techniques such as skeletal maturation or long bone lengths. Today a 

number of different atlases are available that are derived from larger samples and a broader 

array of populations. The London atlas of tooth development published by AlQahtani et al. 

(2010) is one of the newer atlases that provides data on dentitions from 28 weeks in utero to 

23 years and can be used where sex is indeterminable. Most recently, Esan and Schepartz 

(2018a) published the first atlas for the permanent dentition based on a sub-Saharan African 

ancestry population. Both of these later atlases are based on the application of dental maturity 

scoring systems. 

2.2.5 Maturity scoring 

The dental calcification and eruption sequence was divided into five basic stages by (Garn et 

al., 1958). The stages included 1) full follicular stage prior to initiation of mineral deposition; 

2) crown completed and root formation begins; 3) alveolar emergence; 4) tooth at occlusal 

level and 5) apex closed. Stages 3 and 4 were referred to as eruption stages while the others 

represent calcification. The eruption stages were later excluded by Lewis and Garn (1960). 

Nolla (1960) expanded the five stages proposed by (Garn et al., 1958) to 10 stages. Both jaws 

were considered for scoring and dental age was estimated without the evaluation of the M3 

(Nolla, 1960). This reduced the intervals between the stages and improved on the accuracy. 

Moorrees et al. (1963a) then proposed a 14-stage scoring system for ten permanent 

mandibular teeth. This system considers the developmental maturity of each tooth 

independently to derive an age estimate. However, the increase in stages complicates 

assessment and has an impact on the accuracy of age estimation. 

Subsequently, Demirjian et al. (1973) introduced an 8-stage scoring system using the seven 

left mandibular teeth excluding the M3. These stages are simple, reliable, reproducible and 

easy to use. Demirjian et al. (1973) allocated a score to each tooth based on its level of 

mineralisation. Composite scores were derived from the sum of the scores allocated to each 
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tooth. These were plotted against chronological ages to generate standards. The system was 

later modified to utilise only four teeth (the P1, P2, M1 and M2) (Demirjian and Goldstein, 

1976). 

The Demirjian et al. (1973) system was derived from French-Canadian data. Questions 

regarding its applicability to other populations have arisen, including reservations Demirjian 

expressed himself (Demirjian and Goldstein, 1976). The scoring stages proposed by 

Demirjian are universally applicable, but the biological weights might not be because of 

population differences in dental maturation (Esan et al., 2017). In addition, the maturation 

curves do not include children below three years of age and the curves are related to 

individual teeth and not to sequential development. Thus the system is geared more towards 

biological evaluation (Liversidge, 2012). This may explain the failure of the Demirjian 

system to predict dental age satisfactorily in all population groups (Carneiro et al., 2015). 

Based on the analysis of 5-7 year-old Chinese children, Davis and Hägg (1994) found the 

Demirjian system to be high in precision but low in accuracy. Notwithstanding, the smallest 

dental age differences are observed in the younger age groups when the Demirjian method is 

used (Yang et al., 2019). The better performance of the Demirjian system across population 

groups in younger age categories is attributed to a shorter duration of tooth developmental 

stages in the youngest children (Hagg and Matsson, 1985; Yang et al., 2019). 

The Demirjian et al. (1973) system was designed for evaluation of the permanent teeth, but it 

can be slightly modified when used to assess primary dentitions. Specifically, formation of 

the roots of primary anterior teeth begins before their crowns are fully completed (Beynon 

and Reid, 1987; Liversidge, 1994). This means that the incisor crown completion stage can be 

assigned only when the cervix is characterised by lingual and labial enamel extension. 

According to   Simpson and Kunos (1998), it is advisable to view and read radiographs in the 

labio-lingual plane to accommodate the sinusoidal cervices, otherwise a higher score may be 

assigned incorrectly. 

2.3 Growth studies 

Growth and development studies are concerned with characterising the growth pattern of 

a population or evaluating growth in response to particular stresses such as malnutrition. 

Once-off surveys or cross-sectional designs are generally used to generate growth 

standards, while repeated surveys, i.e. longitudinal studies of the same cohort, provide 

insight into the pattern of growth (Bayley, 1956). Longitudinal and cross-sectional 
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studies are complementary and may be required for a full understanding of the growth 

process. More often than not, when serial data for individuals are gathered in 

longitudinal studies, the data are analysed cross-sectionally (Roche, 1992). 

2.3.1 General study designs: Longitudinal and cross-sectional 

Longitudinal studies can monitor individuals from birth to maturity (Maresh, 1943; 

Tanner et al., 1966) or for a shorter period (Bayley and Davis, 1935). Weight and height 

are the commonest metrics used in physical growth studies as they are easily obtained 

and low cost measures of growth. More detailed assessments of skeletal and dental 

maturation are dependent on x-rays (Maresh, 1970) or other imaging techniques. Many 

projects collect a broad range of biological data to maximise the potential of the study as 

longitudinal growth studies are costly and difficult to sustain. The maintenance of the 

study cohort is the greatest challenge, especially in populations where household 

mobility is high. 

It has been argued that longitudinal studies are necessary in order to adequately 

understand growth dynamics and provide efficient estimates of variation (Goldstein, 

1986). The serial measurements are interrelated, permit modelling of changes in growth 

and interrogation of the relationships among a suite of measurements. With follow up 

measurements of a cohort, the age of attainment of a growth stage can be evaluated 

readily (Smith, 1988). In other words, the growth curve from serial measurements of 

each individual provides standards for height and weight attained during each year of age 

(Tanner et al., 1966). The age of growth attainment is very often used for clinical 

investigation of growth disorders since the growth curve obtained can highlight the 

relation between continuously unfolding events in individuals . 

Longitudinal studies provide information on the growth of individual bones, but less is 

known about the degree of coordination among the bones. In addition, there is 

insufficient information about the relationship between the size of a bone at a given age 

and its growth velocity, although Gasser et al. (2001) proposed that a pacesetter for 

maturation is active early in infant development. 

Cross-sectional studies are appropriate options to construct national standards of height 

and weight that are often useful, at least until puberty. Such investigations are easier to 

undertake and data for larger samples can be captured. Cross-sectional studies give no 
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information about individual rates of growth. They can only provide an estimate of the 

mean rate of growth of a population. 

Generally, cross-sectional studies capture more variation in a population compared to 

longitudinal studies. The apparent homogenous pattern in longitudinal studies is 

interconnected to autocorrelation as a result of repeated measurement and therefore 

violates assumptions of independent errors (Bock and du Toit, 2004). Additionally, there 

is the possibility of data heaping, wherein exact and rounded-off values are mixed, which 

further reduces variation per age that emanates from the study design in longitudinal 

studies (Bock and du Toit, 2004). Thus, the variability of measures in cross-sectional 

random samples is far greater than what is documented in longitudinal studies (Eveleth 

and Tanner, 1990). 

2.3.2 Development of standards and growth charts 

Growth curves for children provide useful health parameters for a community, and when 

integrated with adult stature give insight to overall health status of the population 

(Eveleth and Tanner, 1990). Growth standard and reference are terms that are often used 

interchangeably but inaccurately. A growth standard, according to De Onis (2015 p279) 

defines “how children should grow” while a reference describes “how children grew in a 

particular place and time”. Thus, growth charts emanating from general survey are 

references for the targeted population, such as the London survey of 1954 (Tanner et al., 

1966), whereas anthropometric data collected from ‘best’ health practices across multiple 

centres constitute growth standards (WHO Multicentre Growth Reference Study Group and 

De Onis, 2006; De Onis, 2015). 

Country specific references that are currently in use include the London growth surveys 

initiated in 1904 and rebranded as the British National Child Development survey after 

incorporation of data for Oxford children measured in the period 1946-54 (Tanner et al., 

1966), the National Health and Nutrition Examination Survey, conducted periodically 

from its inception in the early 1960's (Kuczmarski et al., 2000), and the Cuban National 

Child Growth Study of 1972 (Jordan et al., 1975). The US growth reference was adopted 

by the WHO and recommended for use by member states as the National Center for 

Health Statistics (NCHS)/WHO international reference (Garza and De Onis, 2004). The 

source data for the NCHS (the Fels study and the 1960 to 1975 surveys) were from 

infants of European descent living in a restricted region of the US who were 



18 
 

predominantly formula- fed and from high socioeconomic backgrounds (Bhan and 

Norum, 2004). 

Researchers documented inherent shortcomings associated with applying reference 

charts from one population to other groups. For example, Martorell and Habicht (1986) 

observed that the mean heights of children from developing countries are generally close 

to the 15th percentile of the NCHS growth charts. Similarly, Maleta et al. (2003) found 

newborns in rural Malawi were 2.5 cm shorter than the US CC growth charts. Similarly, 

Norris et al. (2009) found that the use of the WHO chart for South African children from 

birth to 5 years classifies only a few children correctly while the others will be classed as 

stunted, overweight, and/or wasted. 

In order to achieve optimal growth monitoring, up-to-date reference growth data on 

representative samples are desirable (Kułaga et al., 2011). Older datasets may not match 

more recent national anthropometric distributions (Kuczmarski et al., 2002). Thus, the 

National Center for Health Statistics/WHO international reference could not serve as the 

norm for the world and was abandoned for a more representative WHO reference growth 

chart that is currently in use worldwide, including South Africa (Norris et al., 2009; De 

Onis et al., 2012b). 

2.3.3 Skeletal maturation standards 

Aside from limb size and stature growth trajectories, researchers have long appreciated 

that the sequence and timing of ossification is useful for age estimation. The Atlas of 

Skeletal Maturation was published by Todd in 1937. Todd’s atlas was revised and 

published in 1950 as the Greulich and Pyle skeletal standard (GP Atlas) using 

radiographs that formed part of the Brush Foundation Longitudinal Study (1931-1942) 

(Bogin, 1999). The sequence of ossification and epiphyseal union of the major joints (the left 

elbow, hand-wrist, shoulder, hip, knee, and foot) were considered. The radiographs represent 

the standards and are specific to the study population (Greulich and Pyle, 1959). Although the 

broader applicability of the GP Atlas improved when children from lower SES were included 

in the sample (Greulich and Pyle, 1959), it was not suitable for universal usage due to the 

narrow ethnic background of the sample (van Rijn et al., 2001). The atlas consistently over- 

and under-estimates the ages of some groups, including African children (Speed, 2012). 

Secular changes in stature of modern populations, occasioned by changes in environment 

condition such as improved nourishment, can also have negative impacts on the accuracy of 
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the GP Atlas (Lee, 1971; Meadows and Jantz, 1995; Duren et al., 2015). In addition, the 

application of the GP Atlas can be subjective and it is highly dependent on the experience and 

expertise of the user (Zhang et al., 2007). 

Tanner and colleagues developed an alternative method to address the shortcomings of the 

GP Atlas, which Tanner et al. (1975) attributed to the large number of high SES children in 

the relatively small sample. They sampled 3000 British children that were of ‘normal’ 

development and mainly of lower SES. The TW1 method was developed in 1962 and the 

revised version (TW2) was published in 1975 (Tanner et al., 1975). The TW2 method 

involves specific features of the radius, ulna, carpals, metacarpals, and phalanges that are 

categorised into 17 developmental stages. The amount of change from one developmental 

stage to the next is substantial and easily discernible (Tanner et al., 1975). An aggregate of 

the scores allocated to each developmental stage represents the maturity rating that is 

converted to skeletal age. Although TW2 is generally more accurate than the GP Atlas, it is 

not widely applied in clinical practice because it is cumbersome to use and the elements of 

subjectivity and accompanying unintended variability in results were not completely 

eliminated (Castriota-Scanderberg et al., 1998). 

The proliferation of digital imaging, coupled with the use of computer assisted techniques, 

have simplified and reduced the subjectivity associated with skeletal maturation assessment 

(Dickhaus and Wastl, 1995; Pietka et al., 2001). Digital bone age atlases are now widely 

available (Pietka et al., 1991; Cao et al., 2001; Gilsanz and Ratib, 2005; Kim et al., 2017; 

Tajmir et al., 2019), although some are constructed from ‘artificial, idealized, sex- and age-

specific images of skeletal development that incorporated the different degrees of maturation 

of each ossification center in the hand and wrist’ (Gilsanz and Ratib, 2005:8). Other 

researcher aspired to provide a repository of key features of hand radiographs of the global 

populations (Cao et al., 2001). 

The use of dental developmental characteristics to assess growth began when Legros and 

Magitot (as described in Smith, 1991) presented the first extensive table of tooth formation in 

1880-1881, based on autopsy data from 29 foetuses. Their table provided the time of dental 

tissue appearances in utero, with additional notes on the permanent molars. There were 

serious errors in the table. For example, they claimed that mineralisation of I1 and P2 begins 

one month postnatally when in reality there is a gap of about two years between those events. 

These shortcomings were corrected by Logan and Kronfeld (1933). Unfortunately, the 

corrections were based on children with various dental conditions that may affect 
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development, including cleft palate and linear enamel hypoplasias (Schour and Hoffman, 

1939; Garn et al., 1970). Additionally, the age ranges of the samples were considered to be 

too narrow, which allowed for situations where children can be outside of the given ranges by 

as much as four years (Lewis and Garn, 1960). 

Schour and Massler (1940b) published their findings on dental growth in an attempt to 

correct errors in the Logan and Kronfeld table. The Schour and Massler Dental Chart 

incorporated aspects of the Logan and Kronfeld table in diagrams that depicted 21 anatomical 

development stages in four major phases of development. These were 1) 5-8 months in utero, 

2) birth, 3) 6-9 months and 4) 1-14 years. The chart was later increased to 22 developmental 

stages by deleting the 13th and 14th year stages and including 15th, 25th, and 35th year stages. 

The mineralisation of permanent teeth was shown as starting with the I1 and C at the age of 6 

months. The Schour and Massler chart was criticised, particularly for providing limited 

information on the data that was used to derive the chart (Garn et al., 1959; Lunt and Law, 

1974; Ubelaker, 1987). Despite these shortcomings, there is widespread appearance of this 

table or its adaptation in dental publications (AlQahtani et al., 2010). 

Error ranges observed in the Schour and Massler chart were corrected in 1978 and again in 

1989 by Ubelaker, who was primarily interested in research on Native American and non-

whites whose ages were consistently overestimated while their actual growth rates were 

underestimated (Buikstra and Ubelaker, 1994). Although, the changes by Ubelaker were 

targeted at Native American children, his chart enjoys a universal applicability because the 

source data come from various earlier findings on Native American skeletal growth 

(Ubelaker, 1987). 

Other dental development charts have been developed from larger samples or different 

ancestry groups. These include data from the latter part of the Fels study of Ohio children 

(Moorrees et al., 1963b), a French-Canadian sample (Demirjian and Goldstein, 1976), a 

Finnish sample (Haavikko, 1970), a London sample of English and Bangladeshi ancestry 

children (AlQahtani et al., 2010) and a South African Black sample (Esan and Schepartz, 

2018b). 

2.3.4 Growth variation within and among populations 

A substantial part of the variations in body size and shape in earlier population groups can be 

explained in terms of meteorological conditions. These body changes that parallel latitudinal 

clines are now overlain in recent population by nutritional effects on growth (Ruff, 2002). 
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The nutritional status and general wellbeing of a pregnant mother has a bearing on child 

development before and after birth (Margo et al., 1976; Chinn et al., 1989; Johnson and 

Padez, 1999; Meyer and Selmer, 1999; Conley and Bennett, 2000; Kuh et al., 2004; Cameron 

and Bogin, 2012). Within populations, children in households with sufficient nutrition have 

better chances of surviving and generally grow taller than those with inadequate provisions 

(Janes, 1970; Habicht et al., 1974; Stephenson et al., 1983; Tanner, 1992; Allen, 1994; 

Richter et al., 2007; Said-Mohamed et al., 2015). Variation in growth is now understood to 

be a result of a complex interplay of influences- social, emotional and biological- on mothers. 

There is substantial evidence for global variation in growth that begins in utero and has 

epigenetic, transgenerational foundations (Gluckman et al., 2008; Thayer and Kuzawa, 2011; 

Olden et al., 2015). 

There is population level variation in the timing of bone and tooth formation, as well as their 

growth progression. Genetic and environment diversity are intrinsically linked in these 

processes such that, under circumstances of environmental stress, the genetic potential of 

children is unknown (Eveleth and Tanner, 1990; Olden et al., 2015; Dhamo et al., 2018). 

Rogol et al. (2000) posited that normal biological growth falls within the 95% 

confidence interval of a specific population. Although it is acceptable for an individual to 

fall outside of this interval by 2.5 percentiles, those that are further away are regarded as 

having conditions that inhibit their genetically determined stature (Tanner and Tanner, 

1990). 

Because data from European ancestry populations are more readily available, European 

standards or references have been adopted by other regions to assess growth. Growth and 

developmental studies generally portrayed people of European ancestry as a homogenous 

group. However, a major meta-analysis of survey growth data elucidated differences within 

Europeans (Eveleth and Tanner, 1990), even though there are striking similarities in the 

mean height and weight among the European samples. Boys at three months are very 

similar in weight (approximately 5.8 kg) (Eveleth and Tanner, 1990), although there are 

slight variations in supine length with an average of +/-6.2 cm. Amongst those under two 

years of age, the Danish and Polish (Warsaw) children were the heaviest in this age 

category while Danish and Dutch boys were the tallest (Eveleth and Tanner, 1990). 

When the data for one year-old boys were analysed, the difference between the mean 

length of the tallest and the shortest group was 3 cm. The mean difference increased to 
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3.5 cm at age four. The tallest boys and girls were those living in the Netherlands, 

Sweden and Norway, whereas the shortest ones were found in Paris and Athens. 

Several factors were found to contribute to diversity in European ancestry children. Secular 

trends and historic events contribute to European growth variation. There were noticeable 

decreases in the weight and height of European children in the 1980s. Whitehead et al. 

(1989) attributed this secular trend to a shift from breast feeding to bottle feeding in 

Europe, seen over the period from the late 1970s to the late 1980s. Additionally, there is 

variability in the growth patterns of European ancestry children living in other regions. 

Eveleth and Tanner (1990) noted those in Caracas and Cuba, who are mainly of 

Northwest European ancestry, were shorter than those in Brazil at age 12 and 18 months 

respectively. Differences in temperature, altitude above sea level and the geographic 

location were cited as the reasons for these differences (Eveleth and Tanner, 1990).  

Noteworthy is the conclusion drawn by Tanner (1962) and Eveleth and Tanner (1990) 

that, under favourable environmental conditions, osseous development is more advanced 

in African children than Europeans. Equally, an increase in the proportion of European 

ancestry in a child with admixture of African or Asian ancestry is associated with 

decelerated dental development (Dhamo et al., 2018). In their study of the Digo tribe in 

Kenya, MacKay and Martin (1952) reported that the children were shorter and heavier 

than the British or American comparative samples. According to their study, there was a 

difference of 10 cm and 3.6 kg at four years which remained the same for girls but 

increased to 15 cm in boys by 17 years. Conversely, African children were found to have 

a greater number of primary teeth emerged for most age cohorts (Bailey, 1964; Oziegbe 

et al., 2009) compared to European (Falkner, 1957) and American children (Doering and 

Allen, 1942), whose mean number of emerged teeth were similar. 

2.3.5 Somatic growth and dental development correlations 

Biological and nutritional factors in early life have influence on the subsequent dental 

emergence patterns. Specifically, the effects of post-natal size and nutritional status 

differences could be identified in the primary dentition, when the children were six and 

12 months old (Bastos et al., 2007). Prematurely born children, especially those with low 

birthweight, generally have delayed emergence (Fadavi et al., 1992), which is further 

pronounced when neonatal nutrition is inadequate (Neto and Falcão, 2014). The stage of 

tooth formation at birth and subsequent emergent pattern is dependent largely on the 
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extent of tooth development in utero and gestational age at birth (Hillson, 1996). 

Children of high socio-economic status in developing countries have more of their teeth 

emerge ahead of others in their population (Enwonwu, 1973; Hargreaves et al., 1997). 

Height correlates better with primary tooth emergence and can be considered as a factor in 

predicting the number of teeth present in the oral cavity (Haddad and Pires Correa, 2005; 

Oziegbe et al., 2009). Haddad and Pires Correa (2005) developed a chart that illustrated 

variations in the number of emerged primary teeth in relation to the age and height of 

children. Correlations between chronological age and the number of emerged primary teeth 

are low, but generally higher in girls (Tanguay et al., 1986). Higher Body Mass Index 

(BMI) leads to advanced tooth development (Hedayati and Khalafinejad, 2014; Chehab 

et al., 2017). With regards to the permanent dentition, studies on the correlation of dental 

and skeletal maturation found low or no correlations when the entire dentition was 

considered (Różyło-Kalinowska et al., 2011). However, there are better correlation 

between the mandibular canine (Coutinho et al., 1993), mandibular P1 and P2 

(Krailassiri et al., 2002) with hand maturation, and mandibular P2 with cervical vertebral 

maturation (Różyło-Kalinowska et al., 2011). 

Growth of the femur, the pars lateralis and pars basalis of the occipital and the dentition of 

South African prenatal and postnatal samples were analysed by Thornton et al. (2020). They 

found correlations between the development of teeth and the sizes of the occipital elements 

and the femur. They posited that maximum length and width of the measurements can 

estimate age at death for the children in their sample (Thornton et al., 2020). 

2.3.6 Environmental robustness of dental vs skeletal development 

The relative robusticities of dental versus skeletal growth relate to their different tissue 

compositions and the varying patterns of growth seen in dental, cranial and postcranial 

elements. The effects of environmental stressors can be amplified at key times when growth 

is accelerated (Serrat, 2011) or when specific tissues, such as enamel, are forming. 

Bone growth involves changes in length by means of longitudinal and periosteal bone 

formation, as well as, endosteal bone resorption that causes increase in width. Limb bone 

growth occurs through the addition and ossification of hyaline cartilage to the growth plates 

at the proximal and distal ends (Greulich and Pyle, 1959; Gilsanz and Ratib, 2005). 

Following the main phase of growth, turnover of skeletal cells continues wherein any 
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alteration in the balance of factors that maintains a particular form may bring about change in 

shape.  

The size and shape of skeletal elements change dramatically during early life and also 

through the pubertal period due to genetic, hormonal and mechanical influences that may be 

enhanced in some environmental settings. The skull also undergoes remodelling in response 

to functional changes with the exclusion of the teeth, which remain unaltered except for the 

effects of wear and diseases (Hillson, 2005). While limb bones follow a somatic growth 

pattern, the skull is a complex mixture of growth curves (Enlow, 1968; Krogman, 1970). The 

upper two-third of the skull follows the neural growth pattern and achieves mature 

proportions early in life. In the first year of development, the frontal bone reaches 80% of the 

adult size; in contrast, the limb bones are at 30% of adult length (Humphrey, 1998). 

The jaws and their supporting structures exhibit two major phases of growth. These involve 

the shorter face in the primary tooth stage and facial elongation during the permanent tooth 

stage (Hillson, 2005). The rapid maturation, followed by limited renewal, of dental tissues 

place the dental development ahead of diaphyseal growth for age estimation. Overall, the 

dental mineralisation sequence remains the most precise indicator of development as teeth are 

less influenced by environmental and pathological factors compared to bone (Cardoso, 2007; 

Conceição et al., 2011). The formation process of dental tissues is relatively protected even 

when the mother is under stressful conditions; thus ensuring that the primary dentition is 

shielded from the environmental impact (Klepinger, 2006; Cardoso, 2007)  

Of the many environmental factors that affect the underlying genetic program for skeletal 

growth, temperature is perhaps the most under recognised and understudied despite the 

observation by Allen in 1877 that the appendages of animals living in cold regions are shorter 

than those of conspecifics or closely related counterparts in warmer climes (Wells, 2000; 

Serrat, 2011). The environmental effects on human body build and limb proportions are well 

documented. Long bone lengths are fairly conservative under stable environmental 

conditions, despite the multiple genetic traits. The same genetic trait can produce differing 

phenotypes when subjected to different environmental stimuli (Fraga et al., 2005; Serrat, 

2011; Tusting et al., 2020). Generally, bone shapes are conserved and body mass is 

minimally impacted whereas, bone lengths are malleable (Farnum, 2007). 

Comparative studies suggested a positive trend between mean annual temperature and 

relative arm span amongst the African, Australian, European and the American population 
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groups (Serrat, 2011). Similarly, there is correlation between the crural index and mean 

annual temperature with the tibiae been the shortest in cold regions (Trinkaus and Stringer, 

1981). In their assessment of the influence of high temperatures on growth faltering in sub-

Saharan Africa, Tusting et al. (2020) found children living in hotter parts of sub-Saharan 

Africa are more likely to have a lower weight for height but less likely to have a shorter 

height for age than those in cooler areas. Prolonged heat exposure is known to create 

selective pressure for reduced overall body size, which is consistent with Bergmann’s rule. 

Longer limbs for relatively greater surface area would be predicted by Allen’s rule. In 

addition, increased sweating as a result of heat stress incurs a higher energetic cost (Wells, 

2000). Animal studies indicate the blood flow modulates the rate of bone lengthening by 

adjusting the tissue temperature of the limbs to fluctuate with ambient temperature more than 

the core body temperature (Harrison and Clegg, 1969). Thus the relative position of the 

dental tissues compared to the limbs reduces the environmental influences on the teeth. 

2.4 Growth studies in sub-Saharan African (African ancestry) children 

The differences in growth and development relating to ancestry begin prenatally, and are 

reflected in differing mean birth weights. Early studies documented that African ancestry 

children generally weighed more than European ancestry children in the same geographic 

area at birth (Dunham et al., 1939). This is the opposite of what Dunham reports on children 

born in New Haven-- more Black American children were of lower birth weight (Reichman, 

2005; Meredith, 1948), and this is also found in more recent studies in the US. Interestingly, 

they are at lower risk for mortality and morbidity than White babies of the same weight 

amongst low birth weight babies (Alexander et al., 2008; Ratnasiri et al., 2018). 

Osseous development in children of African ancestry is generally found to be ahead of those 

of European and Asian ancestry (Dunham et al., 1939; Levine, 1972b). Comparison of the 

onset of calcification of the carpal bones in the Dakar and Boston growth studies revealed 

precocity of development in the African infants in the first months of postnatal life (Masse 

and Hunt, 1963). This advancement was followed by a deceleration, such that between 18 

and 24 months postnatally the two groups were at par. Subsequently there was delayed 

maturation in the African children (Masse and Hunt, 1963). Similar growth outcomes were 

also observed amongst South African Black and White children after two years postnatally 

(Levine, 1972a). According to Jones and Dean (1956), the effect of adverse conditions in 

producing this pattern was minimal. However, Eveleth and Tanner (1990) posited that the 
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advancement in skeletal development from birth in Africans continues until adolescence 

provided there are favourable nutritional and environmental circumstances. 

In general, the growth pattern variations documented amongst African children reflect 

their level of access to essential resources (Janes, 1970; Omololu et al., 1981; Said-

Mohamed et al., 2015). Many of these children live in rural areas with inadequate 

nutrition and little or no health facilities. The majority of the children born in villages 

show diminished weight gain from around six months of age and diminished length gains 

from around 12 months (Eveleth and Tanner, 1990; Ayoola et al., 2009). For African 

city dwellers, those living in areas with better resources grow heavier and taller than their 

peers in poorly resourced areas (Omololu et al., 1981; Stephenson et al., 1983; 

Manshande et al., 1985). Affluent children of Mogadishu, Somalia and Ibadan, Nigeria 

grew taller than their age mates in their first year (Gallo and Mestriner, 1980; Omololu et 

al., 1981). The growth values for the well-off children generally fell within the European 

range of means (Habicht et al., 1974; Richardson, 1977b; Gallo and Mestriner, 1980; 

Omololu et al., 1981). 

Data on the relationship between somatic and dental development in sub-Saharan 

children are limited. An evaluation of 872 children from Western Nigeria found that 

height and body weight trajectories were delayed in underprivileged and malnourished 

rural children. However, there was a good correlation between emergence of their 

primary teeth and associated changes in height and weight (Enwonwu, 1973). Gambian 

children who were taller or heavier for their age tended to have a greater number of teeth 

emerged than those who were shorter or lighter. Thus, children with delayed dentition 

would generally be assessed as younger than their true chronological age (McGregor et 

al., 1968). 

2.4.1 Growth research in South Africa 

Following an extensive cross-sectional survey by the South African National Nutrition 

Research Institute of the Council for Scientific and Industrial Research (CSIR) from 1962 to 

1965, Smit et al. (1967) analysed the anthropometric, clinical, biochemical, haematological, 

dietetic, radiological and socio-economic data of 2,250 children aged 6 to 15 years. The 

authors described how the survey documented Black South African children’s daily dietary 

intake was lower than their White, Indian and Coloured peers. Richardson (1977a) reported 

on a national sample of 2,073 children under 6 years, conducted between 1967 and 1969. The 



27 
 

Black children were significantly underweight compared to the White children. Further 

studies conducted in the former Transvaal region among 2953 Black and White children 

between 1972 and 1975 found no gross differences in the nutritional status of Black children 

in both rural and urban settings (Richardson, 1977b). The growth attained by the Black 

children was less than their White age mates. The study found that all age groups and 

population groups were underweight- for-age when compared to the Harvard standards of 

weight-for-age at 6 years (Richardson, 1973). Nonetheless, urban South African children 

were generally noted to be healthier than rural children (Richardson, 1977a). Frelat and 

Mittereocker (2011) noted that the morphometrics of the femora and tibiae of Black South 

African children from the RA Dart Collection were similar to French and Portuguese 

children. However, beginning from the 10th year, the growth rate of South Africans increased 

while the epiphyses became narrower compared to European samples.  

A common trend in these studies was the progressive increases in mean height and 

weight of the children over time; notwithstanding, there were notable differences in 

comparison to global standards. The growth values for Black South African children in 

rural settings remained significantly lower than those of the reference standard children 

in Boston, Iowa, London, and White children in Johannesburg (Walker and Walker, 

1977). Low SES children growing up in Soweto were reported to drop off in height and 

weight before the age of one year (Richardson, 1977b). Growth stunting has been 

recognised among South African children over the years, however, a meta-analysis of 

published data suggested no sex or rural/urban differences-- which is dissimilar to 

findings in other sub-Saharan African countries (Said-Mohamed et al., 2015). 

2.4.1.1 Skeletal maturation studies 

Carpal bones have been used to evaluate growth in Southern Africa. Beresowski and Lundie 

(1952) suggested that the ossification centres of the capitate and hamate appeared in the same 

order in South African Black, Black American and European children. However, skeletal 

maturation of Black South African children was delayed in comparison to White South 

African children who aligned with the GP Atlas standards (Levine, 1972b). There were 

reports of high degrees of variation in the ossification of carpal bones in South African 

children, although there was no evidence of sexual dimorphism for the sample evaluated by 

Speed (2012). There was widespread overestimation and underestimation of skeletal age 

across all age groups and sexes. She concluded that the GP Atlas is not suitable for age 

estimation in South Africa (Speed, 2012). 
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2.4.1.2 The Birth to Twenty longitudinal growth study 

The Birth to Twenty (BT20) growth study that began in 1990 and continues to the present 

(Richter et al., 2007; Richter et al., 2018) is the longest and most comprehensive study on 

the growth of South African children, and African children in general. Earlier South 

African studies were more limited in scope (Walker et al., 1965; Margo et al., 1976; 

Walker and Walker, 1977; Richardson and Sinwel, 1984; de Villiers, 1987). The BT20 

study was designed to follow health and development of 4,000 children in the Greater 

Johannesburg area. Among the study themes were 1) Antenatal and infant mortality 

rates, 2) Nutritional status and adequacy, 3) Morbidity and preventable diseases, 4) 

Psychological health, and 5) Environmental pollution and health (Yach et al., 1991; 

Richter et al., 1995; Richter et al., 2007). However, one important oversight in the study 

design was the exclusion of data collection on oral health of the children studied. 

Overall the BT20 children showed improved growth compared to an earlier 1967/69 cohort 

study but there was little reduction in the recorded differences between Black and White 

children (Richter et al., 2007). White South African children were taller and heavier than 

their Black counterparts (Cameron, 2003). According to Walsh (2002), these differences are 

largely linked to nutritional status profiles. 

Nyati et al. (2006) examined skeletal radiographs and scans of the limbs of 368 children in 

the BT20 study and found ancestral and sex differences in axial and appendicular dimensions. 

Among the 9 year-old boys and girls, sitting height was significantly greater in White 

children and Black girls also had longer thighs than Black boys (Nyati et al., 2006). Pre-

pubertal Black children were noted to have greater hip bone mass than White children 

(Vidulich et al., 2006). After adjusting for differences in stature, Black and White children’s 

bone mass of the spine and appendicular skeleton were similar. Vidulich et al. (2006) 

attributed the differences to genetic rather than environmental factors. 

Comparing the data of the Pretoria National Nutritional Survey (PNNS) and the BT20, 

Hawley et al. (2009) noted positive secular trends in skeletal growth of both White and Black 

South African children, with a narrowing of the gap between the two groups. In terms of 

skeletal maturation, Black children advanced by 9.7 months while White children advanced 

by 3.4 months in skeletal age when the GP Atlas was used as the standard (Hawley et al., 

2009). 
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The BT20 study continues to generate valuable biological data. The study demonst rated 

that lower birth weight is a clear risk factor in the development of glucose intolerance 

(Norris et al., 2012). In addition, a recommendation has been made based on data from 

the BT20, to increase the waist cut point from 80.00 cm as recommended for Europeans, 

to 91.50 cm in Africans for diagnosis of metabolic syndrome (Crowther and Norris, 

2012). 

As noted above, the BT20 study did not include dental data, but such information on 

those children could be relevant to the BT20 somatic growth results. As much as one 

kilogram difference was reported between children with nursing caries (Early Childhood 

Caries or EEC) and controls (Ayhan et al., 1996). Over 90% of caries in pre-school 

children are untreated in many developed and developing countries (Acs et al., 1999; 

Yee and Sheiham, 2002; Sheiham, 2006). Untreated dental caries with associated 

discomfort have been linked to failure to thrive, which is seen to reverse following dental 

care (Thomas and Primosch, 2002). In South Africa, dental caries prevalence is around 

44% among preschool children and Mothupi et al., (2016) reported that 97% of children 

in metropolitan area of Johannesburg did not have their dental needs met. 

2.4.1.3 South African dental development studies 

Hargreaves et al. (1997) reported on tooth emergence of 1446 South African children aged 1-

4 years old. They used a sample consisting of Black, White, Coloured and Indian children 

from the greater Johannesburg area and a subsample of Black children from the rural 

Glukspan district. Amongst their findings was that Indian children had least i1 emerged at 12 

months while Black children had more i2s emerged at that age. The order of emergence of 

the primary molars were earliest in the urban Blacks, followed by the rural Blacks, then the 

Coloured, Whites and lastly the Indian children. The White children were the last to have 

canines emerge in the oral cavity. At 24 months, all the full complements of primary teeth 

were present and no significant differences in emergence patterns for populatio n group, sex 

or side of the jaw were noted (Hargreaves et al., 1997). Compared with other sub-Saharan 

countries, South African children had more emerged teeth at any given age, and they attained 

a full primary dentition ten months ahead of Nigerians (Oziegbe et al., 2008). The Nigerian 

children were reported to have advanced tooth emergence ahead of the Senegalese and 

Kenyan (Oziegbe et al., 2009). 
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In the study of 1024 Soweto children, Blankenstein et al. (1990) noted that the permanent 

mandibular incisors of boys generally emerged ahead of girls. The youngest observed age of 

permanent tooth emergence was 4.1 years. South African children were found to be 

comparable to Kenyans in their permanent tooth emergence timing but delayed in comparison 

to other African samples. Esan et al. (2018) found the permanent tooth emergence in another 

sample of Johannesburg children was similar to the results of the earlier study of 

Blankenstein and colleagues. They also determined that the mean age of emergence was 

similar to most sub-Saharan populations. The general pattern of earlier permanent tooth 

emergence in sub-Saharan populations distinguishes them from European and Asian 

populations. 

Several researchers determined that South African children’s dental age could not be reliably 

estimated using formulae derived for other populations. Phillips and Thompson (2000) found 

that dental age estimates of South African children using the Demirjian technique were 

unreliable, although the estimates were better for children of mixed ancestry. Esan and 

Schepartz (2018b) also found that data from Black South African children were different 

from the reference data underlying the Demirjian and Willems methods for dental age 

estimation. They advocated the need to use South African-specific data for age estimation. 

2.5 Approaches to cadaveric collection  

The practice of building collections of human skeletons dates back several centuries. During 

the 18th century in some countries, skeletons were exhumed from old churchyards to study 

their features and diversity. The pioneering effort of the British anatomist, William Turner of 

Edinburgh University, was followed by the collection at the then Western Reserve 

University, Ohio established by Carl August Hamann. This ultimately became the Hamann-

Todd Collection following the contributions of his successor, Thomas Wingate Todd. The 

Hamann-Todd Collection was assembled between 1912 and 1938 and has more than 3,000 

human skeletons (Tobias, 1991). These two American collections and skeletal collections in 

many other countries were typically based on limited periods of acquisition. One notable 

exception is the William M. Bass Donated Skeletal Collection, which was born out of efforts 

to improve knowledge of human decomposition and estimation of post-mortem interval. 

Bodies donated to the Anthropology Research Facility at the University of Tennessee are 

accessioned to the Bass collection (Shirley et al., 2011). According to Vidoli et al. (2017), 
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this decomposition facility established in 1980 has contributed to a growing body of 

knowledge regarding human decomposition, skeletal anatomy and grave detection.  

Raymond Arthur Dart introduced the practice of skeletal collection to the University of 

Witwatersrand and South Africa in 1929. The Raymond A. Dart Collection of Modern 

Human Skeletons contains a documented sample of over 2,500 individuals of cadaver-

derived origin (Dayal et al., 2009) that continues to add new individuals. South Africa is 

home to other cadaver derived human skeletal collections including Pretoria Bone Collection 

(L’Abbe et al., 2005).  

The PCC is exceptional as it is a contemporary cadaveric, rather than skeletal collection of 

South African children that updates and augments the smaller subadult portion of the 

Raymond A. Dart Collection of Modern Human Skeletons. Preservation of these immature 

individual will enable studies on osseous and dental variants, anomalies, pathology and 

developmental changes. A fully described PCC with population-specific dental and skeletal 

age estimates has enormous potential for scientific research on child growth and 

development. A digital archive will be invaluable for basic research as well as serving as a 

foundation for preliminary investigations on aspects of bone and dental variation. 

2.6 Summary 

Morphological changes associated with tooth and bone formation provide clear milestones 

that are useful to assess maturation processes. The timing of these morphological changes 

indicate developmental differences and better reflect health statuses in children than 

chronological age. Thus poorly documented or unknown ages could be estimated from these 

defined morphological features. Monitoring of growth and development in children is 

important to assess their wellbeing and possible health conditions. Growth standards are 

generally constructed from height and weight data, which cannot withstand environmental 

impact as much as tooth formation and skeletal development processes. 

Female bone ossification and tooth mineralisation are ahead of males in utero; similarly 

children of African ancestry are ahead of Europeans and Asians. However, within two years 

of life, there is a reversal in the rate of development between the two regional groups. The 

regularity in the sequence of tooth calcification allows for the construction of age-specific 

atlases to evaluate growth and development. Studies have documented genetic, sexual and 

geographic differences in tooth development and bone formation. This necessitates 
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construction of population specific references that reflect to how children in a given place and 

time are growing- unlike describing how they should grow (i.e., growth standards). 

Existing standards such as the GP Atlas of bone ossification and the Demirjian dental age 

system have prooven to be problematic for evaluating children of African descent in general, 

and low SES children in particular. Appropriate skeletal age standards are needed for age 

estimation to evaluate child health in clinical settings to identify faltering growth that is 

deleterious to long term outcomes in society. 

Presently, there are South African data on tooth emergence timing for the primary dentition 

excluding the incisors (Hargreaves et al., 1997), ossification of hand bones and a plethora of 

data on height/weight for age in childhood (Norris et al., 2009; Said-Mohamed et al., 2015). 

There is a paucity of data on primary tooth calcification and early skeletal development of 

South African children. Availability of data on skeletal development and tooth mineralisation 

will shed further light on growth and the relationship between the two maturation processes. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Study design 

This study was a cross-sectional analysis of dental and skeletal growth based on radiographs 

of Black South African infants and young children selected using a purposeful convenience 

sampling method. The images consisted of plain limb and dental panoramic radiographs of 

living children of known ages and full body computed tomographs (CT) scans of unknown 

age cadavers. Data from the dental and medical records of the living children provided the 

comparative basis for validating the procedures used to formulate the individual age estimates 

for the cadavers. 

The study employed a model that uses data from children of known ages to construct age 

estimates for a paediatric cadaveric sample to assess growth. After successfully reducing 

measurements error through a high concordance of reproducibility, dental and skeletal age 

data were modelled. The procedures were then validated using data of the children with 

known age as depicted in Figure 3.1. The resulting dental developmental chart and mean 

diaphyseal limb measurement are useful age predictors. 

 

Figure 3.1: Model of a cross-sectional study to generate growth reference (dental 
developmental chart and average diaphyses measurement) for South African children 
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3.2 Ethics 

The study was performed with approval from the Human Research Ethics Committee 

(Medical) of the University of the Witwatersrand (clearance certificate NO. M150973, 

Appendix 1). Permission to study and scan the Paediatric Cadaveric Collection (PCC) was 

granted by the School of Anatomical Sciences Collections Committee. Permission to access 

patient records and radiographs was granted by the managements of the Charlotte Maxeke 

Johannesburg Academic Hospital (CMJAH), the Wits Oral Health Centre, and the Rahima 

Moosa Mother and Child Hospital (RMMCH). 

3.3 Materials 

3.3.1 Paediatric Cadaveric Collection 

A total of 110 cadavers (n=62 males; n=48 females) met the inclusion criteria listed below 

and were included in the study. Based on an initial physical inspection of the dentitions, the 

majority of the sample (n=102) were infants of varying developmental stages with no 

dentition visible in the mouth, or only displaying primary dentition. The remaining eight 

children had mixed primary and permanent dentitions (Appendix 2). All children were of 

African ancestry and did not appear to suffer from conditions that affect osseous and dental 

development. 

Exclusion criteria:  

1. Cadavers with noticeable developmental anomalies, e.g. 

 Anencephaly 

 Cleft lips 

2. Cadavers with signs of nutritional-based pathology, e.g. 

 Marasmus 

 Rickets 

3. Cadavers with uncertain biological ancestry 

3.3.2 Living sample 

Radiographs of 308 living children were included in the study. Of these, 161 were males and 

147 were females. The x-ray images were taken for the purpose of medical and dental 

diagnosis between 2016 and 2017 at the Charlotte Maxeke Johannesburg Academic Hospital 
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(CMJAH) and the Rahima Moosa Mother and Child Hospital (RMMCH). No radiographs of 

living children were taken exclusively for the purpose of this study. 

For the limb radiographs (N=267; 145 males, 122 females) only images with proper x-ray 

exposure, a well-positioned region of interest (ROI) that ensured low parallax or parallax 

free images (where right and left proximal and distal extremities are at the same transverse 

level), complete display of limbs, complete biological data and with no developmental 

anomalies in the medical record were enrolled in the study (Table 3.1). 

Panoramic dental radiographs (N=41; 16 males, 25 females) selected for the study were high 

quality images (Table 3.1). Radiographs with missing teeth or blurring of the anterior tooth 

region were excluded. Infants are rarely brought to dental clinics and are very difficult to x-

ray. Thus, no dental images were available for children below the age of 2.5 years. 

For analytical purposes, the living subjects were stratified into six age cohorts. Those 

children under one year were divided further into preterm and birth to one year groups based 

on obstetrical information obtained from the clinical records. Ages were calculated by 

subtracting the date of birth from the date of the x-ray imaging at the hospital: 

1. Preterm: Children delivered before 38 weeks and clinically referred to as premature 

babies. The radiographs were taken a few days after their deliveries. 

2. Birth to one year: Children delivered as full term babies and radiographs during the 

first year of life. 

3. One to two years:  The date of imaging fell between the first and second birthday. 

4. Two to three years: Individuals that had radiographs taken during the interval 

between their second and third birthday. 

5. Three to four years: Individuals that had radiographs taken during the interval 

between their third and fourth birthday. 

6. Four to five year: Individuals that had radiographs taken during the interval between 

their fourth and fifth birthday. 
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Table 3.1: Demographics of the living sample 

 Limb radiographs Dental panoramics Total by Sex Total 

Age (years) M F M F M F  

Preterm 4 5 - - 4 5 9 

0.0 - 0.9 37 41 - - 37 41 78 

1.0 - 1.9 26 24 - - 26 24 50 

2.0 - 2.9 24 20 - 2 24 22 46 

3.0 - 3.9 35 17 6 8 41 25 66 

4.0 - 4.9 19 15 10 15 29 30 59 

Total 145 122 16 25 161 147 308 

Medical radiographs are needed primarily to diagnose health conditions or trauma, so the 

imaging is limited to the region/s of interest (ROI) to minimise radiation exposure. For most 

of the subjects that met the inclusion criteria, only two or three ROI were represented. Thus a 

typical image would show one limb bone, or two in the case of paired elements such as the 

radius and ulna or tibia and fibula. Consequently, systemic assessment of the limbs and teeth 

of the same individual was not possible. However, there was sufficient representation in the 

sample for each ROI to develop the formula for estimation age of the corresponding ROI in 

the cadaveric materials (Table 3.2). A total of 665 limbs images from 267 subjects were 

analysed in the study. The femur had the highest representation (n=145) and the humerus had 

the lowest (n=82) across all the six groups. 

Table 3.2: Distribution of living child limb radiographs by age and sex 

Age (year) Preterm 0.0 - 0.9 1.0 - 1.9 2.0 - 2.9 3.0 - 3.9 4.0 - 4.9 Total 

Sex 

Limb 

F 

 

M 

 

F 

 

M 

 

F 

 

M 

 

F 

 

M 

 

F 

 

M 

 

F 

 

M 

  

Humerus 4 2 20 17 5 8 6 6 3 8 2 1 82 

Radius 4 2 23 20 10 13 8 11 7 10 6 9 123 

Ulna 4 2 23 18 11 12 8 11 6 10 5 7 117 

Femur 1 3 24 21 15 16 12 11 11 20 6 5 145 

Tibia 4 1 17 16 8 8 11 9 10 11 4 7 106 

Fibula 2 1 14 10 8 11 10 9 6 14 3 4 92 

Total 19 11 121 102 57 68 55 57 43 73 26 33 665 
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3.3.3 Commonalities of the living and cadaveric samples 

The Wits PCC is comprised of children who typically present at urban South African public 

healthcare facilities with acute illnesses that might not be fatal in developed countries. They 

likely lived with under-treated chronic conditions such as respiratory infections, malnutrition, 

parasite loads and diarrhoea. Based on these considerations, the PCC can be considered fairly 

representative of young urban South African children of African descent. 

In lieu of available sociodemographic data for the children, the assumption was made that all 

were of the same socioeconomic status as they were treated at Gauteng public sector hospitals 

and clinics. 

3.4 Methods 

For the purposes of this research, a standard terminology was adopted. The primary teeth 

were designated by small letters while capital letters were used for the permanent teeth; 

superscript and subscript numbers indicate maxillary and mandibular teeth respectively, as 

follows: 

Primary maxilla  i1, i2, c1, m1, m2 

 mandible  i1, i2, c1, m1, m2 

Permanent maxilla I1, I2, C1, P1, P2, M1, M2, M3 

 mandible I1, I2, C1, P1, P2, M1, M2, M3 

Eruption was viewed as encompassing all the stages of tooth development starting from the 

tooth initiation until the tooth reaches occlusal line or in contact with the opposite tooth. 

Tooth development is recognisable earlier in histological staining than in radiographic 

images. Notwithstanding, this study followed the radiographic method due to its considerable 

advantage over the histological method, which was not feasible due to its destructive nature. 

The age cohorts used for the analyses were mutually exclusive (e.g. 1.00-1.99), which 

ensured accurate data analyses. However, to ease reading and comprehension of this thesis, 

the use of basic description "1-2 years" was adopted in the text. These age descriptions are 

not mutually exclusive. So, to remind readers, the more precise age cohorts used for the data 

analyses were retained in the tables and figures. 
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3.4.1 Types of images used 

Two different image modalities, plain radiographs and CT scans, were employed to achieve 

the objectives of this research. Access to living child images was limited to diagnostic 

radiographs achieved in health facilities, where only the necessary radiographs are taken to 

avoid unnecessary irradiation. CT scans require more x-ray doses than conventional 

radiography, thus health facilities have fewer archived CT scans than plain radiographs  

Although plain radiographs are faster and simpler to generate than CT scans, it was necessary 

to use CT scanning for the PPC due to cadaveric preservation constraints. The cadavers are 

not flexible, and most importantly it is impossible to open the mouth for panoramic 

radiography or simple radiography using a hand-held x-ray. Furthermore, superimposition of 

anatomical structures cannot be eliminated with plain radiography. Additionally, the CT 

scanning allowed for acquisition of the skull and postcranial images simultaneously. With 3D 

surface rendered reconstruction of the full body, the possibility of viewing and measuring in 

various anatomical planes is guaranteed. 

Concerns regarding the combining of data from different modalities and facilities are not 

substantive for this study. Radiographic machines used in the hospitals are standardised and 

calibrated regularly for optimal image acquisition. Hospital images are often used to plan 

surgical interventions, for which measurements need to be precise. Studies attest to the 

comparability of the measurements from different x-ray modalities (Epstein et al., 2009; 

Solayar et al., 2017), and any significant differences in measurements are attributed to 

interpretation of what needs to be included in the measurement and clinical classification 

(Chadayammuri et al., 2015). 

The data were readily comparable with direct measurements on bone. Previous studies 

reported concordance in measurements from radiological images and dry bones (Brits et al., 

2017; Gulhan, 2017). According to Gulhan (2017), no statistically significant differences 

were found between measurements obtained from dry bones and their 3D volume rendered 

models. The differences in reconstruction parameters have little bearing on measurements 

because protocol standards were set to eliminate image distortion. 

 3.4.2 Image acquisition 

Phillips x-ray machines are used in the Charlotte Maxeke Johannesburg Academic Hospital 

(CMJAH) and the Rahima Moosa Mother and Child Hospital (RMMCH) health facilities, 

where the radiographs included in this study were acquired. The x-ray machines were 
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calibrated by technicians following the manufacturer’s requirements. The strict adherence to 

set standards and protocols as well as daily calibration of the equipment, ensures 

standardisation of the radiographs for surgical and diagnostic procedures and enabled this 

study to obtain uniform comparative data. 

CMJAH and RMMCH use the picture archiving and communication system (PACS), a 

medical imaging technology that provides economical storage and convenient access to 

images from multiple modalities such as CTs, and conventional radiographs (Choplin et al., 

1992). Biological data, including imaging details such as ROI are entered into the system. 

This information together with the desired images and radiologist reports, are transmitted 

digitally via PACS. This eliminates the need to manually file, retrieve, or transport the film 

jackets that were previously used to store and protect x-ray films. PACS images are stored 

and transferred in Digital Imaging and Communication in Medicine (DICOM) format. 

All radiographs were taken by qualified radiographers. Subjects were either standing next to a 

fixed receptor, or in a supine position on a bed with the receptor placed below the limb. Thus, 

the receptor and subject would be in close contact while the x-ray generator is adjusted to a 

predetermined position according to the established protocol (Table 3.3). The subject would 

be positioned between the x-ray generator and detector plate in such a way that the x-rays 

enter the limbs from the anterior direction and exit posteriorly or alternatively, from the 

lateral to the medial direction. The close contact to the detector guarantees less distortion of 

the ROI visualised on the x-ray images. Each radiograph taken is transmitted from the 

detector plate digitally to the computer system for distribution to end users and for storage. 

Table 3.3: Plain and panoramic radiograph protocol parameters 

Parameters Plain radiograph Panoramics 

Sensitivity  200 200 

Resolution in pixel 5mm 5mm 

Pixel size 0.2 x 0.2 mm2 0.1 x 0.1 mm2 

Bits per pixel 16 16 

Magnification  0.33 0.50 

The radiographic images are in pixels and transferred into the computer system in DICOM 

format as mentioned above. DICOM format provides a header and image data packed into a 

single file. This ensures that original pixel size is registered in the DICOM file and can be 

used directly to calculate the length of limb bones as required in this study. 
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At each of the health facilities, DICOM images were opened in the PACS viewer using age 

and ROI (e.g. femur, humerus or upper, lower limb) as search criteria. The images that met 

the inclusion criteria were selected and then copied to a digital versatile disc (DVD) device 

for further processing. 

Panoramic radiographs capture the complete dentition as a ROI following a set protocol in 

use at the centre (Table 3.3). The PACS at the Oral Health Centre does not save patient-

related information in the DICOM header. Radiographic images and subjects’ personal 

details were copied separately. Hence, the biographical details of each individual including 

sex, date of birth and date of imaging were recorded separately with a unique identifying 

number to ensure patient confidentiality. Anonymised radiographs were stored in a DVD 

device with the unique identifier including the exact date of birth and sex for further 

processing. 

Serial images from CT scans of the cadaveric materials were obtained at Wits Donald Gordon 

Medical Centre in Johannesburg. Prior to conducting the CT scans for all the study subjects, a 

pilot scan was carried out to standardise the scanning and achieve consistency in the images 

(Table 3.4). SKULL/Ear and BODY/Ear protocol were used for skull and postcranial scans 

respectively. Similar scanning parameters were set for both types of scans. However, the slice 

thickness was set at 0.67 mm and a reconstruction increment (or spacing between slides) of 

0.5 mm for the postcranial, while the skull images were sliced at 0.67 mm with an increment 

of 0.33 mm. These settings ensured that finer details of each body structure were obtained as 

much as possible using the hospital CT system (Table 3.4). The successful establishment of 

scanning parameters and the visualisation of teeth and limb bones enabled a repeatable data 

collection process. 

All scanning was done by registered radiographers employed in the Radiology practice at the 

Wits Donald Gordon Medical Centre in Johannesburg. Full body x-ray images were 

generated from these cadavers to capture their teeth and limb bones for assessment. This 

unique opportunity provided more insight on dental development and limb growth in young 

Southern African children using a non-invasive technique. 

The identity tag and sex of each cadaver was recorded before scanning. The scout view, a 2D 

image that appears first, allowed the radiographer to delineate the ROIs in the skull and 

postcranial regions. After primary acquisition, each of the scanned parts were reconstructed 

using scanner specific reconstruction software. 
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Table 3.4: Computed Tomography (CT) scanning parameters 

Protocol Skull Postcranial 

Kilovoltage 
(energy) 

140 kVp 140 kVp 

X-ray tube 
current 

244 uAs 63 uAs 

Exposure time 1437 ms 1279 ms 

Spacing 
between slices 

0.33 mm 0.5 mm 

 Slice thickness  0.67mm 0.67mm 

Resolution 3.261 pixels/mm 3.261 pixels/mm 
Voxel size varies according to skull size 

(0.228x0.228 x0.33mm – 
0.391x0.391x0.50mm) 

varies according to postcranial size 
(0.332x0.332x0.500mm – 

0.892x0.892x0.500mm) 

Matrix size 512x512 pixels 512x512 pixels 
Patient position Head First Supine (HFS) Head First Supine (HFS) 

Following each successful scan, reconstruction of the CT images happened in the 

background. Image data for each cadaver were reconstructed as 16-bit DICOM images into a 

“sharp” and “soft” kernel using the bone reconstruction algorithm of the Phillips CT 

machine. Subsequently, the reconstructed images were copied to a computer for further 

processing. 

3.4.2 Image preparation and 3D surface rendering 

Data assortment and preparation for analysis: For the purpose of this study, ImageJ software 

(https://imagej.nih.gov/ij/docs/intro.html) was employed to undertake the following 

procedures: 

(1) Separate the DICOM image stack obtained from CT scans into the skull and postcranial 

components. The reconstructed (“sharp” and “soft”) 16-bit DICOM images from the hospital 

computer were saved as a continuous image stack. Dental and limb materials were grouped 

separately and saved under different folders as ‘soft’ and ‘hard’ for further analysis. 

 (2) View the panoramic radiographs to score dental developmental stages. 

(3) View the plain radiographs to measure the limbs of the living subjects.  

After each scan and each reconstruction were separated and copied in the corresponding 

folder, VG Studio Max 2.2 software (Volume Graphics, Inc, Charlotte, NC) was used to 

further separate each ROI (e.g., humerus, upper dentition) into different DICOM stacks and a 

screenshot for each 3D volume was saved for fast viewing as well as for scoring the dentition 

as detailed below. VG Studio Max allows for orientation of the images in the correct 
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anatomical position (Figure 3.2A, 2B and 2C). The VG Studio Max 2.2 software that was 

used in this study was accessed at the Evolutionary Studies Institute (ESI) VIP laboratory of 

the University of Witwatersrand. 

 

Figure 3.2: X-ray images of a cadaver at different anatomical planes (#252) 

In Figure 3.2, 3D renderings of cadaver #252 are presented in different anatomical planes to 

highlight the stages of dental development. Image D shows the skull and cervical vertebrae 

structures in transparent rose and segmented dentition in opaque grey. 

Structure segmentation was a crucial component of the image processing for this project. 

Different methods of structure segmentation, based on grayscale values, are proposed in the 

literature (Rengier et al., 2009; Sharma and Aggarwal, 2010; Kim et al., 2012) and 
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researchers developed many techniques and classifications for image segmentation (Kaufman 

et al., 2001). Custom built programmes or software packages are often used to accomplish 

the isolation of ROI by automation, although manual isolation is regarded as the more 

successful option (Bokde et al., 2005; DeVries et al., 2008). Manual automation, while a time 

consuming exercise, is the simplest form of medical image segmentation model (Hermoye et 

al., 2005). Region growing tools offer semi-automatic segmentation, but they still require 

manual interaction from the operator (Hojjatoleslami and Kittler, 1998). A semi-manual 

segmentation process was followed in this study. It involved using a region growing tool to 

utilise the density-difference between the dentition and adjacent structures. The pixels outside 

of the ROI were used for threshold segmentation, using maximum and minimum threshold 

values of grayscale (Hounsfield units) set at 100 - 900HU. To identify sensitive density 

differences as accurately as possible, threshold settings were optimised for all structures. The 

region growing procedure is completed when homogeneity of the ROI is achieved, i.e. at a 

stage when all the edges of the ROI was completely delineated from adjacent structures.  

When the ROIs corresponding to anatomical structures were satisfactorily separated, each 

region was dilated by a few pixels and thereafter eroded one pixel less, in order to eliminate 

partial value effects for the 3D volume renderings. This was accomplished using the 

Erode/Dilate option from VG Studio Max software. Volume rendering of the apices of 

developing teeth were difficult to achieve, due to technical the limitation of whole-body CT 

imaging having a large voxel size. The voxel size of the CT scans in the study (0.228x0.228 

x0.33mm and 0.391x0.391x0.50mm) is lower than typical whole-body medical scans that are 

in the 0.5-1.5 mm range. 

Prior to volume rendering, image quality and contrast were enhanced using a median 3x3x3x 

filter size and opacity marking a priori to thresholding. This also reduced image noise and 

artefacts. Image processing began with reformatting the CT data to a volume rendering mode. 

The maxillary and mandibular dentitions were segmented as separate ROI using the region 

growing tool at a threshold of 100HU. This was achieved by adding one tooth after the other 

to the ROI until all the teeth for each dental arch were combined. 

Segmented ROI were visualized using a surface determination of 620HU grayscale and saved 

as a DICOM stack for the upper and lower dentition of each individual. The occlusal views as 

well as other views (as illustrated in Figure 3.3A) were saved as Tagged Image Format (TIF) 

files for archiving and used for the full description and coding of the tooth formation stages 

(Tables 3.2, 3.3). Unlike the panoramic radiographs that display the full dentition in a 2D flat 
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format, the CT scans provide structures in three-dimensional Volume Rendering (VR) and 

allow for more precise assessment of developmental stage than the panoramic radiographs 

(Figure 3.2 and 3.3). 

 

Figure 3.3: Segmented pictures of cadavers A) mixed dentition (#165) and B) primary maxillary 
teeth (#93) 

VR is a technique that takes the whole volume data and creates a 3D illustration of the 

volumetric CT data. The volume-rendering mode is able to display the resulting 3D dataset 

from any desired perspective. It is easy to generate accurate images with VR. This explains 

why the VR technique is often used in clinical settings and regarded as the most useful three-

dimensional rendering method (Calhoun et al., 1999). In addition to saving images out of 3D 

volume renderings in different views (Figure 3.3A). The saved DICOM of each ROI was 

opened in Avizo software (Thermo Fisher Scientific; Waltham, MA; 2016 edition) to work in 

3D environments in order to carry out all the coding of the cadaveric sample. The Avizo 

software was accessed at the ESI (VIP) laboratory. 

3.4 3 Assessment of tooth emergence 

Tooth emergence and eruption have different meanings in the dental and anthropological 

literature and have at times been used interchangeably. AlQahtani et al. (2010) referred to 
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eruption in the London atlas as the surfacing of teeth from alveolar bone. Other studies 

consider eruption as the stage when the teeth breech the gum tissue (Ubelaker, 1978). In this 

study, eruption is the stage when a tooth reaches occlusal level and emergence refers to when 

the tooth is above the socket level. 

The procedure for this study considered tooth development as encompassing the follicular 

stage to the point where the tooth is at the occlusal level and apex closure has been achieved. 

Inclusion of the crypt stage partially accommodated the time lapse between histological and 

radiograph assessments of the beginning of mineralisation. The implication of this approach 

was that emphasise was placed on the stages of tooth maturation rather than the eruption 

stage. 

3.4.4 Dental scoring: Modification of the Demirjian method 

Dental development and age of the samples were based on the degree of tooth mineralisation, 

following the basic premise of the Demirjian method (Demirjian et al., 1973). Necessary 

modifications were made to the scoring system to accommodate application to the primary 

dentition, since the Demirjian method utilised seven permanent teeth on the left mandible 

(M3 was excluded). The present study needed to score dental developmental stages of 

children with mixed dentition. Hence all the teeth present in both jaws were considered. 

With the Demirjian scoring system, no provision is made for the initial developmental stages 

of the incisor teeth because those stages have been achieved and do not therefore exhibit any 

variation. Consequently, in this study, stage B was assigned to primary and permanent 

incisors displaying mineral deposits that are continuous and covered the mesiodistal width 

(representing the incisal edge). When calcification is limited to signs of discrete mineral 

deposits, stage A was assigned. The original Demirjian method provides a table representing 

the calcification stages and separate scoring tables for boys and girls. The Demirjian method 

assigns a particular maturation score to each calcification stage, the sum of which is then 

compared with the tables provided for dental age estimates separately for boys and girls 

(Demirjian et al., 1973). Thus, a total of three tables are required to be considered at a 

particular time when estimating the age. In the present study, the Demirjian method was 

modified by relating the dental developmental scores of each individual to the averages of the 

diaphyseal lengths of limb bones to estimate dental ages. Aggregates of diaphyseal lengths of 

the long bones of children from the same socioeconomic groups and ancestry were utilised 

for the study. 
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The degree of tooth calcification was divided into eight categories beginning from the initial 

mineralisation of the crown, which is scored as stage A, to the complete development of the 

root scored as stage H. The full definition of these stages are provided in Table 3.5 and 3.6. 

Table 3.5: Description of dental formation stages 

Stages Definition 

A  Beginning of mineralisation is seen in the form of inverted cones that are 

separate and have not reached the maximum mesiodistal dimension. The pattern 
of isolated deposits is the same for uniradicular and multiradicular teeth. 

B  The calcified cones are united together to constitute the mesiodistal width in 

uniradicular teeth and the occlusal outline of multiradicular teeth.  

C Crown formation extends to the cervical region in both uniradicular and 
multiradicular teeth. Enamel of incisal and occlusal surfaces is complete; both 

mesial and distal edges have reached the future contact points. The dentinal 
layer is visible beneath the enamel. 

D Crown formation is complete; enamel has reached the enamel-cementum 
junction with dentine spicules on both sides signalling beginning of root 

formation. Roof of pulp chamber is discernible as curves in uniradicular and 
trapezoidal in multiradicular teeth. 

E Root formation extends from spicule stage but root length is less than crown 

length. Uniradicular root shows straight pulp chamber walls while 
multiradicular teeth show radicular bifurcation. 

F Root wall is thin; the pulp chamber is isosceles-shaped in uniradicular and 
funnel-shaped in multiradicular teeth. The root length is equal or greater than 

the crown length.  

G  Root length is almost complete with apices converging or parallel. Size of the 
root wall is thicker than the canal. 

H Root formation is complete and apices are closed or slightly open but less than 

1mm in size. 
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Table 3.6: Depictions of tooth formation stages A-H 

Stage Description Line drawing (tooth) 

Uniradicular multiradicular 

A Cusp initiation 

 
 

B Cusp occlusal outline complete   
C Crown half formed 

  
D Crown completely formed 

  
E Root initiation 

  
F Root half formed  

 

 

G Root complete  

 
 

H Apex complete 

  

Each panoramic radiograph was opened with ImageJ software (Schneider et al., 2012) 

(https://imagej.nih.gov/ij/docs/intro.html) as shown in Figure 3.4. The brightness/contrast 

adjustment tool was used to adjust for the best view to start coding. In order for a tooth to be 

assigned a developmental stage, it must have attained such a stage in its development but fall 

short of the next developmental stage. For the CT images of the cadaveric samples, each 

extracted and saved DICOM file of upper and lower dentition was imported to Avizo 

individually and with the aid of the 3D surface rendering, the assessment of stages was made 

by rotating different surface views in order to attribute the best descriptive code/letter. 

The maxillary and mandibular jaws were divided into four quadrants and each was 

thoroughly appraised. Teeth present in each quadrant were noted and recorded. Possibilities 

of missing tooth/teeth in each quadrant were considered. In addition, any developmental 

difference between the quadrants were carefully re-examined and recorded. The left 

mandibular central primary incisor “i1” or the permanent incisor “I1” was identified as the 

first tooth to be accessed, followed by all the others until all the teeth present in the quadrants 

were accessed. The scores were recorded in Microsoft Excel for further analysis. 
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Figure 3.4: Full dentition panoramic radiograph (#D4)  

In Figure 3.4, the stages of teeth development in a 51 month (4.32 year-old) girl is illustrated. 

She has a mixed dentition with the primary teeth fully mineralised and the permanent teeth at 

different levels of mineralisation in both the maxilla and mandible. The partially formed M2 

crowns are the last teeth visible in the mandibular tooth quadrants. 

3.4.5 Measurements of the limbs 

The postcranial DICOM data for each individual were imported to the VG Studio Max and 

each long bone was segmented out as a new ROI using the growing tool at 100HU grayscale. 

Segmented ROIs were visualised using surface determination at 630HU grayscale (Figure 

3.5). Postcranial volumetric data were subjected to segmentation in a similar manner to the 

skull. Individual volumetric data were volume rendered and segmented into separate 

individual limbs with the VG Studio Max software. Similar procedures presented earlier for 

segmentation of the dentition were followed (Figures 3.5 and 3.6A). These 3D renderings 

enable useful assessments of individual limb bones (Kim et al., 2012). X-ray images 

corresponding to each ROI were saved as a new DICOM stack with a corresponding name 

(e.g., L femur, R humerus) (Figure 3.5). These separated DICOM stacks were later imported 

to the Avizo software for linear measurement (Figure. 3.5C and Table 3.7). Each image was 

opened in the isosurface mode with the threshold set at 270HU.  The image was converted to 
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surface view and then a geometric transformation was applied to achieve alignment along the 

principal axis. All right limbs were mirrored to the left limb to achieve consistency in the 

measurements. 

 

Figure 3.5: 3D rendering of limb bone elements 

Figure 3.5 shows rendering of the limb bones of A) cadaver #219 and B) cadaver #163, A 

and B show 3D rendering of elements. The separated limb bones are opaque and represented 

in C as ROIs that these were saved individually for subsequent measurement of the twelve 

limb bones. 

The Avizo 3D line measurement tool was used to measure the long bone diaphyses. Each 

linear measurement corresponds to the distance between two clearly defined points; e.g. the 

distance between the most superomedial and superolateral ends of the diaphysis. All of the 

five measurements, as described in Table 3.7, were taken on the 3D surface renderings of the 

long bones diaphyses bilaterally (Figure 3.6). These measurements follow the definitions of 

Fazekas and Kósa (1978) for immature skeleton and were modified for mature bones 

(Langley et al., 2016). 
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Table 3.7: Descriptions of limb measurements 

Measurement Description 

Maximum diaphyseal 

length 

Maximum distance from the most superior ossified proximal 

end of the diaphysis to the most inferior ossified distal end. 

Proximal diaphyseal 
breadth  

The distance between the superomedial and superolateral ends 
of the diaphysis. It represents the maximum proximal 

dimension. 

Distal diaphyseal breadth  The distance between the inferomedial and inferolateral ends 

of the diaphysis. It represents the maximum distal dimension. 

Diaphyseal midshaft 
circumference 

The external perimeter of the diaphysis at the midshaft cross-
section. 

Medial-lateral midshaft 

diaphyseal breadth 

The maximum mediolateral distance of the diaphysis taken at 

midshaft 

In order to compute midshaft circumference values, mid surface cross sections were 

determined by dividing each limb into two equal length portions (Figure 3.6). The cross 

section at the midshaft was saved as a DICOM image and imported into ImageJ. The 

circumferences were evaluated with ImageJ tools and the results were recorded. The medial-

lateral midshaft diaphyseal breadth measurements were also taken at the same level #5 in 

Figures 3.6C and 3.7D. 

For the plain radiographs, measurements were taken from the left side. However, when the 

left side was not available or the limb image was of poor quality, the right side was measured. 

The measurements were taken from the dorsal surfaces of the long bones once the 

radiographs were displayed and viewed using the ImageJ viewer (Fig 3.7). Only three sets of 

measurements were taken on the plain radiographs, as the medial- lateral midshaft diaphyseal 

breadth and midshaft circumference could not be obtained from 2D images. 
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Figure 3.6: Illustration of the computation of diaphyseal dimensions 

The procedure for measuring the diaphyseal dimensions is further illustrated in Figure 3.6 

where the top transversal and bottom coronal views are slices of #88. In slice A, the blue 

colour shows volume rendering of the segmented upper limb bones (humerus and radius). 

The two bones in image A are depicted in image B as 3D surface renderings where dark 

yellow represents the segmented bones and the remaining skeletal elements are gray. The 

dorsal view of the segmented left humerus and radius are shown as C and D respectively. 

Length of the diaphysis is represented as (1), proximal and distal diaphyseal breadths as (2) 

and (3) respectively. Cross sections at the midshaft to calculate circumference is (4) and (5) 

represents the medial- lateral diaphyseal breadth. 

Using the transform tool in ImageJ software, each radiographic image was transformed such 

that the limb to be measured was aligned along its vertical axis. The alignment was achieved 

by adding or subtracting the value of the angle of deviation of the limb from the vertical axes. 

The image was then readied for measurements. The measurement of a left tibia, in ventral 
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view, is illustrated in Figure 3.7 wherein a line was drawn using the “straight” tool in ImageJ 

to represent the maximum length of the transformed limb (from the proximal to the distal end 

of diaphysis). 

Once the length of a diaphyses was represented with a straight line, the measurement was 

evaluated with the imageJ analyser, which computes the value and the result displayed in a 

separate window. Measurements are computed to the nearest 0.1 mm. All available limbs in a 

given radiological image were measured individually - femur, tibia, fibula, humerus, radius 

and ulna. The measurements were recorded in a Microsoft Excel spreadsheet using the 

unique identifier of the radiographic image. 

 

Figure 3.7: Illustration of measurement of a transformed left tibia 
diaphysis (#34) 

Transformation of diaphyses prior to measurement is important to achieve accurate 

measurements. Limbs of patients, particularly children are often flexed when taking 

radiographs, which requires realignment along vertical axis, as shown in Figure 3.7 of a 37 

months (3.11 years) old girl. 
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3.4.6 Digital PCC archive 

To realise the objective of creating a digital archive of the PCC, the research design 

implemented algorithm that ensured balance between noise magnitude and texture for 

optimal image quality (Boone et al., 2012). Reconstructed “soft” and “hard” kernel images 

were saved in a continuous image stack format for as16-bit DICOM images. Folders were 

allocated for individuals, each folder contains the skull and postcranial datasets in both 

“hard” and “soft” kernel formats data files. Tiff files of 3D volume rendered data of the ROIs 

were also saved individually. 

All the lower and upper dentitions, including the upper and lower limb bones were 

adequately identified and stored in two separate devices for ease accessibility These data can 

readily be read and displayed by most medical image viewers such as OsiriX MD, Avizo and 

others. 

3.5 Statistical analyses 

Statistical analyses were performed using Excel software (Microsoft Office 2016) and IBM 

SPSS Statistics 25.0 software for WINDOWS (SPSS Inc., Chicago, IL). Descriptive statistics 

were generated for the sample demographics and the measurements. The data were also 

analysed for side differences in the limbs and the dentition. 

Cadaveric sample data were examined for directional asymmetry (DA). All bilaterally 

symmetrical structures are expected to develop as mirror images, but environmental 

influences on skeletal development may result in asymmetrical growth. To evaluate if the 

side differences statistically significant, differences in symmetry are standardised for size 

using the formula 𝐷𝐴=𝑅𝑖𝑔ℎ𝑡−𝐿𝑒𝑓𝑡 / 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑅𝑖𝑔ℎ𝑡 𝑎𝑛𝑑 𝐿𝑒𝑓𝑡 ×100 (Steele and Mays, 

1995; Auerbach and Ruff, 2006) where DA is directional asymmetry. Following this 

procedure, prediction formulae from both sides of the body were derived. DA analysis was 

not considered for the living sample because not all the limb radiographs provided bilateral 

data.  

The comparative sample and the PCC were compared. Statistical significance in difference 

between two groups was tested with the Mann-Whitney U test to determine if the samples 

were from the same population. The effect of size on sample distribution was assessed with 

size effect coefficient, r.  
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 Antimere tooth scores were also compared for differences in the dental scoring. A one stage 

difference in scoring for the antimeres was considered insignificant following Liversidge 

(1994). 

3.5.1 Intra-observer error analysis 

Measurements were taken from a total of 1985 limbs and a subset of 120 limbs were 

randomly selected for repeat measurements (retest) one week after the first set of 

measurements (test) to compute the Lin’s concordance correlation of coefficient between test 

and retest (Lin, 1989). A coefficient value that is close to 1.0 suggest a reduced/minimal error 

of measurements. 

To access the error analysis of the dental scoring, 40 dental arches were randomly sampled 

from the total of 302 dental arches and reassessed with a one week interval between the test 

and retest scoring. The two sets of scores were evaluated using Cohen’s kappa coefficient for 

intra-rater agreement. The closer the Cohen’s kappa value is to 1.00, the better the agreement 

between test and retest scores. 

3.5.2 Exploratory data analysis for the cadaver sample 

Cadaveric limb data were sorted and filtered with Microsoft Excel according to the 

diaphyseal length. Individuals with shortest sets of diaphyses were ranked as the youngest 

and those with longest sets were ranked as the oldest. The mean value of the diaphyses data 

were computed to evaluate sexual differences and the DA levels. Difference in sex was tested 

using independent sample t-test for any significant differences between the means. Bilateral 

symmetry of diaphyses were confirmed by arithmetic mean that were not differed from zero 

using Student’s t-tests to confirm statistical significantly difference from zero. With the 

absence of sex differences and DA in the sample, it was acceptable to use only left diaphyses 

in further analyses. The ranking of the limb data permitted a direct examination of the 

diaphyseal lengths and tooth formation stages of an individual relative to others in the 

ranking. 

The degree of dental development was clustered into groups in Microsoft Excel. A separate 

column was created for the developmental stage of each tooth from i1 to M2 and then ranked 

using the Microsoft Excel sort and filter commands taking the whole dentition into 

consideration. The data were examined for any associations in developmental stages between 

the jaws and by sex. Dental scores of antimeres were compared for differences in 
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development. Similar comparisons of corresponding teeth between the upper and lower 

dental arches were also carried out. Differences in scores for individual teeth were computed. 

For this study, any differences of more than one developmental stage in the comparisons 

would be an indication of dental asymmetry and the most advanced stage is considered. Thus, 

the dental development of the individuals was ranked from the lowest to the highest level of 

tooth formation. 

Individuals with i1, i2, c, m1 and m2 in stage A were ranked as the youngest individuals 

whereas the individuals with M2 at stage B were ranked as the oldest individuals. This 

filtering procedure resulted in clustering of the sample into groups for further analyses. 

Concordance between the diaphyseal lengths and the dental developmental stages was 

evaluated for each individual and outliers in each group were identified. These are individuals 

that did not fit into the expected groups, e.g. individuals clustered amongst the youngest 

group according to the dentition yet falling out of a similar ranking within the limb clusters. 

The clustering procedure was validated, refined and then reassignment into different age 

groups was carried out using the ranges and averages of the dimensions of living children 

sample. 

Estimated cut-off points for the dental clustering was derived from the averages and ranges of 

diaphyseal lengths. The cut-off points for each age category was based on overall dental 

stages combined. 

3.5.3 Procedures for achieving the study objectives 

The overall aim of this study was to assess dental development and limb growth in Black 

Southern African children, and to apply the available information to generate age estimates 

for a sample of child cadaveric remains. To do this, three objectives were identified. 

Objective 1: To develop a dental formation sequence that may be used as a tool to monitor 

growth in Black Southern African children less than 5 years of age. 

In order to achieve this objective, linear prediction formulae were calculated from each of the 

long bones of living children and were used to estimate the age of individuals in the cadaveric 

collection. Data on tooth formation patterns were available for only the older age groups of 

the living children. The children with mixed dentitions were helpful for ‘bridging the gap’ 

between the younger and older children in the samples. 

Analytical procedures followed to achieve objective 1: 



56 
 

1. Age prediction formulae were derived for each long bone element, where age was 

regressed as an independent variable against the limb dimensions as dependent 

variables. The following assumption were made 1) linearity of the dataset, 2) no 

significant outliers, 3) independence of observations, 4) homoscedasticity, and 5) 

normally distributed residuals. Values derived followed the equation Y = ab + c 

(where Y is the age, a is the dimension of limb and c is a constant), which was used to 

estimate the ages of the cadaveric sample. 

2. Cadaveric ages derived from formulae were compared to ages assigned based on the 

graphic representation of the descriptive statistic (means, median and range) for 

concordance. 

3. Age group dental developmental representations were developed from the dental 

scores of the living children. Modal stages of mineralisation tables were developed 

with minimal and maximum developmental stages. 

4. Age groups for the cadaveric materials between 0.00 and 2.50 years were constructed 

based only on the concordance between the descriptive statistics and the use of the 

derived formulae of the limbs of living children. 

5. The procedure was validated with the construction of a dental chart of the living 

children and published data on timing of primary tooth development. 

6. Finally, the dental formation sequence was refined based on data from cadaveric and 

living child dental development sequences. 

Objective 2 To document age related changes in the diaphyseal dimensions of long bones in 

Black Southern African children. 

The descriptive statistics of the diaphyseal dimensions of the living children provided 

valuable information on limb bone growth. Using the known age groups of living children to 

derive the ages of cadaveric individuals further enhanced the assessment of age-related 

changes in the diaphyseal dimensions of long bones in Black Southern African children. 

Analytical procedures followed to achieve objective 2 

1. Cadaveric materials were grouped according to age and each was presented 

graphically (in box plots) to display the age related changes in the long bone 

diaphysis. 

2. Age group statistics including mean and median of the long bones diaphyseal for 

these children were also computed. 
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Objective 3: To determine whether stages of dental development correlate to definable 

ranges in long bone dimensions 

Defined characteristics, like combined states of development for i1 and m1, in the tooth 

formation process were evaluated in the dental formation chart generated. Notable features in 

the crown or root development stages for a tooth or group of teeth were matched with average 

length of specific limb bones to define the age cohort in terms of dental and skeletal growth. 

1. Developmental stage (and each developmental combination) of teeth corresponding long 

bone dimensional range presented in graphic format. 

Objective 4: To create a digital skeletal and dental PCC 

Full body medical CT scans of the sample used in this study were stored in the DICOM 

standard format to facilitate image exchange, image compression, 3D visualization and image 

presentation.  

Segmented volume graphics of the maxillary and mandibular teeth, as well as the upper and 

lower limb bones, were generated. These segmented elements are stored with detail identity 

of each member of the PCC in different file formats to facilitate viewing in workstations that 

have the DICOM reader software installed. 

3.5.4 Comparison of new age estimates and catalogue estimates 

Basic information on the PCC individuals is available in an archival catalogue. Estimated 

ages derived for each individual in the PCC were compared to ages in the PCC catalogue to 

assess the accuracy of the dental age estimates generated as well as recorded ages. 

3.5.5 Comparison with other populations 

Published comparative data for infants are very limited. Mean estimate diaphyseal values 

derived from this study were compared to a Hungarian foetal sample (Fazekas and Kósa, 

1978) and the Fels Longitudinal Study sample (Maresh, 1970). Median values of the tibia and 

radius were compared to values from Gindhart (1973) as well as ulnar and radial values from 

Ghantus (1951) analysis of the Brush Foundation Longitudinal Study data. Dental 

development was compared to the London atlas of human tooth development based upon 

British and Bangladeshi children attending London dental clinics (AlQahtani et al., 2010). 
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CHAPTER 4: RESULTS 

4.1 Repeatability of measurements 

The levels of agreement between test and retest measurements for this study were evaluated 

with Lin’s (1989) concordance correlation. Due to difficulties with measuring the ulnar 

proximal breadth from the radiographs of the living sample, the variable was removed. The 

Pc values ranged between 0.72 and 0.99.  There is a general understanding that the acceptable 

range for coefficients of reproducibility is between 0.90 and 1.00 (Cameron, 1984). Five 

variables, namely the two fibular breadths and the ulna distal breadth in the living sample and 

the tibia maximum length and humerus distal breadth in the cadaveric sample fell well below 

the acceptable range, indicating that the landmarks for these measures are more difficult to 

identify from images. Consequently, data for those measures will be viewed with caution. 

Two other coefficients (for the radius proximal breadth and the tibia proximal breadth) were 

over 0.88 and therefore very close to the acceptable range. The concordance correlation 

coefficients achieved for the remaining 28 measurements indicate the general reliability and 

validity of those measurements (Table 4.1). 

Table 4.1: Lin’s concordance correlation coefficients for long bone measurements 

Measurement Living sample Pc Cadaveric sample Pc 

Humerus maximum length  0.99925 0.99756 

Humerus proximal breadth 0.98288 0.96308 

Humerus distal breadth 0.92184 0.82829 

Ulna maximum length  0.98338 0.99729 

Ulna proximal breadth n/a 0.85017 

Ulna distal breadth 0.87120 0.96260 

Radius maximum length  0.99722 0.99987 

Radius proximal breadth 0.97823 0.88283 

Radius distal breadth 0.94381 0.95738 

Femur maximum length  0.99955 0.99678 

Femur proximal breadth 0.97305 0.94174 

Femur distal breadth  0.97681 0.98993 

Tibia maximum length 0.99966 0.81749 

Tibia proximal breadth 0.99518 0.88716 

Tibia distal breadth 0.98377 0.90638 

Fibula maximum length 0.99901 0.99968 

Fibula proximal breadth 0.83720 0.92397 

Fibula distal breadth 0.71761 0.94027 
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Cohen’s kappa was used to evaluate the level of agreement in the dental scoring. The 

percentages, which range from 70.58 to 95.23%, indicate an acceptable level of agreement 

between the test scoring and retest scoring. The canines appear to be the most difficult teeth 

to score consistently (Table 4.2). 

Table 4.2: Cohen’s Kappa percentage agreement for tooth scoring  

Tooth Living sample % Cadaveric sample % 

i1 n/a 82.35 

i2 n/a 88.23 

C n/a 70.58 

m1 n/a 88.25 

m2 n/a 76.64 

I1 92.85 91.00 

I2 88.09 92.31 

C 78.57 77.77 

P1 83.33 81.25 

P2 95.23 80.00 

M1 95.23 86.84 

M2 90.47 83.33 

 

4.2 Living sample limb dimensions 

Six age cohorts were used for the living sample limb analysis, including one for the 

premature babies. As there were no statistically significant differences in the mean male and 

female values (from p = 0.091 to p = 0.998) for all the age groups, the sexes were pooled for 

these descriptive analyses. The description for each measurement is provided in the Methods 

(Table 3.7 and Figure 3.6). 

Differences in the long bones of the living sample across the age groups were characterised 

by increases in the diaphyseal lengths and breadths both within and between the cohorts. 

Aside from the premature group, the cohorts span one year of development. The ranges may 

therefore reflect some differences in growth within the cohort as the smaller members of the 

cohort are typically the youngest, and the larger children are the oldest. 

Variation within the age cohorts are illustrated graphically with box plots depicting the mean, 

median and outliers (Figures 4.1-4.18). The box plots are complimented with tables providing 

the means, variances, standard deviations (SD), ranges (minimum, maximum) and 

coefficients of variation (CV) (Tables 4.3-4.20). 
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The premature cohort included the young babies separated from the birth to one-year-old. 

Their placement in this cohort was based upon femur sizes falling below those of full-term 

babies in published standards for US (Olsen et al., 2010), Nigerian (Oluwafemi et al., 2013) 

and Indonesian (Haksari et al., 2016) children. Premature babies generally have supine 

lengths of less than 52 cm (Olsen et al., 2010; Oluwafemi et al., 2013; Haksari et al., 2016) 

and average femur lengths of less than 70 mm (Fazekas and Kósa, 1978) at birth. In the 

present study, the femoral length limit was set at 65 mm or below (Tables 4.2 and 4.3). 

Babies having femoral lengths between 54 and 65 mm constituted the premature cohort. 

There were five premature babies whose femoral length measurements were not taken. A plot 

graph of the femoral and humeral lengths yielded 62 mm as the maximum cut-off length of 

the humerus in this group. Babies whose humeral lengths fell between 51 and 57 mm were 

included in the premature cohort. 

4.2.1 Living premature group 

Diaphyseal lengths: The values for the premature diaphyses were similar to normal 

distributions except for the humerus, which was skewed toward the larger values. Over 50% 

of all measurements fell within the box plots as shown by the upper and lower whiskers, and 

there were no outliers. The mean and median values for the diaphyseal lengths in this cohort 

were the same, illustrating the homogeneity of the group (Figure 4.1). 

It should be noted that in the box plot in Figure 1 and the subsequent ones, the mean is 

represented by ‘X’ and the median by the line within the box. The whiskers are the non-

outlier range and the boxes include 25% to 75% of the distribution. Outliers are designated by 

‘ ’. 
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The difference in the mean length of the humerus (54.87 mm) and femur (57.68 mm) was less 

than 3.00 mm. Interestingly, the upper and lower limb proportions were similar, as illustrated 

by the actual lengths of the corresponding segments (Table 4.3). The coefficients of variation 

for the lengths were low, with the ulna having the greatest variation (CV=5.09%) and the 

tibia the least variation (CV=2.65%). 

 

 

 

 

 

Proximal diaphyseal breadths: Only one fibular proximal breadth measurement was taken and 

no ulnae could be measured successfully. All proximal breadth measurements for the femur 

and tibia fall within the box. The humerus distribution was skewed by the larger values, while 

the radius was skewed by the smaller individuals (Figure 4.2). 

 

Figure 4.1: Diaphyseal lengths of the living premature group 

Legend: HuL_Le = left humeral diaphysis; UiL_Le = left ulnar diaphysis; RaL_Le = left 
radial diaphysis; FeL_Le = left femoral diaphysis; TiL_le = left tibial diaphysis, FiL_Le 

left fibular diaphysis 

Table 4.3: Diaphyseal lengths (mm) of the living premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 6 54.87 55.26 9.97 2.88 51.23-56.99 4.79 

Ulna 6 51.25 51.78 9.78 2.85 46.70-54.49 5.09 

Radius 6 45.62 46.66 5.60 2.16 41.84-47.57 4.32 

Femur 4 57.68 58.66 5.78 2.08 54.13-59.28 3.12 

Tibia 5 50.03 50.43 2.75 1.48 47.24-51.68 2.65 

Fibula 4 47.53 48.47 3.88 1.71 44.58-48.61 3.11 
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Figure 4.2: Proximal diaphyseal breadths of the living premature 

The tibia had the widest mean proximal breadth (13.29 mm) and also the greatest variation 

(CV=13.70%) compared to the other bones. The mean value for the humerus (11.21 mm) was 

slightly greater than the femur (10.59 mm) while the radius had the least mean proximal 

breadth (Table 4.4). 

 

 

 

 

 

Distal diaphyseal breadths: Only a single fibular measurement was possible. The distributions 

of the other bone measurements were normal, except for the ulnar breadths that were skewed 

by the smaller values (Figure 4.3).  

Table 4.4: Proximal diaphyseal breadths (mm) of the living premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 5 11.21 10.83 0.77 0.88 10.52-11.9 6.27 

Ulna n/a n/a n/a n/a n/a n/a n/a 

Radius 6 4.58 4.80 0.19 0.43 3.82-4.93 7.88 

Femur 3 10.59 11.19 1.61 1.27 9.13-11.44 7.98 

Tibia 5 13.29 14.81 7.49 2.74 10.13-14.93 13.70 

Fibula 1 4.69 4.69 0.77 0.88 n/a n/a 
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Figure 4.3: Distal diaphyseal breadths of the living premature group 

The femur had the widest mean distal breadth (14.12 mm), followed by the humerus (11.17 

mm). The radius was the most variable for this measure (CV=14.51%) and the ulna was the 

least variable (CV=6.94%). 

 

 

 

Summary of variation in the premature group long bones: There was similarity in the limb 

proportions of the premature babies as the upper and lower limb bone combined segments 

were not substantially different. While the femur was slightly longer than the humerus, the 

mean length of the tibia was shorter than the ulnar lengths. Variability in the lengths of the 

upper limb bones was slightly greater than for the lower limbs. As expected, the tibial 

proximal breadth and the femoral distal breadth were the widest while the fibular proximal 

and distal breadths were the narrowest. The ulnar proximal breadth was not possible to 

measure accurately and consistently on plain radiographs and was therefore not considered 

further in this analysis. 

Table 4.5: Distal diaphyseal breadths (mm) of the living premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 4 11.17 10.91 3.56 1.89 9.45-13.41 12.68 

Ulna 6 5.29 5.30 0.19 0.44 4.83-6.01 6.94 

Radius 6 7.19 7.50 1.57 1.25 4.85-8.61 14.51 

Femur 3 14.12 13.60 6.04 2.46 11.97-16.8 11.60 

Tibia 5 8.69 9.29 2.88 1.70 6.78-10.01 13.00 

Fibula 1 4.74 4.74 0.00 0.00 n/a 0.00 
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4.2.2 Living group (0-1 year-olds) 

Diaphyseal length: The distributions of the diaphyseal length data in the first year of 

development were skewed by larger values, with the exception of the femur that was 

normally distributed. The mean diaphyseal length was greater than the median for each bone 

in this age cohort (Figure 4.4). 

 

Figure 4.4: Diaphyseal lengths of the living 0.00-0.99 year-old 

The femur was the longest bone and expressed the most variation (CV=22.78%), although all 

the lower limb bones were highly variable (Table 4.6). For the upper limb, the humerus was 

the longest bone but with some overlap with the radius and ulna, while the mean femoral 

length was substantially longer than the similarly sized tibia and fibula. Thus the dissociation 

between upper and lower limb proportional development, where the lower limb is elongated, 

was notable at this age. 

 

 

 

Table 4.6: Diaphyseal lengths (mm) of the 0.00-0.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 37 82.18 75.93 263.07 16.22 61.06-113.04 19.20 

Ulna 41 73.88 70.83 147.75  12.16 55.06-99.96 16.05 

Radius 43 65.64 62.72 115.81 10.76  49.18-86.66 16.01 

Femur 45 97.66 89.23 517.62 22.75 65.35-135.14 22.78 

Tibia 34 77.67 71.24 323.93 18.00 50.57-116.98 22.49 

Fibula 25 77.30 72.51 328.70 18.13 48.43-112.18 22.52 



65 
 

Proximal diaphyseal breadths: Only six measurements of the fibula were included due to 

difficulty in ascertaining the medial and lateral borders accurately in many images. Based on 

the box plot, the distributions of the breadths were fairly normal although the radius had one 

outlier (Figure 4.5). 

 

Figure 4.5: Proximal diaphyseal breadth of the living 0.00-0.99 year-olds 

The tibia had the widest mean proximal diaphyseal breadth (20.34 mm), while the fibula had 

the narrowest and it was also the most variable bone (CV=35.96%). The breadth ranged from 

4.23 mm in the newborns to 9.46 mm in the older babies of the cohort with an overall mean 

of 6.76 mm. The femur and the radius, with the largest sample sizes, had the closest mean to 

median ratios (14.12 to 14.15 and 7.13 to 7.09 respectively (Table 4.7). 

 

 

 

 

Distal diaphyseal breadths: The distributions of the distal diaphyseal breadths are close to 

normal; only the tibia had an outlier (Figure 4.6). 

Table 4.7: Proximal diaphyseal breadths (mm) of the 0.00-0.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 35 17.31 16.38 12.73 3.57 11.37-23.45 20.03 

Ulna n/a n/a n/a n/a n/a n/a n/a 

Radius 39 7.13 7.09 2.62 1.62 4.18-11.44 22.09 

Femur 41 14.12 14.15 7.61 2.76 7.36-17.88 19.05 

Tibia 18 20.34 20.19 15.01 3.87 14.93-27.6 17.99 

Fibula 6 6.76 5.45 8.50 2.92 4.23-9.46 35.96 
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Figure 4.6: Distal diaphyseal breadth of the living 0.00-0.99 year-olds 

As expected, the femoral diaphysis had the widest mean distal breadth followed by the tibia 

and humerus (Table 4.8). The humerus showed the most variation (CV=32.96%), followed 

by the tibia and the femur. The ulna was the least variable element.  

Summary of long bone dimensions in 0-1 year-olds: In general, the data for this age group 

were slightly skewed with mean values greater than median values. There was a clear 

distinction of the humerus and femur compared to the other bones, in the sense that their 

lengths were larger than the distal limb elements. The mean lengths of the ulnae and radii 

were different, whereas the tibiae and fibulae mean length were relatively similar, reflecting 

the proportions were becoming similar to the adult form. 

Also, it is important to note that lower limb bone lengths were highly variable as expressed 

by the large coefficients of variation. In this cohort, the increasing lower limb variation is 

possibly indicative of locomotor adaptation differences between newborns and those closer to 

one year of age. 

Table 4.8: Distal diaphyseal breadths (mm) of the 0.00-0.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 32 17.02 18.33 33.53 5.79 6.46-27.83 32.96 

Ulna 40 7.76 7.80 1.96 1.40 5.73-10.61 17.58 

Radius 42 11.59 11.51 4.83 2.20 8.41-16.38 18.52 

Femur 44 26.26 26.11 37.67 6.14 14.93-38.9 22.85 

Tibia 18 14.54 13.77 17.22 4.15 9.29-24.25 26.95 

Fibula 6 6.74 6.16 3.49 1.87 4.74-10.01 23.08 
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4.2.3. Living group (1-2 year-olds)  

Diaphyseal length: The diaphyseal length measurements were normally distributed with the 

lower limb bones displaying wider ranges of variation. Mean and median values were the 

same for each bone. A notable separation between the lengths of the upper and lower limb 

bones reflected the relative lengthening of the lower limb bones (Figure 4.7). 

 

Figure 4.7: Diaphyseal lengths of the living 1.00-1.99 year-olds 

There were substantial differences between the lengths of the humeri and femora (Table 4.9). 

During the second year of life, all of the lower limb bones were longer than the humerus. The 

pattern of different proportions of the proximal and distal limb bones in both limbs were 

firmly established.  The tibial length was the most variable (CV= 10.07%) while the upper 

limb bones were the least variable elements.  

 

 

 

 

Proximal diaphyseal breadths: No measurements were possible for the ulna proximal 

diaphyseal breadth. The tibia had one outlier and presented with consistently wider breadths 

Table 4.9: Diaphyseal lengths (mm) of the 1.00-1.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 13 117.60 117.49 58.56 7.65 104.56-133.42 6.01 

Ulna 23 107.81 109.98 43.07 6.56 92.49-115.57 5.82 

Radius 23 95.69 95.5 34.66 5.89 84.87-104.66 5.88 

Femur 31 161.11 161.1 202.61 14.23 136.67-188.54 8.55 

Tibia 16 136.93 138.16 216.40 14.71 107.66-161.44 10.07 

Fibula 19 132.69 133.36 167.43 12.94 102.77-153.60 9.24 
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than the other bones. The humerus breadth had the widest distribution while those of the 

femur and radius were narrow (Figure 4.8). 

 

Figure 4.8: Proximal diaphyseal breadth of the living 1.00-1.99 year-olds 

The fibula presented the narrowest proximal breadth (7.20 mm), although the mean value was 

basically identical to the radius. It was also the most variable bone (CV=19.97%) followed by 

the humerus (CV=16.47%). The mean and median proximal breadth of the femur was half of 

the size of the tibia but double that of the fibula (Table 4.10). 

Distal diaphyseal breadths: The measures for the distal diaphyseal breadth were normally 

distributed with equal means and medians. There was an outlier in the radial measures 

(Figure 4.9). 

Table 4.10: Proximal diaphyseal breadths (mm) of the 1.00-1.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 11 20.85 21.11 14.26 3.78 13.29-26.24 16.47 

Ulna n/a n/a n/a n/a n/a n/a n/a 

Radius 19 9.97 10.03 1.07 1.03 8.11-11.75 9.82 

Femur 16 18.36 18.25 2.78 1.67 14.86-21.45 8.52 

Tibia 11 35.25 34.85 12.28 3.50 30.00-41.51 9.03 

Fibula 7 9.98 10.19 3.90 1.97 7.20-13.01 16.97 
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Figure 4.9: Distal diaphyseal breadth of the living 1.00-1.99 year-olds 

The fibular distal diaphysis was the most variable (CV=12.92%) and it was the narrowest. 

The femora breadths were substantially wider than the tibiae values and were muchmore 

variable (CV=11.24% vs. CV=7.65%) (Table 4.11). 

Summary of long bone dimensions in the 1-2 year-olds: The dissociation between the upper 

and lower limb proportions was clearly illustrated for the second year of life. The humeral 

diaphysis was shorter than all of the lower limb elements, and the distal segments of both 

limbs are much shorter than the proximal portions. Also seen in this cohort was the 

differentiation of the proximal and distal breadths such that their relative sizes approximate 

the adult pattern. 

4.2.4 Living group (2-3 year-olds) 

Diaphyseal lengths: The distribution of the ulna and radius lengths were close to normal. The 

humerus was skewed by larger values, while all the lower limb bones were skewed by 

Table 4.11: Distal diaphyseal breadths (mm) of the 1.00-1.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 10 26.66 26.48 5.35 2.31 21.11-30.01 7.81 

Ulna 21 9.62 9.57 1.03 1.01 7.81-11.47 10.04 

Radius 21 14.93 15.11 1.83 1.35 9.74-11.01 8.63 

Femur 18 41.77 41.40 24.71 4.97 36.60-49.98 11.24 

Tibia 12 23.05 22.62 3.70 1.92 21.03-27.17 7.65 

Fibula 7 10.26 10.77 2.39 1.55 7.80-12.02 12.92 
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smaller values. The mean and median diaphyseal length values were approximately the same 

in this age cohort (Figure 4.10). 

 

Figure 4.10: Diaphyseal lengths of the living 2.00-2.99 year-olds 

The radius had the smallest mean diaphyseal length and was shorter than the ulna by 12.40 

mm. The mean and median diaphyseal lengths of the tibia and fibula are similar. The femur 

mean length was 182.65 and was substantially longer than the humerus. Variability, as 

assessed from the CVs, was generally similar across the elements; the ulna was the least 

variable (CV=8.97%) and the tibia at 11.67% was the most variable bone (Table 4.12).  

Proximal diaphyseal breadths: The radial proximal breadths were normally distributed. The 

humerus had one outlier on the either side of the whiskers. The lower limb proximal breadth 

distributions were skewed by the larger values (Figure 4.11). 

Table 4.12: Diaphyseal lengths (mm) of the 2.00-2.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 12 127.30 130.93 235.82 15.36 100.21-156.83 11.06 

Ulna 19 119.04 118.13 127.02 11.27 94.97-139.24 8.97 

Radius 19 106.21 105.73 142.53 11.94 84.83-128.27 10.65 

Femur 23 180.61 182.65 441.19 21.00 140.67-204.76 11.12 

Tibia 20 150.37 153.95 341.72 18.49 115.87-175.22 11.68 

Fibula 19 149.84 153.85 296.47 17.22 111.54-172.95 10.89 
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Figure 4.11: Proximal diaphyseal breadths of the living 2.00-2.99 year-olds 

The tibia had the widest mean proximal breadth (36.78 mm) and was the least variable bone 

(CV=7.42%). The fibula was the most variable element (CV=16.73%) and had a mean 

proximal breadth of 11.03 mm that was similar to the radius (Table 4.13). 

Distal diaphyseal breadths: The distal breadth data were not normally distributed even though 

the means and medians were similar. The humerus values were skewed by the smaller values 

while the lower limb bones were skewed by the larger values. The ulna had one outlier and 

the radius had two outliers (Fig 4.12). 

Table 4.13: Proximal diaphyseal breadths (mm) of the 2.00-2.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 7 24.94  24.39 6.95 2.64 24.96-29.55 9.06 

Ulna n/a n/a n/a n/a n/a n/a n/a 

Radius 17 10.91  10.79 3.07 1.75 8.34-13.88 15.10 

Femur 17 20.02  19.61 8.29 2.88 16.90-25.33 13.53 

Tibia 15 36.78  36.24 8.56 2.93 31.39-43.62 7.42 

Fibula 12 11.03  10.22 4.06 2.01 8.78-15.67 16.73 
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Figure 4.12: Distal diaphyseal breadths of the living 2.00-2.99 year-olds 

The femur had the widest mean distal breadth (44.84 mm), which was almost double that of 

the tibia. The femur was also the least variable (CV=7.51%) while the radius was the most 

variable of the limb bones with a CV of 15.68% (Table 4.14). 

 

 

 

 

Summary of long bone dimensions in the 2-3 year-olds: The data of this cohort were 

normally distributed; the mean and median values of the lengths and breaths were similar. 

There was broad variability in all the measures, the lengths showed lower variability compare 

to the breadths. As expected, the lengthening of the bones was greater in the lower limb as 

exemplified by longer lower limb proportions to the upper limb. The tibia presented with the 

widest mean proximal breadth and the mean widest distal breadth was noted in the femur. 

4.2.5 Living group (3-4 year-olds)  

Diaphyseal lengths: The diaphyseal lengths for this cohort were not normally distributed. The 

ulna, radius and fibula distributions were skewed by larger values, while the remaining bones 

Table 4.14 Distal diaphyseal breadths (mm) of the 2.00-2.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 7 27.59 26.66 8.67 2.94 23.00-31.73 9.14 

Ulna 22 10.50 10.93 2.69 1.64 7.91-14.66 14.90 

Radius 23 15.17 15.38 6.19 2.49 7.41-20.50 15.68 

Femur 19 44.84 45.18 12.64 3.56 37.78-50.61 7.51 

Tibia 13 23.44 22.88 6.51 2.55 20.22-29.59 10.05 

Fibula 11 10.45 10.66 2.51 1.59 8.39-13.48 13.79 
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were skewed by smaller values. The mean and median values were similar for all the bones 

(CV=6.78%) (Figure 4.13). 

 

Figure 4.13: Diaphyseal lengths of the living 3.00-3.99 year-olds 

As expected, the mean length of the femur was longer than the humerus. The ulna mean 

length at 131.86 mm was longer than the radius, but the distal bones of the lower limb have 

similar proportions. The tibia was the most variable (CV=9.07%) and fibula was the least 

variable bone (CV=6.78%) (Table 4.15). 

Proximal diaphyseal breadths: The radius, tibia and fibula breadths were overall normally 

distributed, although both radius and tibia had an outlier. However, the humerus and femur 

measures were skewed by smaller values. The proximal breadth of the fibula clearly 

displayed the narrowest distribution in the cohort (Figure 4.14). 

Table 4.15: Diaphyseal lengths (mm) of the 3.00-3.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 10 153.83 156.52 190.06 13.79 129.06-174.46 8.07 

Ulna 17 131.86 131.95 127.02 11.27 115.30-155.54 8.04 

Radius 16 120.74 119.82 128.27 11.33 102.75-141.93 8.79 

Femur 31 224.44 224.39 419.89 20.49 180.02-260.19 8.84 

Tibia 21 181.67 183.90 299.14 17.30 153.32-212.13 9.07 

Fibula 20 181.61 178.83 167.84 12.96 150.05-210.09 6.78 
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Figure 4.14: Proximal diaphyseal breadth of the living 3.00-3.99 year-olds 

There were no measurements for ulnae. Only four measurements of the humerus were taken 

and these were highly variable (CV=17.57%). The fibulae had the narrowest mean proximal 

breadth and narrowest range, while the tibiae were the largest and most diverse (Figure 4.16). 

Distal diaphyseal breadths: The distal breadth of the ulna was normally distributed. The 

femur was skewed by larger values, while the remaining bones were skewed by smaller 

values. There was an outlier in the tibia distribution (Figure 4.15). Again, the fibula showed 

the tightest distribution about the mean. 

Table 4.16: Proximal diaphyseal breadths (mm) of the 3.00-3.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 4 20.99 23.05 24.53 4.95 13.66-24.19 17.70 

Ulna n/a n/a n/a n/a n/a n/a n/a 

Radius 14 12.57 11.97 5.65 2.38 9.25-18.45 17.57 

Femur 19 25.10 25.12 10.42 3.23 17.65-29.54 12.19 

Tibia 16 41.70 41.01 18.57 4.31 34.12-51.04 9.69 

Fibula 7 11.67 11.01 1.95 1.40 9.91-13.83 10.24 
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Figure 4.15: Distal diaphyseal breadths of the living 3.00-3.99 year-olds 

As expected, the femur expressed the widest mean distal breadth. The tibia was the least 

variable breadth and the radius expressed the most variation (CV=8.80%) (Table 4.17). 

Summary of long bone dimensions in the 3-4 year-olds: Overall, the dimensions of the limb 

bones resembled the adult pattern. The mean length of the femur was longer than the 

humerus, illustrating the lower limb elongation seen in adults. The mean length of the ulna 

was longer that radius to accommodate the elbow. The mean tibial proximal breadth was 

substantially wider than the other bones, whereas it was the distal breadth of the femur that 

was considerably as expected for the integrity of the knee. The mean proximal and distal 

breadths of the radius and fibula were similar. 

4.2.6 Living group (4-5 year-olds)  

Diaphyseal lengths: The humerus and ulna mean lengths were normally distributed while the 

remaining bones were skewed by smaller values. All the humerus measures fall within the 

Table 4.17: Distal diaphyseal breadths (mm) of the 3.00-3.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 6 31.40 31.89 11.48 3.39 25.50-34.65 8.99 

Ulna 15 11.00 11.04 2.69 1.64 7.88-14.06 13.92 

Radius 15 14.69 15.00 6.72 2.59 9.62-18.69 16.47 

Femur 26 50.97 51.16 24.58 4.96 41.54-63.22 9.35 

Tibia 12 27.66 27.31 7.04 2.65 23.26-33.78 8.80 

Fibula 9 10.05 10.35 1.45 1.21 8.15-11.51 10.66 
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box, indicating the limited variation for this cohort. The means and medians of the upper limb 

bones were the same, unlike the situation for the lower limb (Figure 4. 16). 

 

Figure 4.16: Dimensions of the 4-4.99 year-old living sample long bone diaphysis 

In this age group, only three humeral and seven fibular lengths were measured. The range of 

the femoral lengths was broader than what is observed for the rest of the bones, but the tibia 

was actually the most variable element (CV=6.66%) (Table 4.18). 

Proximal diaphyseal breadths: The humeral and femoral breadths were normally distributed. 

The radius had an outlier and was skewed, together with the fibula, by smaller values (Figure 

4.17). 

Table 4.18: Diaphyseal lengths (mm) of the 4.00-4.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 175.52 176.04 104.24 10.21 165.06-185.46 3.88 

Ulna 16 149.58 151.61 93.78 9.68 133.54-166.46 6.07 

Radius 13 138.26 138.43 68.88 8.30 122.42-147.68 5.54 

Femur 11 251.46 254.40 290.60 17.05 218.69-272.63 6.16 

Tibia 11 198.62 196.00 211.61 14.55 192.20-216.55 6.66 

Fibula 7 190.43 190.72 124.40 11.15 170.50-208.86 5.02 
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Figure 4.17: Proximal diaphyseal breadth of the living 4.00-4.99 year group 

The tibia had the widest mean proximal breadth. The radius had the narrowest mean proximal 

breadth and was the most variable (CV=13.45%). The humeral mean proximal breadth was 

considerably wider than the femur, but this can probably be attributed to the small sample 

size (Table 4.19). 

Distal diaphyseal breadths: The distal breadth measures were not normally distributed. The 

humerus, tibia and fibula were skewed by larger values while the remaining bones were 

skewed by lower values. The ulna had an outlier (Figure 4.18). 

Table 4.19: Proximal diaphyseal breadths (mm) of the 4.00-4.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 2 32.79 32.79 0.07 0.26 32.60-32.97 0.40 

Ulna n/a n/a n/a n/a n/a n/a n/a 

Radius 11 13.21 13.12 3.82 1.96 8.74-15.56 13.45 

Femur 7 25.88 25.21 4.74 2.18 23.15-28.09 7.21 

Tibia 10 44.52 43.64 5.67 2.38 42.00-45.22 4.82 

Fibula 5 13.47 13.83 2.10 1.45 11.01-14.70 8.60 
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Figure 4.18: Distal diaphyseal breadths of the living 4.00-4.99 year-olds 

As far as the mean distal diaphyseal breadths were concerned, the femur was the widest 

followed by the humerus and tibia. The ulna had the narrowest mean distal breadth and was 

the most variable (CV=16.78%). Variability in the tibia distal breadth was much lower than 

the other bones (CV=5.06) (Table 4.20). 

Summary of long bone dimensions in the 4-5 year-olds: The data for this group were not 

normally distributed and were mostly skewed by the smaller values. The mean lengths of the 

lower limb bones were greater than the upper limb elements. The bigger sizes of the lower 

limb bones in this age group demonstrated further the trend of dissociation between upper 

and lower limb bone lengths. 

4.3 Summary of the upper and lower limb dimensions in the living group 

In general, the data of the limb dimensions were normally distributed. The upper limb bone 

data were more symmetrical around the mean than the lower limb. Additionally, smaller size 

Table 4.20: Distal diaphyseal breadths (mm) of the 4.00-4.99 year-old living group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 4 34.62 31.97 45.57 6.75 29.99-44.56 14.62 

Ulna 14 11.53 10.93 4.34 2.08 8.26-13.38 16.78 

Radius 12 17.57 17.39 6.18 2.49 12.58-20.90 12.96 

Femur 9 50.30 49.78 44.78 6.69 36.78-59.50 11.83 

Tibia 8 29.37 29.75 2.89 1.70 27.20-31.68 5.06 

Fibula 5 12.81 12.00 3.65 1.91 11.44-15.46 11.93 
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cohort measurements tended to be non-normal. Notwithstanding, in the first year of 

development, the mean values were greater than the medians. It was also important to note 

that variability in the measurements were generally low except in the 0-1 year olds, where 

level of variability was generally higher than other cohorts. Overall, variability in the length 

measurements were lower than the breadths. 

The limb proportions were similar in the premature and early period of development. The 

lengthening of the lower limb became noticeable in the older members of the 0-1 year-olds. 

The dissociation between the upper and lower limb bones became established in the 2-3 year-

olds reflecting the adult size. Similar pattern of increases that were noted in the length also 

occurred in the breaths most importantly at the knee to protect its integrity. 

4.4 Living sample: Diaphyseal lengths comparison across cohorts 

In this section, the diaphyseal lengths for each long bone are compared across the different 

ages (Figures 4.19 - 4.24). This provides a means to evaluate the relative variability of the 

different cohorts, the overlap between the cohorts, and the potential for age estimation. 

4.4.1 Diaphyseal length dimension from birth to five years 

The diaphyseal lengths of the humerus are presented in Figure 4.19. The lengths ranged from 

51.23 mm in the premature group to 185.46 mm in the older children, illustrating an over 3-

fold change in size. As expected, the plot reflects the general growth trajectory of the first 

five years. The preterm lengths did not overlap at all with the first years, but all the other 

cohorts showed some degree of overlap with adjacent cohorts. The distinctions between 1.00-

1.99 and 2-3 year cohorts are less marked. Even so, the differences in the cohort means and 

medians are sufficient to use these data for age estimation. 
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The ulnar lengths also display a 3-fold change in size, with mean values from 51.24 mm in 

the preterms to 149.57 mm in the oldest cohort. The ulnar diaphyseal lengths reflect the 

general growth curve, although with less clear distinctions among the cohorts than what was 

observed for the humerus. The preterms are cleanly separated from the 0-1 year-olds, which 

are in turn largely distinct from the 1-2  year-olds. While the means and medians of the 

subsequent cohorts are clearly different, the overall distributions show more overlap and 

variability, and may be less effective age discrimators (Figure 4.20). 

 

Figure 4.19: Length of the humerus across age cohorts in the living sample 
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Figure 4.20: Length of the ulna across age cohorts in the living sample 

As expected, the radius mean lengths were similar to the ulna across all the age cohorts. 

However, overlap in the distributions and variability across ages were moderate. The radius 

lengths ranged from a minimum of 41.84 mm observed in the premature group to a maximum 

of 149.03 mm in the oldest cohort. The differences in mean and median make the radius 

length data useful in age estimation (Figure 4.21). 
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Figure 4.21: Length of the radius across age cohorts in the living sample 

The diaphyseal lengths of the femur are presented graphically in Figures 4.22. The mean 

length ranged from 54.13 mm in the preterm group to 251.47 mm in the oldest group. The 

femur size increased by more than 4-fold across the five-year period. The femur diaphyseal 

lengths growth trajectory appeared smoother than the other limb bones. The preterm lengths 

were distinct from the first year group whereas there were overlaps in the distribution of other 

age cohorts.  There was no clear-cut distinction between 1-2 and 2-3 year-olds, however their 

interquartile ranges, as well as others, did not overlap. Smoother growth trajectory and non-

overlapping interquartile range suggest that the femoral data may discriminate ages better 

than the other bones (Fig 4.22). 
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Figure 4.22: Length of the femur across age cohorts in the living sample 

The tibial lengths also recorded a 4-fold change in size. The mean value for premature group 

was 50.03 mm and 198.62 mm in the 4-5 cohorts. The preterm was clearly separated from the 

first year group. Only the interquartile ranges of the first three groups did not overlap. 

Despite the overlap in the distributions, specifically in the 1-2 and 2-3 year-olds, the 

differences in the means and medians point to possibility of tibia lengths to estimate age 

(Figure 4.23). 
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Figure 4.23: Length of the tibia across age cohorts in the living sample 

The fibula size increased by 4-fold from the preterms to the oldest cohort, the smallest fibula 

measured 44.58 mm and the biggest size was 210.09 mm. The fibula lengths reflect similar 

growth curve noted in the living sample. The distributions show overlap with the exception of 

the preterms that was separated from other cohorts. Nothwithstanding, the differences in the 

means and medians are sufficient to estimate ages. 

 

 

 

 

 

 

 

Figure 4.24: Length of the fibula across age cohorts in the living sample 
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4.4.2 Summary of the diaphyseal lengths comparison across cohorts  

Changes in bone lengths were similar across the cohorts reflecting the possibility of 

employing each bone to estimate age. The preterms are easily discriminated from the older 

groups probably due to the introduction of cut-off points as inclusion criterion. The 1-2 year-

olds are likely to be estimated with less accuracy as a result of the complete overlap with the 

adjacent cohorts. The femur presented with interquartile ranges that did not overlap 

suggesting that ages that are close to the midyear can be predicted with better accuracy, 

making the femur a better age estimator and conversely the ulna may be a poorer predictor of 

age in babies. 

4.5 Validation of age prediction based on long bone lengths of living 

children 

The distributions of the diaphyseal breadth data suggested that ages cannot be estimated with 

any degree of accuracy, validation procedure were not considered for the breadth 

measurements. Regression equations were generated by subjecting individual bone length 

data to regression analyses. Stepwise regression was abandoned because of the distributions 

of the sample, as explained in section 3.3.2; the number of complete set of bones was 

insufficient to support robust statistics. Age was the dependant variable on the y-axis and the 

lengths on the x-axis to ensure inverse calibration. This was so because the age will be 

estimated from the diaphyseal lengths (Smith and Buschang, 2004; Cardoso et al., 2014).  

There was strong positive correlation between the lengths and ages of the bones. The R2 

values were between 88 and 90. The residual plots showed a fairly random distributions and 

the standard residual values ranged from -1.92 to 3.52. The scatter graphs are presented in 

Figure 4.25-4.30. The statistics, including residuals, coefficients and statistical significance 

that support the regression equations, are summarised in Table 4.21-4.26. 

4.5.1 Humerus age estimate equation 

Age estimate equation derived from the humerus length is y = 0.44x − 30.24 where x 

represents the humerus diaphyseal length (Table 4.21). Even though 𝑅2 = 0.86, the graph 

suggested possible underestimation of premature babies and overestimation of babies 

between 6-18 month using this equation (Figure 4.25). 
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Figure 4.25: Scatter plot illustrating the association between age and humerus 
diaphyseal length 

 

Table 4.21: Performance of the predictive model of humeral diaphysis length  

Residuals: 

Min 1Q Median 3Q Max 

-11.73 -4.26 -1.62 4.19 14.68 

Coefficients: 

 Estimated Std. Error t value Pr (>│t│) 

(Intercept) -30.24 2.20 -13.77 0.00 

Age 0.44 0.02 21.88 0.00 

 

4.5.2 Ulna age estimate equation 

The ulna lengths and ages were positively correlated (𝑅2 = 0.88). The regression equation 

generated from the association is y = 0.56x − 36.93 where x is the ulna diaphyseal length 

(Table 4.22). The premature babies, those above 35 months will be underestimated and those 

between 6-20 month olds will be overestimated using the ulna equation (Figure 4.26). 
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Figure 4.26: Scatter plot illustrating the association between age and ulna diaphyseal length 

 

Table 4.22: Performance of the predictive model of ulnar diaphysis length 

Residuals: 

Min 1Q Median 3Q Max 

-15.60 -4.58 -0.56 4.05 16.55 

Coefficients: 

 Estimated Std. Error t value Pr (>│t│) 

(Intercept) -36.93 2.02 -18.25 0.00 

Length 0.56 0.02 30.29 0.00 

 

4.5.3 Radius age estimate equation 

The radius age estimation equation is y = 0.61x − 34.97, where x represents the radius 

diaphyseal length (Table 4.23). Notwithstanding the strong association between the radius 

lengths and ages 𝑅2 = 0.89, premature babies may be underestimated and those below 18 

months may be overestimated (Figure 4.27). 
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Figure 4.27: Scatter plot illustrating the association between age and radius diaphyseal 
length 

 

Table 4.23: Performance of the predictive model of radial diaphysis length 

Residuals: 

Min 1Q Median 3Q Max 

-13.07 -4.48 -1.01 3.53 17.75 

Coefficients: 

 Estimated Std. Error t value Pr (>│t│) 

(Intercept) -34.97 1.89 -18.49 0.00 

Length 0.61 0.02 30.84 0.00 

 

4.5.4 Femur age estimate equation 

The femur lengths and ages showed positively correlated 𝑅2 = 0.89 (Figure 4.28). The 

equation derived from the association  y = 0.28x − 22.88 ; where x represents the femur 

diaphyseal length (Table 4.24) can estimate age from femur length. The preterms are 

underestimated while those between 2-17 months are overestimated by the equation. 
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Figure 4.28: Scatter plot illustrating the association between age and femur diaphyseal 
length 

 

 

Table 4.24: Performance of the predictive model of femoral diaphysis length  

Residuals: 

Min 1Q Median 3Q Max 

-11.29 -3.89 -1.22 3.05 19.86 

Coefficients: 

 Estimated Std. Error t value Pr (>│t│) 

(Intercept) -22.88 1.38 -16.59 0.00 

Length 0.28 0.01 34.97 0.00 

 

4.5.5 Tibia age estimate equation 

The tibia lengths were strongly associated with the ages 𝑅2 = 0.90 (Figure 4.29). The 

equation derived from the age –length plot is y = 0.35x − 23.24; where x represented the 

length of diaphyses (Table 4.25). Preterms are the only group that will be underestimated by 

the tibia length equation while other age cohorts can be broadly estimated with better 

accurately. 
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Figure 4.29: Scatter plot illustrating the association between age and tibia diaphyseal 
length 

 

Table 4.25: Performance of the predictive model of tibial diaphysis length  

Residuals: 

Min 1Q Median 3Q Max 

-13.09 -4.59 -0.86 4.76 14.43 

Coefficients: 

 Estimated Std. Error t value Pr (>│t│) 

(Intercept) -23.24 1.67 -13.92 0.00 

Length 0.35 0.01 29.72 0.00 

 

4.5.6 Fibula age estimate equation 

The scatter plot of the fibula lengths and ages were positively correlated 𝑅2 = 0.89 (Figure 

4.30). The age can be predicted from the resulting equation y = 0.35x − 23.33; where x 

represents the fibula diaphysis length (Table 4.26). The equation will predict the ages of the 

premature babies and those below 18 months with less accuracy. 
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Figure 4.30: Scatter plot illustrating the association between age and fibula diaphyseal 
length 

 

Table 4.26: Performance of the predictive model of fibular diaphysis length  

Residuals: 

Min 1Q Median 3Q Max 

-11.42 -4.45 -0.79 3.91 15.49 

Coefficients: 

 Estimated Std. Error t value Pr (>│t│) 

(Intercept) -23.33 1.87 -12.49 0.00 

Length 0.35 0.01 26.70 0.00 

 

4.6 Cadaveric age estimation from long bone diaphyseal equations 

Cadaveric ages were estimated using the formulae derived from the diaphyseal lengths of the 

living children. The separate estimates were then averaged. The results are presented in Table 

4.27, where the individuals are ordered according to their average age estimates. The 

estimated ages ranged from -11.25 to 45.51 months. A total of 70 cadavers were estimated to 

be preterm or foetuses due to their negative average age estimates. However, there was 

notable variation in the estimates derived from the individual bones. For example, use of the 

femur estimated 69 cadavers as preterm; the same was true for the fibula. The tibia estimated 

the lowest number of preterm cadavers (n=57). 
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Cadaver #231 was estimated as the youngest and cadaver #163 was considered the oldest 

based on average values. However, the femur equation estimated #164 as the oldest. The tibia 

produced age estimate that were generally consistent and the ulna over and under estimated 

ages except in individuals that were considered as outliers. The lower limb bones perform 

better in the age estimation than the upper limb. 

Table 4.27: Cadaveric age estimates derived from living children’s diaphyseal lengths 

ID#  Estimated diaphyseal age (month) based on Average age 

(months) Humerus Ulna Radius Femur Tibia Fibula 

231 -11.11 -14.62 -13.60 -9.64 -8.92 -9.61 -11.25 

206 -10.88 -13.17 -12.74 -9.40 -8.35 -9.65 -10.70 

84 -10.63 -13.23 -12.25 -9.28 -8.10 -9.24 -10.45 

223 -9.63 -12.67 -12.16 -8.77 -7.47 -8.47 -9.86 

268 -9.28 -12.87 -12.47 -8.27 -6.98 -8.81 -9.78 

147 -9.27 -12.30 -11.19 -8.18 -7.11 -8.23 -9.38 

2 -9.82 -11.55 -10.89 -8.46 -7.64 -7.86 -9.37 

224 -9.34 -12.74 -11.33 -7.88 -6.56 -8.13 -9.33 

266 -9.34 -12.03 -11.05 -7.75 -6.57 -8.39 -9.19 

132 -8.68 -11.08 -10.91 -7.79 -8.10 -7.94 -9.08 

76 -8.84 -11.13 -10.19 -8.46 -7.26 -8.17 -9.01 

222 -9.19 -11.26 -10.63 -7.77 -6.80 -7.59 -8.87 

219 -7.94 -10.21 -9.09 -8.14 -6.97 -7.70 -8.34 

5 -8.09 -11.14 -9.62 -7.74 -6.06 -7.25 -8.32 

177 -7.62 -11.10 -10.11 -7.42 -6.14 -7.45 -8.31 

232 -7.73 -10.87 -9.75 -7.39 -6.32 -7.42 -8.25 

20 -8.47 -11.44 -10.12 -6.79 -5.19 -6.67 -8.11 

82 -8.07 -9.82 -9.22 -7.54 -5.52 -7.06 -7.87 

200 -8.45 -10.55 -9.57 -6.85 -5.19 -6.56 -7.86 

256 -6.70 -10.40 -10.51 -6.38 -5.51 -6.73 -7.70 

213 -7.49 -9.83 -9.66 -7.01 -5.31 -6.67 -7.66 

88 -7.64 -9.64 -8.89 -6.84 -5.62 -6.95 -7.60 

180 -6.82 -10.01 -9.31 -6.23 -5.25 -6.35 -7.33 

250 -6.94 -9.52 -8.99 -6.71 -5.38 -6.17 -7.29 

75 -6.99 -8.94 -8.18 -7.22 -5.54 -6.71 -7.26 

212 -6.64 -9.71 -7.78 -6.41 -5.50 -6.60 -7.11 

249 -6.39 -9.20 -7.94 -6.55 -5.43 -6.56 -7.01 

267 -6.59 -8.62 -8.18 -6.16 -4.75 -5.78 -6.68 

217 -6.14 -7.92 -7.47 -4.87 -3.75 -5.31 -5.91 

201 -5.82 -7.82 -6.60 -5.79 -3.66 -5.27 -5.83 

148 -5.46 -8.62 -7.74 -5.11 -3.24 -4.75 -5.82 

12 -5.13 -7.07 -5.58 -6.00 -4.26 -5.23 -5.55 

94 -4.98 -6.87 -6.97 -5.37 -3.68 -4.70 -5.43 

61 -5.55 -7.07 -6.73 -4.83 -2.78 -4.57 -5.25 

19 -5.63 -7.04 -6.43 -4.88 -2.81 -4.42 -5.20 

48 -4.24 -7.44 -5.90 -5.11 -3.48 -4.61 -5.13 
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ID# Humerus Ulna Radius Femur Tibia Fibula Average age 

95 -4.09 -8.60 -8.22 -3.19 -1.86 -3.97 -4.99 

221 -5.02 -7.42 -5.42 -4.90 -3.00 -4.17 -4.99 

199 -4.81 -5.81 -5.62 -4.64 -2.46 -3.88 -4.54 

6 -3.81 -6.52 -6.30 -3.67 -2.14 -4.37 -4.47 

49 -3.78 -5.84 -6.08 -3.77 -2.20 -3.90 -4.26 

226 -3.65 -5.36 -4.79 -3.92 -2.91 -3.68 -4.05 

225 -3.77 -5.26 -5.23 -4.14 -2.43 -3.42 -4.04 

230 -2.28 -5.03 -5.37 -2.78 -1.55 -3.13 -3.36 

93 -2.62 -5.57 -3.87 -3.19 -1.65 -3.12 -3.34 

64 -3.21 -5.23 -3.51 -3.09 -1.17 -2.66 -3.15 

251 -2.84 -3.42 -4.46 -2.45 -1.34 -3.04 -2.93 

96 -1.59 -3.94 -2.60 -2.52 -1.14 -3.27 -2.51 

243 -1.72 -3.22 -2.76 -2.04 -0.16 -1.84 -1.96 

27 -0.74 -3.39 -3.06 -1.95 -0.20 -1.74 -1.85 

102 -1.96 -2.27 -1.77 -2.21 -0.54 -2.04 -1.80 

59 -2.22 -2.43 -2.18 -2.92 0.41 -1.29 -1.77 

38 -0.67 -2.50 -2.62 -2.03 -0.35 -1.70 -1.64 

77 -0.97 -2.86 -1.93 -2.25 -0.39 -1.20 -1.60 

78 -1.74 -2.00 -1.82 -2.38 -0.24 -1.36 -1.59 

57 -0.45 -4.04 -3.18 -0.56 0.34 -1.64 -1.59 

10 -0.68 -2.73 -3.02 -1.16 0.37 -1.84 -1.51 

162 -1.75 -2.53 -2.47 -1.65 0.58 -0.99 -1.47 

37 -0.76 -2.64 -1.52 -1.51 -0.77 -1.58 -1.47 

241 -0.68 -2.83 -1.51 -1.26 0.50 -2.11 -1.31 

242 -0.91 -4.38 -3.24 0.23 1.10 -0.45 -1.28 

169 -0.32 -2.41 -1.55 -1.50 -0.24 -1.53 -1.26 

131 -0.34 -2.24 -1.73 -2.04 0.30 -1.05 -1.18 

181 -0.37 -1.68 -1.62 -1.80 0.26 -0.87 -1.01 

85 -0.55 -2.37 -1.15 -1.14 0.95 -1.06 -0.89 

240 -0.79 -1.71 -0.88 -1.87 0.85 -0.54 -0.82 

87 0.08 -1.40 -1.10 -1.08 0.99 -0.96 -0.58 

176 -0.71 -0.94 0.04 -1.26 0.91 -0.66 -0.44 

81 -0.23 -0.55 0.09 -1.14 0.77 -1.50 -0.43 

72 0.50 -0.97 -0.42 -0.64 0.79 -1.07 -0.30 

71 2.18 1.17 1.64 0.16 3.00 1.11 1.54 

136 3.58 2.71 3.34 1.21 3.59 1.00 2.57 

188 2.40 2.59 2.49 1.77 4.36 2.85 2.74 

244 4.29 1.79 3.60 3.72 5.14 2.96 3.58 

60 3.82 3.56 4.31 2.32 4.75 2.77 3.59 

39 4.19 3.07 4.06 3.60 4.64 3.07 3.77 

255 5.07 2.41 2.65 5.10 5.74 3.52 4.08 

155 4.49 4.14 5.18 3.87 5.59 4.36 4.60 

253 5.97 3.45 4.61 4.85 5.97 4.25 4.85 

233 6.87 4.07 4.33 4.43 5.56 3.85 4.85 

40 5.99 3.52 4.52 6.59 6.38 4.84 5.31 

160 7.41 11.24 4.66 5.49 3.12 4.66 6.09 

179 6.20 6.22 6.56 6.83 7.08 6.15 6.51 
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ID# Humerus Ulna Radius Femur Tibia Fibula Average age 

239 8.38 4.93 6.61 7.37 8.65 6.89 7.14 

135 10.72 5.78 5.85 8.01 8.38 6.14 7.48 

86 8.92 8.75 9.03 5.87 7.82 6.78 7.86 

259 8.67 7.71 8.74 8.07 10.63 8.37 8.70 

178 9.06 9.42 9.49 8.54 9.97 7.47 8.99 

159 9.46 16.07 8.59 7.87 5.04 7.17 9.04 

254 11.37 9.14 9.38 9.66 11.10 8.91 9.93 

109 N/A N/A N/A 10.63 13.10 10.87 11.53 

236 13.47 11.43 10.69 12.26 14.05 11.62 12.25 

25 12.75 12.13 13.19 10.50 13.08 11.95 12.27 

187 15.59 14.83 15.51 13.02 14.98 12.69 14.44 

145 14.82 15.03 14.35 14.26 15.69 13.12 14.55 

235 17.02 14.29 15.43 14.23 15.35 13.61 14.99 

252 17.37 15.41 17.39 14.92 15.69 13.68 15.74 

238 17.28 16.67 17.98 14.55 17.55 15.47 16.58 

234 20.63 18.13 18.86 18.85 20.14 18.07 19.11 

56 22.68 22.92 23.34 18.61 19.63 19.31 21.08 

161 29.97 24.22 25.68 22.10 22.93 19.93 24.13 

165 25.82 23.29 24.08 25.56 25.45 22.70 24.48 

167 26.43 25.37 26.27 23.71 25.97 25.17 25.49 

0238 32.80 28.51 29.01 28.35 30.20 28.11 29.50 

146 29.13 30.48 30.42 28.30 29.97 29.15 29.58 

55 30.44 29.94 32.38 27.73 33.72 30.26 30.74 

264 33.09 34.27 35.05 29.56 34.14 32.64 33.13 

166 38.16 35.22 37.70 34.19 35.67 33.90 35.81 

164 41.39 39.75 43.80 45.69 43.22 40.95 42.47 

163 43.25 42.70 44.49 43.40 48.55 44.68 44.51 

Any individual whose estimated ages varied by more than six months was categorised as an 

outlier. The ulna and tibia produced the most divergent age estimate. The age estimates from 

the tibia regression equation are consistent with the descriptive statistics than the humerus 

(Table 4.28). 

Any individual whose estimated age fell outside of six months’ bracket using all the 

regression formulae was categorise as an outlier. #161 age estimate was 29.97 months using 

humerus diaphysis while femur estimated the same individual as 22.10 months (Table 4.28). 

Table 4.28: Outliers in the cadaveric group 

ID#  Estimated diaphyseal age (month) based on Average age 

(months) Humerus Ulna Radius Femur Tibia Fibula 

224 -9.34 -12.74 -11.33 -7.88 -6.56 -8.13 -9.33 

20 -8.47 -11.44 -10.12 -6.79 -5.19 -6.67 -8.11 

95 -4.09 -8.60 -8.22 -3.19 -1.86 -3.97 -4.99 

161 29.97 24.22 25.68 22.10 22.93 19.93 24.13 
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4.7 Living sample dental development 

Panoramic radiographs of the living children were assessed for their dental development 

according to the procedure outlined in Chapter 3 (Tables 3.5 and 3.6). Panoramic radiographs 

of individuals aged between 2.45 and 4.55 years were available for assessment. Thus only the 

three oldest cohorts (2.0-2.99 years, 3-4 year and 4.45-4.99 years) were available. 

The primary dentition was fully formed in these children and all the permanent teeth crowns, 

with the exception of the third molar, were visible. Tables 4.29 - 4.31 illustrate the 

mandibular dental development of the permanent teeth as achieved by the living children. 

Each table depicts the modal cohort ranges of development observed as the minimum stage 

(youngest) and the maximum stage (oldest). There were no differences in the stages achieved 

by the mandibular and maxillary teeth. Males and females are not reported separately due to 

the small sample sizes. 

4.7.1 Living group (2.00 - 2.99 year-olds) 

The permanent teeth were at different stages of crown formation as detailed below (Table 

4.29 and Figure 4.31): 

1) Both of the incisors and the M1 were ahead of the other teeth and displayed 

completed crown formation. 

2) The occlusal outline of the canine (stage B) and P1 (stage B) crowns were visible 

while the P2 crown was at the initiation stage (stage A). 

3) There was radiographic evidence of the M2 crown in the more advanced children. 

This was a key difference among members of the cohort. 

4) Only the incisors showed the initiation of root formation (stage E). 
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Table 4.29: Modal stages of mineralisation in the 2.00 - 2.99 year-old living group 

Tooth 
I1 I2 C P1 P2 M1 M2 

Min 
  

 

 

  

 

Min 
E E C B A D - 

Max 
  

 

 

   

Max 
E E C B A D A 

Differences in the level of tooth mineralisation within the cohort are illustrated with 

radiographs A and B shown in Figure 4.31. A was 2.45 years old individual and B was 2.87 

years old. The main difference between the two individuals was the presence of M2 (stage A) 

in radiograph B and the radiolucency depicting the crypt of M2 in radiograph. The M2 thus 

become a discriminant of age estimation in the cohort. The crypt of the M2 in radiograph A 

and the discrete calcification in radiograph B are located within the white circles. There are 

no stage differences in the remaining teeth. 
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4.7.2 Living group (3.00 - 3.99 year-olds) 

In this cohort, the pertinent readings from the radiographs (Table 4.30) included: 

1) The length of the I1 and I2 roots were equal to, or greater than, the length of the 

crown (stage F)  

2) The crown of the P1 was fully formed (stage D) in the older individuals while only 

the outlines were visible in younger individuals (stage B). 

3) The P2 appeared as discrete mineral deposits (stage A) in the younger individuals 

whereas it had developed into an occlusal outline in older members (stage B). 

 

Figure 4.31: Tooth mineralisation levels in the 2.00-2.99 year-old living group 
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4) The occlusal outline of the M2 was identified in the older individuals (stage A), in 

contrast to the discrete cusps seen in the younger members (stage A). 

 

Table 4.30: Modal stages of mineralisation in the 3.00 - 3.99 year-old living group 

Tooth 
I1 I2 C P1 P2 M1 M2 

Min 
  

 

 

   

Min 
E E C B A D A 

Max 
  

 

 

 

 

 

Max 
F F C D B D B 

Radiographs depicting the minimum and maximum levels of mineralisation are presented in 

Figure 4.32. Radiograph A shows the I1 and I2 in stage E, the P1 in stage B, the P2 and M2 

were in stage A, as indicated by the white circles. Radiograph B shows that the I1 and I2 

were in stage F, the P1 was in stage D, the P2 and M2 were in stage B thereby highlighting 

the differences in the level of tooth mineralisation between the younger and older members in 

the cohorts. A was 3.21 year-old and B was 3.83 year-old. 
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Figure 4.32: Tooth mineralisation levels in the 3.00-3.99 year-old living group 

 

4.7.3 Living group (4.00 - 4.99 year-olds) 

The oldest member in the 4-5 age category was 4.55 years old, thus the highest level of 

mineralisation was limited to the oldest member in living group. The assessment of the 

radiographs (Table 4.31) revealed that: 

1) The length of the I1, I2 and M1 roots were longer than their crowns (stage F). 

2) The crowns of the P1, P2 and C were fully formed (stage D)  

3) The crowns of the M2 presented as occlusal outlines in the younger individuals (stage 

B) and was half formed in the older individuals (stage C). 

 

 

 



100 
 

Table 4.31: Modal stages of mineralisation in the 4.00 - 4.99 year-old living group 

Tooth I1 I2 C P1 P2 M1 M2 

Min 

  

 

 

 

 

 

Min 
F F C D C D B 

Max 
  

   

 

 

Max 
F F D D D F C 

Radiographs A and B Figure 4.33 is a representation of dental development seen in 4.00 and 

4.54 year-old respectively. The white arrows point to the teeth that illustrate the differences in 

tooth mineralisation within the cohort. In radiograph A, the P2, M1 and M2 were at stages C, 

D and B respectively, which was a stage behind each respective tooth mineralisation in 

radiograph B. These teeth are pointed out with white circles. 

 

Figure 4.33: Tooth mineralisation levels in the 4.00-4.99 year-old living group 
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4.7.4 Summary of the living sample dental development 

The formation of the primary dentition was completed in the 3-4 year-old group and the 

discrete deposits that signal development of M2 were present in this cohort. The apices of the 

incisors and M1 were opened (stage F); indicating that no tooth attained maturation stage 

within the sample.  The P1 (stage B) was ahead of the P2 in the youngest member, but both 

had completed their crown formation (stage D) in the oldest individual. Initiation of the M2 

began in the older members of the 2-3 year-olds and their crowns were half formed in the 4-5 

year-olds. The maxilla and mandibular readings were similar. Accurate estimation of ages 

from the readings will rely on combination of the stages of mineralisation of various teeth 

highlighted in the tables. 

4.8 Validation of age prediction based on degree of mineralisation of 

living child dentitions 

No dental developmental data for living children below two and half years were available, 

hence the ages of the younger cadavers below that age were not estimated from the living 

sample dentitions. Their ages were estimated from the statistics derived from the diaphyseal 

lengths of the living children. Only eight cadavers were available to be matched against the 

pattern of mineralisation in living children. The P1, P2, M1 and M2 were primarily used as 

criteria to estimate the ages. The average age was calculated from the minimum and 

maximum matches, where possible for the six older children (Table 4.32). It was found that 

tooth mineralisation was generally ahead in the living children, specifically with the incisors 

that commenced mineralisation earlier.  For example, the incisors of the 2-3 year-old living 

cohorts were in stage E but those of #161 and #264 were at a developmental stage behind. 

Their ages were assigned using only M1 and P1 which were at the same mineralisation stages 

(stages D and B respectively) as the living children. All the teeth present were not necessarily 

at the same developmental stages within and between the samples, in the 3-4 year-olds, all 

the P1 had attained stage C but #55 was in stage B. The closest dentition of a cadaver to the 

youngest and oldest children represented the minimum and maximum matching ages that was 

eventually used to compute the cadaveric average age. 
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 Table 4.32: Cadaveric age estimate (months) derived from living child dentition 

ID# of cadaveric 

individuals 

Minimum matching 

age (month) 

Maximum matching 

age (month)  

 Average age 

(month  

161 unknown 29.00 29.00 

264 unknown 29.00 29.00 

146 34.00 34.00 34. 00 

0238 41.00 45.00 43. 00 

55 41.00 45.00 43.00 

166 44.00 51.00 48.00 

163 45.00 53.00 49.00 

164 45.00 53.00 49.00 

4.9 Comparison of age estimate derived from limb diaphyses and dentition 

Dental development age estimates from the living sample for the eight PCC individuals 

ranged between 29 to 49 months (Table 4.32), whereas the age estimates using the diaphyseal 

regression equations ranged from 19.93 to 48.55 months (Table 4.33). Overall, the ages 

estimated from the ulnar and fibular diaphyseal lengths were lower than those from the other 

bones. The tibia bone estimates were the closest to the dental estimates which were 

consistently higher for seven of the cadavers.  

As far as cadaver #264 (bolded in Table 4.33) was concerned, all the age estimates from the 

bone lengths were higher than the dental age, the femur age was the closest to the dental age. 

The widest age range was found in the age estimate of cadaver #0238 (bolded in Table 4.33). 

there was a four and half month difference in the diaphyseal lengths age estimates of cadaver 

#0238. There was also a 15-month difference with the dental age. This made the age estimate 

of #0238 the most variable. The high level of variability in the dental and diaphyseal lengths 

age estimates could be attributed to the cadavers being too short or too long for their age 

groups. 

Table 4.33: Comparison of the age estimates 

ID#  Estimated ages (month) based on the diaphyses of Dental 
age 

(month) 

Range  

Humerus Ulna Radius Femur Tibia Fibula Average 

age  
161 29.97 24.22 25.68 22.10 22.93 19.93 24.13 29.00 19.93-29.00 

264 33.09 34.27 35.05 29.56 34.14 32.64 33.13 29.00 29.00-35.05 

146 29.13 30.48 30.42 28.30 29.97 29.15 29.58 34.00 28.30-34.00 
0238 32.80 28.51 29.01 28.35 30.2 28.11 29.50 43.00 28.11-43.00 

55 30.44 29.94 32.38 27.73 33.72 30.26 30.74 43.00 27.73-43.00 
166 38.16 35.22 37.70 34.19 35.67 33.90 35.81 48.00 33.90-48.00 

164 41.39 39.75 43.80 45.69 43.22 40.95 42.47 49.00 39.75-49.00 
163 43.25 42.70 44.49 43.40 48.55 44.68 44.51 49.00 42.70-49.00 



103 
 

4.10 Cadaveric sample dental development 

As a final procedure, dental development in the PCC was assessed according to the degree of 

mineralisation stages. This was also useful for seriating the younger cadavers that constitute 

the bulk of the PCC and grouping them into six groups (Tables 4.34). These grouping were 

derived from the descriptive statistics of the diaphyseal lengths of the living children. Similar 

cut off limit used to separate the perinates in the living children were applied to separate the 

preterm from the other cadavers. 

Couple of individuals in the groupings were reallocated to adjacent group based on their 

overall dental developmental. They were outliers in the initial groups defined by mean 

lengths and range of the limb diaphyses; specifically looking at the dominant characteristic 

features of the groups dentition. The readjustment of the group was in line with the published 

data on dental developmental stages in children. 

Table 4.34: Age distribution of the cadaveric sample 

Age (year) Male Female Total 

Preterm 20 15 35 

0.00 - 0.99 33 25 58 

1.00 – 1.99  2 7 9 

2.00 - 2.99 1 2 3 

3.00 - 3.99 0 3 3 

4.00 - 4.99 1 1 2 

Total 57 53 110 

There was no more than one developmental stage difference in any tooth between the 62 

males and 48 females. Hence both sex were pooled for the analyses. A single quadrant is 

reported because for each individual there was no more than one stage difference between the 

mandible and maxilla and both sides of the mouth had similar degrees of dental 

mineralisation. As detailed in the Methods section of Chapter 3, dental developmental stages 

A-G were modified after the classifications of Moorrees et al. (1963a), Demirjian et al. 

(1973) and Liversidge and Molleson (2004). Small letters refer to primary dentition and 

capital letters are used for the permanent teeth in the Tables 4.35– 4.40. 
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4.10.1 Premature cadavers 

Scans of the cadavers showed the presence of all the primary teeth in the individuals with the 

lowest stages of mineralisation. This is illustrated in the first row of Table 4.35. The 

following observations were made: 

1) All the teeth present were at the initial stage of mineralisation (stage A). 

2) The incisors and canine of the older individuals had coalesced further to stage B   

3) The molars remained at the initiation stage (stage A) even amongst the older individuals 

in the group. 

Table 4.35: Modal stages of mineralisation in premature cadavers 

Tooth i1 i2 c m1 m2 

Minimum 
developmental 
stage 

   

  

A A A A A 

Maximum 
developmental 
stage 

   

  

B B B A A 

 

4.10.2 Cadaveric group (0-1 year-olds)  

For the individuals at full gestational age, their dental development revealed presence of all 

primary teeth with further changes in mineralisation level compared to the premature group. 

The permanent incisors and M1 had commenced mineralisation in the older members of the 

group as presented in the second row of Table 4.36. Other findings in their dental 

development included: 

1) The crowns of i1and m1 were at half complete (stage C) and slightly ahead of i2, canine 

and m2 in younger individuals. 

2) In older individuals, the crowns of primary canine were half formed (stage C) and the I1 

and I2 mineral deposits had coalesced to define the incisal edges (stage B). 

3) The length of the roots of primary incisors were lesser than their crowns and the outlines 

of the crowns of the permanent canine were visible on the scans. 

4) The crown of m2 were fully formed in the older cadavers (stage D). 
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5) The discrete mineral deposits of the permanent canine and the M1 (stage A) were visible 

in older members and for those that were dentally advanced, the occlusal outline of M1 

had completed (stage B). 

Table 4.36: Modal stages of mineralisation in the 0.00-0.99 year-old cadaveric group 

Tooth i1/I1 i2/I2 c/C m1 m2 M1 

Minimum 
development
al stage 

 

  

 

 

- 

C B B C B n/a 

Maximum 
development
al stage /  /  

/   

 

 

F/B F/B C/A E D B 

 

4.10.3 Cadaveric group (1-2 year-olds)  

The level of mineralisation in this age group was essentially one stage ahead of the older 

members of the 0-1 year-old group with the exemption of the primary canine. The following 

observations were made in their dental development as shown in Table 4.37: 

1) The development of primary incisors was completed except in younger individual with 

wide open apices (stage G). 

2) The length of the root of m1 was longer than the crown (stage F) while the spicules of the 

root of m2 were visible (stage E). 

3) The crown of M1 was half formed (stage C). 

4) Only one member of the group had visible mineral deposit of the P1 (stage A) as shown 

in the maximum developmental stage row in Table 4.37. 
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Table 4.37: Modal stages of mineralisation in the 1.00-1.99 year old cadaveric group 

Tooth i1/I1 i2/I2 c m1 m2 M1 P1 

Minimum 

developmen

tal stage 

/  /

 

/  
  

 

 

G/C G/C D/B F E C  

Maximum 

developmen

tal stage 

/  /

 

/   

 

 

 

H/C H/C F/B F E C A 

 

4.10.4 Cadaveric group (2-3 year-olds)  

Only three cadavers were assessed in this age cohort. None of the three cadavers showed any 

visible root spicules of the permanent teeth that usually signal commencement of root 

formation. The following observations were noted in the group (Table 4.38): 

1) Root formation of the primary teeth was completed except in the canine (stage F)  

2) The crowns of the m1 and permanent incisors were completely formed. 

3) The occlusal outline of the permanent canine and the P1 (stage B) were visible in younger 

individuals. 

4) The older individuals have discrete mineral deposits of P2 and M2 (stage A)  

5) In the younger individuals, the crowns of the M1 were not fully formed (stage C). 

6) The crown of the M1 was fully formed in dentally advanced individuals (stage D) and 

half formed in the others (stage C). 
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Table 4.38: Modal stages of mineralisation in the 2.00-2.99 year old cadaveric 
group 

Tooth 
i1/I1 i2/I2 c/C m1 m2 M1 P1 

Minimum 

developme

ntal stage 

/  /  /  
 

 

 

 

H/C H/C F/B G F C B 

Maximum 

developme

ntal stage 

/  /  /  
  

 

 

H/D H/C F/C G G D B 

P2 M2      

  
     

 
A A      

 

4.10.5 Cadaveric group (3-4 year-olds) 

The dental development in the 3-4 year-olds was characterised by the following readings 

reported in Table 4.39: 

1) The apices of all the primary teeth, including the apex of the canine were closed (stage H) 

signifying complete formation of all the primary teeth.  

2) The length of the roots of the M1 were lesser than their crowns (stage E). 

3) The crowns of the canine and the P1were half formed (stage C). 

4) The crown of the P2 was at stage of a well-defined occlusal outline in younger 

individuals (stage B) but half form stage in older individuals (stage C).  

5) The crown of the M2 was visible in the state of the occlusal outline complete (stage B). 
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Table 4.39: Modal stages of mineralisation in the 3.00-3.99 year old cadaveric group 

Tooth 
i1/I1 i2/I2 c/C m1 m2 M1 P1 

 

Minimum 

developme

ntal stage 

/  /  /  
  

 

 

H/E H/E G/C H H E C 

P2 M2      

       

B B      

 

Maximum 

developme

ntal stage 

/  /  /  
  

 

 

H/F H/F H/D H H E C 

P2 M2      

       

C B      

 

4.10.6 Cadaveric group (4-5 year-olds)  

Two cadavers were assessed in this group and the following readings are reported (Table 

4.40): 

1) The development of the roots of the M1 and the permanent incisors were similar (stage E) 

but M1 was ahead in dentally advance individual (stage F). 

2) The crowns of the permanent canine and the P1 were fully formed (stage D). 

3) The crowns of the P2 were half formed (stage C). 

4) The occlusal outline of the crowns of the M2 were visible. 
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Table 4.40: Modal stages of mineralisation in the 4.00-4.99 year-old cadaveric 

group 

Tooth 
i1/I1 i2/I2 c/C m1 m2 M1 P1 

 

Minimum 

development

al stage 

/  /  /  
  

 

 

H/E H/E G/D H H E D 

P2 M2      

C B      

       

 

Maximum 

development

al stage 

/  /  /  
  

 

 

H/E H/E H/D H H F D 

P2 M2      

C B      

       

 

4.11 Summary of the cadaveric sample dental development 

Teeth were present in all the cadavers; the incisal edges were well defined in the anterior 

teeth. The development of the primary and permanent incisors as well as the first molar were 

similar during the first year of life. The cadavers in the 0-1 year-old can be distinguished 

readily from the 1-2 year-olds by the coalesced occlusal crown of the C in the latter group; in 

addition, their molars had commenced root development. 

 The cadavers in the 2-3 year-old cohort were characterised by near complete roots of the 

incisors and the P1 crown having a defined occlusal outline. At the same time, those in the 3-

4 year-old cohort had P2 with half formed crowns and the molars root apices closed. As for 

the 4-5 year-olds, the crowns of their P2 were half formed. 
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4.12 Comparison of the dental development between the cadaveric and 

living samples 

Data for dental assessment in the living individuals was limited to individuals between the 

ages of 2.45 and 4.55 years. The comparison with the cadaveric sample involves three groups 

only. 

4.12.1 Comparison of the dental development between cadaveric and living 

samples aged 2-3-years 

The dentition in the two groups were similar. The living groups were generally ahead of the 

cadaveric group by a developmental stage. It must be noted that the youngest living member 

was about two and half years old. The following details were revealed from the two 

radiographs of the group as shown in Figure 4.34 A and B. 

1) The apices of the primary teeth were closed except canine whose root length is longer 

than the crown. 

2) The crowns of the permanent incisors were fully formed in all the living children while 

cadaveric members were at half formed. 

3) The canines of both groups were at similar developmental level of half-crown complete 

(stage C), but at defined occlusal outline in younger cadavers. 

4) The P1 appeared in radiograph as defined occlusal outline in all the two groups. 

5) The P2 and M2 had discrete mineral deposits (stage A) in both groups but the P2 was 

absent in younger cadavers. 

6) The M1 had fully formed crowns but half-formed in younger cadavers. 
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4.12.2 Comparison of the dental development between cadaveric and living 

samples aged 3-4 years 

Both samples shared similar level of mineralisation of the anterior teeth and a stage 

difference in some of the posterior teeth: 

1) In both groups, the incisors and canine roots development were nearing completion, the 

length of the roots were longer than their crowns (stage F). 

2) The crowns of P1 were at half-form (stage C) in the cadaveric group while they were 

fully formed (stage D) in older individuals and coalesced (stage B) in younger living 

individuals. 

3) The crowns of P2 in cadaveric sample were ahead of living sample by a stage in both 

younger and older individuals in the group, starting with discrete deposit stage (stage A) 

in younger living individual to crown fully formed (stage D) in the older cadaver. 

4) The formation of the crowns of M1 in cadaveric sample (stage E) were ahead of the living 

sample (stage D). 

4.12.3 Comparison of the dental development between cadaveric and living 

samples aged 4-5 years 

There were differences in the developmental stages of the anterior teeth excluding the canine 

and the posterior teeth excluding the P1 between the two groups. 

1) The formation of the roots of the incisors in the living group (stage F) were ahead of the 

cadaveric group (stage E). 

 

Figure 4.34: 3D surface rendering and panoramic radiograph of the 2.00-2.99 age group 
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2) The crown of the M2 had defined occlusal outline (stage B) in both groups except for 

dentally advanced living individuals that had half-form crowns (stage C). 

4.13 Summary of the comparison of the dental development between the 

cadaveric and living samples 

The variation in the degree of mineralisation within each age cohort of both the cadaveric and 

living samples were not more than one developmental stage difference. Although in the 2-3 

group, the cadaveric sample were generally lagging behind the living sample in their dental 

development. The apices of the roots of the primary molars were closed after three years. The 

crowns of the incisors and M1 were fully formed while canine were half-formed during the 

third year of dental development. In the 3-4 year-olds, the formation of the P2 in the 

cadaveric sample (stage D) was ahead and vice versa for the P2 in the living sample. The 

formation of roots of the incisors were ahead in the living group (stage F) compared to the 

cadaveric sample (stage E) in the 4-5 year-olds. Similarly, the M2 crown in dentally advance 

individuals among the living sample was at half-complete stage compared to cadaveric 

sample that lagged. These similarities in the pattern of tooth eruption between the two groups 

contributed to the accuracy of the prediction of the ages of the cadaveric sample. 

4.14 Cadaveric (PCC) sample limb dimensions 

The PCC limb bone sample was divided into the six age cohorts used for the living sample, 

including one for the premature babies. Due to the overall similarities in the mean values of 

the male and female diaphyseal lengths, the sexes were pooled for these descriptive analyses. 

The measurements are described in Chapter 3 Methods (Table 3.7 and Figure 3.6). Some 

additional measurements of the midshaft were possible from the 3D scans and they are 

included here for their forensic analysis potential. 

As was the case for the living sample, each of the cohorts spans a year of development except 

for the premature babies. This partially explains the variation in the lengths and breadths of 

the diaphyses in the group. The differences within the age cohorts are illustrated graphically 

with box plots. The mean, median and outliers are highlighted in Figures 4.35-59.  The 

graphs are complimented with descriptive tables of the means, variances, standard deviations 

(SD), ranges (minimum, maximum) and coefficients of variation (CV) (Tables 4.41-70). 
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4.14.1 Premature cadaveric group  

Diaphyseal lengths: The diaphyseal lengths were normally distributed in this cohort. The 

mean and median values were the same (Figure 4.35). 

The femur was the longest bone with a mean value of 56.23 mm and the radius was the 

shortest. The lower limb bone lengths were somewhat larger than the upper limb bone length, 

but not substantially different. The tibia was the most variable bone (CV=8.91%) and the 

humerus was the least (Table 4.41). 

Table 4.41: Diaphyseal lengths (mm) of the cadaveric premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 35 51.06 51.17 0.07 3.95 43.47-59.10 7.52 

Ulna 35 47.43 47.43 0.07 3.46 39.84-53.38 7.08 

Radius 35 41.93 41.99 0.08 3.48 34.78-48.88 8.05 

Femur 35 56.23 56.23 0.08 4.67 47.27-64.33 8.07 

Tibia 35 49.88 50.24 0.09 4.57 41.04-58.37 8.91 

Fibula 35 46.70 46.79 0.08 4.13 39.09-54.74 8.60 

Proximal diaphyseal breadths: The distributions of the proximal breadth data were normal. 

Two outliers were identified for the ulnar and radial distributions. The mean and median 

proximal breadths were similar (Figure 4.36). 

 

Figure 4.35: Diaphyseal lengths of the cadaveric premature group 
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Figure 4.36: Proximal diaphyseal breadths of the cadaveric premature group 

The mean proximal breadth of the tibia (12.13 mm) was the widest and the fibula was the 

narrowest. The proximal breadth of the tibia and femur were similar but were substantially 

broader than the ulna and radius. The ulna was the most variable bone for this measurement 

(CV=16.52%) and the humerus was the least variable (CV=8.54%) (Table 4.42). 

Table 4.42: Proximal diaphyseal breadths (mm) of the cadaveric premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 35 9.48 9.35 0.08 0.83 7.38-11.35 8.54 

Ulna 35 5.08 4.97 0.16 0.85 3.71-8.55 16.52 

Radius 35 4.79 4.74 0.12 0.59 3.44-6.28 12.00 

Femur 35 11.88 11.88 0.10 1.20 9.41-14.22 9.79 

Tibia 35 12.13 12.33 0.10 1.32 9.62-14.83 10.42 

Fibula 35 4.43 4.47 0.15 0.69 3.03-5.83 15.13 

Distal diaphyseal breadths: The distal diaphyseal breadths were normally distributed. The 

mean and median values were similar while two outliers were associated with the ulnar 

measures (Figure 4.37). 
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Figure 4.37: Distal diaphyseal breadths of the cadaveric premature group 

The mean femoral distal diaphysis was the broadest (15.32 mm) and was marginally broader 

than the humerus and substantially different from other distal breadths. The ulna had the 

smallest mean distal breadth and was much more variable (CV=23.71%) (Table 4.43). 

Table 4.43: Distal diaphyseal breadths (mm) of the cadaveric premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 35 13.14 13.14 0.09 1.26 10.34-16.01 9.34 

Ulna 35 5.15 5.00 0.23 1.28 3.47-11.59 23.71 

Radius 35 7.41 7.43 0.11 0.85 5.72-9.07 11.20 

Femur 35 15.27 15.32 0.11 1.68 12.10-19.21 10.67 

Tibia 35 8.73 8.83 0.12 1.10 6.44-11.36 12.14 

Fibula 35 5.36 5.31 0.12 0.69 3.87-6.58 12.64 

Midshaft diaphyseal breadths: The midshaft breadth data were not normally distributed. They 

were skewed by the larger values. There were outliers for the humeral ulnar, radial and tibial 

distributions. The means and median midshaft breadths were similar (Figure 4.38). 
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Figure 4.38: Midshaft diaphyseal breadths of the cadaveric premature group 

The mean midshaft breadths for many of the elements were similar. Variability in the 

measures were in the range of 10.76-17.83%; the tibia was the most variable bone 

(CV=17.83%) (Table 4.44). 

Table 4.44: Midshaft diaphyseal breadths (mm) of the cadaveric premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 35 5.11 4.98 0.11 0.57 4.18-6.77 10.85 

Ulna 35 3.95 3.82 0.17 0.70 3.10-6.64 17.35 

Radius 35 3.83 3.74 0.11 0.42 3.21-5.17 10.78 

Femur 35 6.03 5.85 0.09 0.60 5.19-7.49 9.60 

Tibia 35 5.85 5.75 0.18 1.07 3.19-9.30 17.83 

Fibula 35 3.72 3.64 0.16 0.64 2.71-5.53 16.71 

Midshaft diaphyseal circumferences: The midshaft circumferences were generally normally 

distributed. The humerus, radius and femur measures had outliers. The fibula was skewed by 

larger values without any outlier. The mean and median values were similar (Figure 4.39). 



117 
 

 

Figure 4.39: Midshaft circumferences of the cadaveric premature group 

The femur and tibia mean circumferences were similar and marginally greater than the 

humerus. The mean circumferences of the ulna, radius and fibula were also similar but 

substantially less than the femur. The fibula had the smallest mean midshaft circumference 

and was the most variable bone (CV=14.41%). The femur had the lowest coefficient of 

variation (CV = 8.5%) (Table 4.45). 

Table 4.45: Midshaft diaphyseal circumference (mm) of the cadaveric premature group 

Long bone N Mean Median Variance SD Range CV% 

Humerus 35 17.53 16.70 0.12 2.21 13.64-23.78 12.53 

Ulna 35 12.91 12.32 0.13 1.74 9.20-16.10 13.33 

Radius 35 12.71 11.69 0.13 1.71 10.08-17.22 13.60 

Femur 35 20.31 19.62 0.08 1.77 16.62-23.88 8.65 

Tibia 35 20.21 19.29 0.11 2.23 14.75-23.03 11.10 

Fibula 35 11.69 11.15 0.14 1.70 8.60-14.54 14.41 

Summary of long bone dimensions in the premature group: In general, the diaphyseal lengths 

and breadths of the premature cohort were normally distributed. The midshaft breadths and 

circumferences were skewed by larger values. Overall, the ulna was the most variable bone 

for all the measures. 
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4.14.2 Cadaveric group (0-1 year-olds)  

Diaphyseal lengths: The mean diaphyseal lengths for this cohort were not normally 

distributed, but were skewed by the larger values. The mean values of the cohort were greater 

than their medians (Figure 4.40). 

 

Figure 4.40: Diaphyseal lengths of the cadaveric 0.00-0.99 year-olds 

The femur was the longest bone and the most variable (CV=19.30%). The dissociation 

between the upper and lower limb lengths were reflected as differences in proportions of the 

limb segments. The lower limb elements were larger, and the lower limb bone measurements 

were more variable than the upper limb elements, as seen in the larger CVs (Table 4.46). 

 

 

 

 

Proximal diaphyseal breadths: The proximal diaphyseal breadths were not normally 

distributed but were skewed by the larger values. There was one outlier in the ulnar and the 

tibial distributions. The mean breadths of the femur and tibia were greater than the median 

values (Figure 4.41). 

Table 4.46: Diaphyseal lengths (mm) of the 0.00-0.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 58 72.80 67.80 137.99 11.75 56.11-99.49 15.86 

Ulna 58 66.13 62.63 89.11 9.44 50.59-87.6 14.03 

Radius 58 58.20 55.28 73.92 8.60 44.21-79.36 14.52 

Femur 58 85.22 77.60 280.20 16.74 62.54-125.51 19.30 

Tibia 58 73.58 68.54 175.85 13.26 55.41-105.95 17.71 

Fibula 58 69.36 63.75 163.00 12.77 53.22-100.81 18.09 
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Figure 4.41: Proximal diaphyseal breadths of the cadaveric 0.00-0.99 year-olds 

The mean proximal breadths of the femur and tibia were similar. The fibula had the smallest 

breadth and was the most variable (CV=21.27%) while the radius was the least variable 

element for this measurement (CV=15.80%) (Table 4.47). 

Distal diaphyseal breadths: Distributions for the distal diaphyseal breadths were skewed by 

the larger values. The tibia had an outlier. Only the ulna and fibula were normally distributed, 

and they had similar means and medians. As for the remaining bones, the means were greater 

than the median values (Figure 4.42). 

Table 4.47: Proximal diaphyseal breadths (mm) of the 0.00-0.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 58 13.91 13.23 6.57 2.56 9.92-20.51 18.11 

Ulna 58 7. 29 7.15 1.86 1.36 4.56-10.98 18.37 

Radius 58 6.84 6.64 1.21 1.10 5.18-9.650 15.80 

Femur 58 18.87 17.47 15.92 3.99 13.58-28.66 20.78 

Tibia 58 18.51 17.59 13.79 3.71 12.94-29.28 19.72 

Fibula 58 6.65 6.61 2.07 1.44 4.07-10.61 21.27 
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Figure 4.42: Distal diaphyseal breadths of the cadaveric 0.00-0.99 year-olds 

The mean distal breadth of the femur was the widest and the most variable measurement 

(CV=20.75%). The ulna had the narrowest mean distal breadth (7.40 mm) and was also the 

least variable bone in the cohort (Table 4.48). 

Midshaft diaphyseal breadths: The distributions of the midshaft breadth measurements were 

not normally distributed. Again, these distributions were skewed by the larger values. There 

were outliers for all the bones except the humerus and femur. The mean values were greater 

than the medians (Figure 4.43). 

Table 4.48: Distal diaphyseal breadths (mm) of the 0.00-0.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 58 19.68 18.61 12.25 3.50 13.71-28.7 17.48 

Ulna 58 7.40 7.28 1.09 1.05 5.33-9.57 13.90 

Radius 58 11.15 10.70 3.47 1.86 8.26-16.38 16.43 

Femur 58 23.61 21.70 24.85 4.98 17.88-38.64 20.75 

Tibia 58 13.08 12.75 6.74 2.60 9.35-20.76 19.51 

Fibula 58 7.96 7.86 2.13 1.46 5.31-11.38 18.02 
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Figure 4.43: Midshaft diaphyseal breadths of the cadaveric 0.00-0.99 year-olds 

The humerus, femur and tibia had similar midshaft breadths, which were substantially wider 

than the other bones that shared similar size breadths. Variation of the midshaft breadths was 

similar for all the elements, ranging between approximately 18-22%; the humerus was the 

most variable element (CV=21.85%) (Table 4.49). 

Midshaft diaphyseal circumferences: The midshaft circumference values were not uniformly 

distributed. The distributions were skewed by the larger values. There were outliers for the 

ulna, radius, tibia and fibula. The mean was greater than the median values in all cases 

(Figure 4.44). 

Table 4.49: Midshaft diaphyseal breadths (mm) of the 0.00-0.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 58 7.20 6.58 2.56 1.60 5.03-11.41 21.85 

Ulna 58 5.85 5.65 1.40 1.18 3.86-10.42 19.87 

Radius 58 5.49 5.19 1.17 1.08 3.9-9.34 19.35 

Femur 58 8.43 7.79 3.19 1.79 5.25-12.63 20.82 

Tibia 58 7.82 7.48 2.05 1.43 5.14-11.75 17.99 

Fibula 58 5.19 5.22 1.14 1.07 3.09-8.23 20.21 
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Figure 4.44: Midshaft diaphyseal circumferences of the cadaveric 0.00-0.99 year-olds 

The humerus, femur and tibia had similar midshaft sizes that were greater than the 

dimensions of the ulna, radius and fibula. Variability across the circumferences was similar 

and the humerus was the most variable element (CV=22.03%) (Table 4.50). 

Summary of long bone dimensions in the 0-1 year-old cadaveric group: Generally, the data 

for this cohort were not normally distributed and larger values skewed the distributions. The 

proximal segment bones expressed more variability than the distal. The size of the largest 

individual in the cohort was found to be approximately double that of the smallest member. 

There was clear evidence demonstrating dissociation between the upper and lower limb 

proportions as reflected in the longer lower limb bones. 

4.14.3 Cadaveric group (1-2 year-olds)  

Diaphyseal lengths: The diaphyseal lengths data were not normally distributed. They were 

skewed by the larger values. This was more pronounced in the lower limb bones. The means 

were greater than the medians as shown in Figure 4.45. 

Table 4.50: Midshaft diaphyseal circumferences (mm) of the 0.00-0.99 year-old cadaveric 
group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 58 24.35 23.05 29.78 5.46 17.08-39.17 22.03 

Ulna 58 18.56 17.76 15.10 3.89 13.37-31.22 20.57 

Radius 58 17.21 16.32 12.07 3.47 12.52-28.31 19.84 

Femur 58 26.98 25.18 30.13 5.49 17.83-40.31 19.99 

Tibia 58 26.38 25.30 28.69 5.36 17.4-41.85 19.96 

Fibula 58 16.27 15.38 12.50 3.54 9.97-27.45 21.36 
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Figure 4.45: Diaphyseal lengths of the cadaveric 1.00-1.99 year-olds 

The upper limb bones were less variable than the lower limb elements. The ulna was the least 

variable bone (CV=6.85%) and the fibula was the most variable (CV=9.96%). The humerus 

was shorter than the lower limb distal segment bones. The humerus was also markedly 

shorter than the femur, such that its greatest value corresponded to the lowest range of the 

femoral length. As expected, the radius was the shortest bone and its range was also the 

narrowest (82.03-100.55 mm) in the cohort (Table 4.51). 

 

 

 

 

Proximal diaphyseal breadths: The distributions of the proximal breadths were normal. The 

mean breadth of the femur was less than the median while the opposite was true for the tibia 

(Figure 4.46). 

Table 4.51: Diaphyseal lengths (mm) of the 1.00-1.99 year-old cadaveric group   

Long bone N Mean Median Variance SD Range CV% 

Humerus 9 113.59 108.21 97.93 9.90 102.41-128.79 7.74 

Ulna 9 98.87 95.72 58.14 7.62 91.47-111.25 6.85 

Radius 9 88.93 86.37 48.93 7.00 82.03-100.55 6.99 

Femur 9 144.30 134.99 260.06 16.13 128.22-172.99 9.93 

Tibia 9 120.85 114.96 168.26 12.97 107.64-142.76 9.54 

Fibula 9 115.49 110.87 167.47 12.94 102.92-138.57 9.96 



124 
 

 

Figure 4.46: Proximal diaphyseal breadths of the cadaveric 1.00-1.99 year-olds 

The mean proximal breadth of the femur and tibia were similar. The femur variability 

(CV=17.38%) was much greater than the tibia (CV=10.10%). The mean breadth of the ulna 

and fibula were similar. The radius had the smallest mean proximal breadth of 9.67 mm and 

was more variable than the ulna (CV=7.95 vs. 6.76% respectively) (Table 4.52). 

Distal diaphyseal breadths: The distal diaphyseal breadths were normally distributed. The 

means and medians of all the measures were similar. One outlier on either side of the 

whiskers was identified in the ulna distribution (Figure 4.47). 

Table 4.52: Proximal diaphyseal breadths (mm) of the 1.00-1.99 year-old cadaveric group   

Long bone N Mean Median Variance SD Range CV% 

Humerus 9 19.36 19.53 1.72 1.31 17.88-21.47 6.02 

Ulna 9 11.04 10.81 0.70 0.84 10.24-12.46 6.76 

Radius 9 9.67 9.88 0.75 0.87 8.23-10.69 7.95 

Femur 9 29.61 31.39 33.51 5.79 22.94-37.48 17.38 

Tibia 9 29.75 28.36 11.43 3.38 26.03-35.63 10.10 

Fibula 9 10.02 9.73 1.72 1.31 8.66-12.35 11.64 
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Figure 4.47: Distal diaphyseal breadths of the cadaveric 1.00-1.99 year-olds 

The femur had the greatest mean distal breadth (38.16 mm) and was more than triple the size 

of the fibula (11.90 mm). The ulna had the narrowest distal breadth (9.64 mm) that was three 

times less than the size of the humerus (28.66 mm). The tibia distal breadth was the most 

variable (CV=12.97%) (Table 4.53). 

Midshaft diaphyseal breadths: Midshaft breadths of this cohort were not normally distributed. 

The data were skewed by the larger values. The radius, tibia and fibula had larger sized 

outliers (Figure 4. 48). 

Table 4.53: Distal diaphyseal breadths (mm) of the 1.00-1.99 year-old cadaveric group   

Long bone N Mean Median Variance SD Range CV% 

Humerus 9 28.66 27.38 6.69 2.59 26.10-32.93 8.02 

Ulna 9 9.64 9.68 1.14 1.07 7.36-11.42 9.85 

Radius 9 15.90 15.90 1.75 1.32 14.48-17.77 7.40 

Femur 9 38.16 37.47 12.04 3.47 33.44-43.48 8.08 

Tibia 9 20.52 19.48 8.97 2.99 16.9-25.44 12.97 

Fibula 9 11.90 11.45 2.79 1.67 8.70-13.91 12.47 
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Figure 4.48: Midshaft diaphyseal breadths of the cadaveric 1.00-1.99 year-olds 

The mean midshaft breadths of the femur, tibia and humerus were fairly similar. The mean 

breadths of the remaining bones were also similar. The femur was the least variable of all the 

elements (CV=8.28%) (Table 4.54). 

Midshaft diaphyseal circumferences: The midshaft circumferences were not normally 

distributed and were skewed by the larger individuals. The radius had an outlier. The means 

and medians were similar except for the tibia where the mean value was greater than the 

median (Figure 4.46). 

Table 4.54: Midshaft diaphyseal breadths (mm) of the 1.00-1.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 9 11.06 10.35 2.27 1.51 9.90-14.14 12.10 

Ulna 9 8.58 8.07 1.51 1.23 7.36-10.91 12.74 

Radius 9 7.99 7.86 1.45 1.20 6.78-10.87 13.38 

Femur 9 13.09 12.78 1.49 1.22 11.39-14.81 8.28 

Tibia 9 11.64 11.22 2.44 1.56 10.24-15.23 11.92 

Fibula 9 7.21 6.97 1.53 1.24 5.65-10.00 15.28 
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Figure 4.49: Midshaft diaphyseal circumferences of the cadaveric 1.00-1.99 year-olds 

The size of the femur, tibia and humerus midshaft circumferences were similar. The ulna, 

radius and fibula also presented similar sizes. Variations in the circumferences were broad, 

with the fibula being the most variable (CV=12.40%) and the radius was the least variable 

element (CV = 6.94) (Table 4.55). 

Summary of long bone dimensions in the 1-2 year-old cadaveric group: Only nine cadavers 

were available in this age group. In general, the data were not normally distributed as more 

individuals were plotted below the mean. Variability was mostly below 10% for the length 

measurements and slightly more for the breadths. The lower limb bone lengths were 

substantially longer than the upper limb and the breadths were broader as well. 

4.14.4 Cadaveric group (2-3 year-olds)  

Diaphyseal lengths: The diaphyseal lengths for this cohort were normally distributed. The 

mean and median values of all the bones were similar (Figure 4.50). 

Table 4.55: Midshaft diaphyseal circumferences (mm) of the 1.00-1.99 year-old cadaveric 

group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 9 37.44 36.18 12.98 3.60 34.38-44.02 8.55 

Ulna 9 27.74 25.90 14.65 3.83 23.53-34.69 12.27 

Radius 9 25.45 25.13 3.95 1.99 22.50-29.71 6.94 

Femur 9 40.90 40.40 18.22 4.27 36.47-49.71 9.28 

Tibia 9 40.02 37.43 22.91 4.79 35.31-48.74 10.63 

Fibula 9 23.47 22.73 10.72 3.27 19.26-29.14 12.40 
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Figure 4.50: Diaphyseal lengths of the cadaveric 2.00-2.99 year-olds 

The lower limb bones were proportionally longer than the corresponding bones of the upper 

limb. The mean length of the femur was substantially longer than the humerus by over 38 

mm. The humerus was the least variable element (CV=2.28%) and the fibula was the most 

variable (CV=8.66%) for this measurement (Table 4.56). 

 

 

 

 

Proximal diaphyseal breadths: The proximal breadth data were normally distributed. The 

means and medians were similar for all bones with the exception of the tibia, which was 

influenced by the larger values (Figure 4.51). 

Table 4.56: Diaphyseal lengths (mm) of the 2.00-2.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 138.57 136.83 22.52 4.75 134.94-143.94 2.28 

Ulna 3 118.91 120.38 82.27 9.07 109.19-127.15 5.09 

Radius 3 107.80 108.24 64.06 8.00 99.59-115.58 4.95 

Femur 3 176.90 182.79 203.68 14.27 160.63-187.29 5.38 

Tibia 3 149.12 151.49 255.13 15.97 132.09-163.77 7.14 

Fibula 3 144.49 149.94 352.09 18.76 123.60-159.92 8.66 
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Figure 4.51: Proximal diaphyseal breadths of the cadaveric 2.00-2.99 year-olds 

The proximal breadths of the femur and tibia were similar but markedly broader than the 

humerus. The breadths of the fibula, ulna and radius were similar. The CVs of the lower limb 

elements were very large compared to those of the upper limb bones. The ulna was the least 

variable (CV=3.34%) and the tibia was the most variable of all the bones (CV=29.26%) 

(Table 4.57). 

Distal diaphyseal breadths: The distal breadth measurements were normally distributed. The 

means were similar to the median with the exception of the femur that had a lower mean 

breadth (Figure 4.52). 

Table 4.57: Proximal diaphyseal breadths (mm) of the 2.00-2.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 21.56 20.83 3.42 1.85 20.18-23.66 5.72 

Ulna 3 12.48 12.91 1.00 1.00 11.34-13.20 5.34 

Radius 3 11.27 11.71 1.00 1.00 10.12-11.97 5.93 

Femur 3 29.25 28.50 79.28 8.90 20.75-38.51 20.29 

Tibia 3 30.20 35.98 175.70 13.26 15.04-39.59 29.26 

Fibula 3 11.49 12.61 12.34 3.51 7.55-14.30 20.39 
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Figure 4.52: Distal diaphyseal breadths of the cadaveric 2.00-2.99 year-olds 

The distal breadth of the femur was the most variable measurement (CV=17.77%). The tibial 

breadth was double the fibular breadth and was the least variable (CV=5.65%). The size of 

the humeral distal breadth was almost double that of the radius. The ulna distal breadth was 

the narrowest (Table 4.58)  

Midshaft diaphyseal breadths: The midshaft breadth data were normally distributed. The 

mean values were smaller than the median for all the bones except for the fibula, which were 

similar (Figure 4.53). 

Table 4.58: Distal diaphyseal breadths (mm) of the 2.00-2.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 35.51 35.80 53.50 7.31 28.06-42.68 13.73 

Ulna 3 10.39 10.98 5.37 2.32 7.83-12.35 14.88 

Radius 3 18.78 18.14 7.73 2.78 16.37-21.82 9.87 

Femur 3 42.76 45.90 129.84 11.39 30.12-52.25 17.77 

Tibia 3 25.68 25.32 4.74 2.18 23.70-28.01 5.65 

Fibula 3 13.19 13.50 11.19 3.35 9.70-16.37 16.91 
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Figure 4.53: Midshaft diaphyseal breadths of the cadaveric 2.00-2.99 year-olds 

The midshaft breadths of the femur, tibia and humerus were similar. The femur was the most 

variable (CV=19.77%) and the humerus was the least variable element (CV=11.56%). The 

ulna, radius and fibula had similar mean midshaft breadths ranging between 7.50 mm in 

fibula and 9.65 mm in the ulna (Table 4.59). 

Midshaft diaphyseal circumferences: Midshaft circumference measurements were normally 

distributed. The mean and median values were similar for all bones except the tibia, where 

the distribution was skewed by the larger values (Figure 4.54). 

Table 4.59: Midshaft diaphyseal breadths (mm) of the 2.00-2.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 12.00 13.15 4.34 2.08 9.60-13.26 11.56 

Ulna 3 8.91 9.77 2.43 1.56 7.11-9.85 11.67 

Radius 3 9.65 10.60 7.13 2.67 6.63-11.71 18.46 

Femur 3 14.82 16.42 19.31 4.39 9.85-18.19 19.77 

Tibia 3 12.89 14.52 14.28 3.78 8.57-15.58 19.54 

Fibula 3 7.50 7.40 2.23 1.49 6.06-9.04 13.27 
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Figure 4.54: Midshaft diaphyseal circumferences of the cadaveric 2.00-2.99 year-olds 

The midshaft circumference of the femur, tibia and humerus had overlapping ranges. The 

tibia was the most variable bone at CV=22.66% and the fibula was the least variable 

(CV=10.41%). The ulna and radius circumferences were similar and greater than the fibula 

(Table 4.60). 

Summary of long bone dimensions in the 2-3 year-old cadaveric group: Only three sets of 

bones were evaluated in this age cohort. Overall, the distribution of the data was normal. 

Variability was broad across the length and breadth measures with the lower limb bones 

generally more variable. The lower limb bones were substantially longer than the upper limb 

elements. 

Table 4.60: Midshaft diaphyseal circumferences (mm) of the 2.00-2.99 year-old cadaveric 
group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 39.97 41.20 46.02 6.78 32.66-46.06 11.31 

Ulna 3 28.48 30.87 24.94 4.99 22.74-31.83 11.69 

Radius 3 29.57 31.68 47.29 6.88 21.89-35.15 15.50 

Femur 3 48.32 50.49 148.26 12.18 35.20-59.26 16.80 

Tibia 3 44.72 48.74 230.99 15.20 27.92-57.51 22.66 

Fibula 3 23.94 23.09 13.97 3.74 20.70-28.03 10.41 
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4.14.5 Cadaveric group (3-4 year-olds)  

Diaphyseal lengths: The diaphyseal length data for this cohort were normally distributed. The 

mean and median values were similar for all bones except the femur, which had a greater 

mean value (Figure 4.55). 

 

Figure 4.55: Diaphyseal lengths of the cadaveric 2.00-2.99 year-olds 

As expected, the femur was longer than the other lower limb bones and substantially longer 

than the upper limb bones. The humerus was longer than the ulna and radius. With a mean 

length of 110.15 mm, the radius was the shortest bone in the cohort. Variability in the 

measurements was low. The femur was the most variable bone at CV=4.49% and the radius 

was the least variable (CV=3.19%) (Table 4.61). 

 

 

 

 

Proximal diaphyseal breadths: The proximal breadth measurements were normally 

distributed. The mean and median breadths were similar for all the bones in the cohort 

(Figure 4.56). 

Table 4.61: Diaphyseal lengths (mm) of the 3.00-3.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 145.55 143.28 80.87 8.99 137.91-155.46 4.12 

Ulna 3 121.70 119.41 39.82 6.31 116.86-128.84 3.46 

Radius 3 110.15 110.57 27.80 5.27 104.68-115.20 3.19 

Femur 3 189.17 182.96 162.13 12.73 180.74-203.82 4.49 

Tibia 3 161.70 162.00 85.35 9.24 152.32-170.79 3.81 

Fibula 3 154.52 153.10 69.83 8.36 146.97-163.50 3.61 
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Figure 4.56: Proximal diaphyseal breadths of the cadaveric 3.00-3.99 year-olds 

The proximal breadth of the tibia was substantially broader than that of the femur, which at 

CV=15.78% was also the most variable bone. The ulna and radius had similar mean breadths 

that were wider than the mean breadth of the fibula (9.58 mm), which was also the least 

variable bone (CV=3.13) (Table 4.62). 

Distal diaphyseal breadths: The distal diaphyseal breadth data were normally distributed. The 

mean and median values were similar for all the bones (Figure 4.57). 

Table 4.62: Proximal diaphyseal lengths (mm) of the 3.00-3.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 20.89 21.12 3.17 1.78 19.00-22.54 5.69 

Ulna 3 13.85 14.47 1.33 1.15 12.52-14.56 5.55 

Radius 3 12.10 12.48 0.54 0.74 11.25-12.57 4.06 

Femur 3 24.98 23.21 34.94 5.91 20.15-31.57 15.78 

Tibia 3 35.34 34.57 5.15 2.27 33.55-37.89 4.28 

Fibula 3 9.58 9.47 0.20 0.45 9.19-10.07 3.13 
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Figure 4.57: Distal diaphyseal breadths of the cadaveric 3.00-3.99 year-olds 

The distal breadth of the femur was the broadest (42.47 mm) and it was the least variable 

bone in the cohort (CV=2.57%). The mean breadth of the humerus was twice that of the 

radius, which was also the most variable element (CV=8.70%). The mean breadths of the 

ulna and fibula were similar and they had comparable levels of variability (Table 4.63). 

Midshaft diaphyseal breadths: The midshaft breadth measurements were normally 

distributed. The mean and median values were similar for all of the bones in the cohort 

(Figure4.58). 

Table 4.63: Distal diaphyseal lengths (mm) of the 3.00-3.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 30.62 31.21 1.70 1.30 29.13-31.53 2.84 

Ulna 3 10.60 10.38 0.44 0.66 10.08-11.35 4.17 

Radius 3 15.73 15.13 4.21 2.05 14.05-18.02 8.70 

Femur 3 42.47 41.53 2.68 1.64 41.52-44.36 2.57 

Tibia 3 24.20 24.23 4.43 2.11 22.08-26.29 5.80 

Fibula 3 11.88 12.06 1.29 1.14 10.66-12.91 6.38 
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Figure 4.58: Midshaft diaphyseal breadths of the cadaveric 3.00-3.99 year-olds 

The midshaft breadths of the femur and tibia were similar. The tibia, at CV=6.83%, was more 

variable than the femur (CV= 3.51%). The fibula had the narrowest mean breadth and was 

also the most variable bone (CV=13.54%) in the cohort (Table 4.64). 

Midshaft diaphyseal circumferences: The midshaft circumference data were normally 

distributed with similar mean and median values for all the measures (Figure 4.59). 

Table 4.64: Midshaft diaphyseal breadths (mm) of the 3.00-3.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 12.22 12.78 1.22 1.11 10.95-12.94 6.03 

Ulna 3 9.83 10.06 0.57 0.76 8.98-10.44 5.14 

Radius 3 10.12 10.31 1.36 1.17 8.87-11.18 7.69 

Femur 3 14.86 15.11 0.61 0.78 13.98-15.48 3.51 

Tibia 3 15.16 15.84 2.41 1.55 13.38-16.25 6.83 

Fibula 3 6.99 7.40 2.02 1.42 5.41-8.16 13.54 
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Figure 4.59: Midshaft diaphyseal circumferences of the cadaveric 3.00-3.99 year-olds 

The midshaft sizes of the femur and tibia were similar and more than double the size of the 

fibula. Similarly, the midshaft size of the humerus was larger than the ulna that was in turn 

larger than the radius. The radius was the most variable bone at CV=12.62% and the humerus 

was the least variable element (CV=3.50%) (Table 4.65). 

Summary of long bone dimensions in the 3-4 year-old cadaveric cohort: Dimensions of only 

three cadavers were evaluated for this age cohort. On average, the diaphyseal lengths of the 

lower limb segments were longer than the upper limb segments by 44 mm. The sizes of the 

tibial and femoral diaphyses were generally similar, bigger than the humerus, and markedly 

bigger than the other limb bones. The mean distal breadth of the femur was broader than the 

mean proximal breadth of the tibia. 

Table 4.65: Midshaft diaphyseal circumferences (mm) of the 3.00-3.99 year-old cadaveric 

group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 3 41.34 42.45 4.72 2.17 38.84-42.74 3.50 

Ulna 3 32.74 32.52 3.03 1.74 31.12-34.58 3.54 

Radius 3 26.88 28.89 25.89 5.09 21.09-30.65 12.62 

Femur 3 51.36 50.17 27.48 5.24 46.81-57.09 6.80 

Tibia 3 52.00 52.08 26.32 5.13 46.83-57.09 6.58 

Fibula 3 21.81 21.84 12.82 3.58 18.21-25.37 10.95 
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4.14.6 Cadaveric group (4-5 year-olds)  

Diaphyseal lengths: The data of the diaphyseal lengths of the two cadavers assessed in this 

age cohort are presented in Figure 4.49. 

 

Figure 4.60: Diaphyseal lengths of the cadaveric 4.00-4.99 year-olds 

The mean diaphyseal length of the femur was 42.34 mm longer than the tibia. Similarly, the 

mean length of the humerus was 25.35 mm longer than the ulna.  The mean length of the 

femur was substantially longer than the mean length of the humerus (Table 4.66). 

 

 

 

 

Proximal diaphyseal breadths: The proximal breadth measurements are represented in Figure 

4.61. 

Table 4.66: Diaphyseal lengths (mm) of the 4.00-4.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 2 164.91 164.91 8.99 3.00 162.79-167.03 0.91 

Ulna 2 139.56 139.56 13.94 3.73 136.92-142.20 1.34 

Radius 2 132.25 132.25 24.22 4.92 128.77-135.73 1.86 

Femur 2 240.80 240.80 33.29 5.77 236.72-244.88 1.20 

Tibia 2 198.46 198.46 77.75 8.82 192.22-204.69 2.22 

Fibula 2 189.00 189.00 56.71 7.53 183.67-194.32 1.99 
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Figure 4.61: Proximal diaphyseal breadths of the cadaveric 4.00-4.99 year-olds 

The two femoral proximal breadths were markedly different from each other with a CV of 

19.60%. The proximal breadths of the two tibiae were similar. The fibulae presented with the 

narrowest proximal breadth (Table 4. 67). 

Distal diaphyseal breadths: The distal diaphyseal breadth data are presented graphically in 

Figure 4.62. 

Table 4.67: Proximal diaphyseal breadths (mm) of the 4.00-4.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 2 23.02 23.02 0.01 0.11 22.94-23.10 0.25 

Ulna 2 14.59 14.59 2.58 1.61 13.45-15.72 5.50 

Radius 2 11.95 11.95 0.48 0.69 11.46-12.44 2.90 

Femur 2 30.30 30.30 141.12 11.88 21.90-38.70 19.60 

Tibia 2 38.29 38.29 0.00 0.06 38.24-38.33 0.08 

Fibula 2 10.59 10.59 1.39 1.18 9.75-11.42 5.58 
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Figure 4.62: Distal diaphyseal breadths of the cadaveric 4.00-4.99 year-olds 

The ranges of the distal breadth data were very narrow. The femur was the broadest bone and 

the ulna was the narrowest. The humerus distal breadth was triple the size of the ulna and 

almost double the size of the radius. Similarly, the femur distal breadth was doubled the tibia, 

and triple the fibular size. All of the CVs were small (Table 4.68). 

Midshaft diaphyseal breadths: The midshaft breadth measurements of the cohort are 

presented in Figure 4.63. All of the distributions were narrow. 

Table 4.68: Distal diaphyseal breadths (mm) of the 4.00-4.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 2 33.76 33.76 2.93 1.71 32.55-34.97 2.53 

Ulna 2 10.91 10.91 0.66 0.81 10.33-11.48 3.73 

Radius 2 18.05 18.05 2.90 1.70 16.84-19.25 4.72 

Femur 2 49.13 49.13 0.55 0.74 48.60-49.65 0.76 

Tibia 2 26.58 26.58 0.44 0.66 26.11-27.05 1.25 

Fibula 2 15.11 15.11 2.46 1.57 14.00-16.22 5.19 
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Figure 4.63: Midshaft diaphyseal breadths of the cadaveric 4.00-4.99 year-olds 

The mean midshaft breadths of the humerus, femur and tibia were similar. The mean 

midshaft breadths of the ulna, radius and fibula were also similar.  The radius values were the 

most variable (CV=9.96) while the ulnae had little difference (Table 4.69). 

Midshaft diaphyseal circumferences: The midshaft circumference measurements are 

represented in Figure 4.64. 

Table 4.69: Midshaft diaphyseal breadths (mm) of the 4.00-4.99 year-old cadaveric group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 2 12.89 12.89 4.12 2.03 11.45-14.32 7.88 

Ulna 2 9.31 9.31 0.12 0.34 9.07-9.55 1.82 

Radius 2 8.87 8.87 3.13 1.77 7.62-10.12 9.96 

Femur 2 16.93 16.93 3.13 1.77 15.68-18.18 5.22 

Tibia 2 14.31 14.31 0.98 0.99 13.61-15.01 3.46 

Fibula 2 7.66 7.66 1.34 1.16 6.84-8.48 7.57 
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The femur and tibia midshaft circumferences were similar in size. The midshaft sizes of the 

ulna and radius were also similar, and markedly smaller than the humerus. The radial and 

fibular circumferences were most similar (Table 4.70). 

Summary of long bone dimensions in the 4-5 year-old cadaveric group: Only two sets of 

bones were assessed in the 4-5 age cohort, representing a larger and small individual. There 

was substantial elongation of the lower limb bones over the previous cohort illustrating 

further development of the adult bipedal pattern. The sizes of the femur and tibia were 

similar. The distal breadth of the femur was markedly broader than the proximal breadth of 

the tibia. 

 

Figure 4.64: Midshaft diaphyseal circumferences of the cadaveric 4.00-4.99 year-olds 

Table 4.70: Midshaft diaphyseal circumferences (mm) of the 4.00-4.99 year-old cadaveric 
group  

Long bone N Mean Median Variance SD Range CV% 

Humerus 2 41.75 41.75 40.95 6.40 37.22-46.27 7.66 

Ulna 2 31.16 31.16 9.50 3.08 28.98-33.34 4.95 

Radius 2 26.79 26.79 13.94 3.73 24.15-29.43 6.97 

Femur 2 54.89 54.89 23.05 4.80 51.49-58.28 4.37 

Tibia 2 51.09 51.09 43.06 6.56 46.45-55.73 6.42 

Fibula 2 25.31 25.31 7.26 2.69 23.40-27.21 5.32 
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4.15 Summary of the upper and lower limb dimensions in the cadaveric 

group 

In general, the data for the PCC individuals were normally distributed. Most of the outliers 

were found in the midshaft data. The mean and median values were similar for the lengths 

but skewed by larger values for the breadths. Variability levels were broad across the 

measurements but generally lower in the length measurements compared to the others.  

The mean diaphyseal lengths and breadths of the limbs were characterised by increases 

across the cohorts. The proportions of the limbs were similar in the premature cohort and 

differentiated from the 0-1 year-olds by larger sizes for the lower limb bones. Most of the 

substantial differences in the proportions of the limbs was found between the 0-1 and 1-2 

year-olds. Changes in the mean length of the lower limb bones in these categories follow the 

bipedal pattern of lower limb elongation. Substantial changes in the knee sizes also occurred 

between 2-3 and 3-4 year-olds to reflect changes in knee stability relating to bipedalism. 

4.16 Cadaveric sample: diaphyseal length comparisons across cohorts 

Diaphyseal lengths of the six limb bones are compared across the different ages in Figures 

4.65–4.70. This provides a general overview of the distribution patterns of the diaphyses 

across the cohorts and the overlaps between cohorts. In addition, the comparison provides 

insight into the growth trajectory of the bones from birth to the fifth year.  

Diaphyseal lengths from birth to five years  

The lengths of the humerus increased from a minimum of 43.77 mm in the prematures to a 

maximum of 167.03 mm in the oldest children. This represents a mean increase of over 3-

fold in five years. There were overlaps in the distributions for the preterms and 0-1 year-olds, 

as well as the 2-3 and 3-4 year-old cohorts. The overlap between the latter cohort was such 

that all individuals below the mean length in the older cohort and those above the mean in the 

younger cohorts were within the same range. Nonetheless, the mean and median values of 

each cohort were different from each other, highlighting the effect of small samples (Figure 

4.65). 



144 
 

 

Figure 4.65: Length of the humerus across age cohorts in the living sample 

The ulnar lengths also exhibited a 3-fold size increase between the preterms and the oldest 

cohort. The mean for the preterms was 47.43 mm and it was 139.56 mm in the oldest cohort. 

The mean and median values of the 2-3 and 3-4 year-old cohorts were similar, reflecting the 

small samples and possible inconsistent correlation of ulnar length to age (Fig 4.66). 

 

Figure 4.66: Length of the ulna across age cohorts in the cadaveric sample 

The other upper limb bone, the radius lengths also displayed a 3-fold change in size from a 

mean of 34.78 mm in the preterms to 135.73 mm in the oldest cohort. The pattern of overlap 

was also consistent with the other upper limb bones. Only the oldest cohort was distinct. The 

2-3 and 3-4 year-old mean and median values were also similar (Figure 4.67). 
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Figure 4.67: Length of the radius across age cohorts in the cadaveric sample 

The femoral lengths increased 4-fold from the preterms to the oldest cohort. The mean values 

ranged from 47.27 mm to 244.88 mm. The femur lengths show a general growth curve 

pattern with consistent overlap in the distributions from the preterms to the 3.00-3.00 year-

olds. The oldest cohort is clearly separated from the preceding cohort. Mean and median 

values of the diaphyseal lengths for each age cohorts were different except for the 2-3 and 3-4 

year-olds. Thus age estimation for those ages may be unreliable (Figure 4.68). 



146 
 

 

Figure 4.68: Length of the femur across age cohorts in the cadaveric sample 

Similar to the femoral lengths, the mean tibial diaphyseal lengths also showed a 4-fold 

increase from 41.04 mm in the preterms to 204.69 mm in the oldest cohort. Unlike the femur 

data, the mean tibial values for the 2-3 and 3-4 year-olds were different but the median were 

similar, thus presenting a smoother curve than the femur. The tibia lengths are therefore 

likely to predict age better than the femur lengths (Figure 4.69). 

 

Figure 4.69: Length of the tibia across age cohorts in the cadaveric sample 

The fibula lengths ranged from a minimum of 39.09 mm in the preterms to a maximum of 

194.32 mm in the oldest cohort. This represents a 4-fold increase in size.  Like the other 
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bones of the lower limb, the fibular lengths showed differences in the mean and median 

values except for the 2.00-3.99 year-olds. The pattern of increase in the fibula lengths was 

closer to the femur than the tibia (Figure 4.70). 

 

Figure 4.70: Length of the fibula across age cohorts in the cadaveric sample 

 

4.17 Summary of the diaphyseal lengths comparison across cohorts 

There are subtle differences in the distributions of the length data. Only the tibia and humerus 

distributions had mean and median values that differed across the age cohorts. 

The changes in the tibial lengths fitted the length-age relationship better than what is seen 

with the other bones, making the tibia likely to predict age better, while the ulna is likely to 

be the least useful bone for age prediction. 

4.18 Comparison of limbs dimensions in the cadaveric and living samples 

The results of the comparative analysis of the lengths of the cadaveric and living samples are 

presented in Figures 4.71-4.76. Each plot represents the data (upper limb or lower limb) for 

an age cohort, with the box on the left representing the cadaveric sample and the adjacent box 

to the right representing the living sample. 
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4.18.1 Premature cadaveric and living long bone lengths 

The mean diaphyseal lengths for the upper limb bones of the living cohort were consistently 

greater than the cadaver values. There were more cadavers with smaller dimensions than the 

living cohort; however, the upper limits of the ranges for the humerus and ulna were similar 

(Figure 4.71). 

 

Figure 4.71: Upper limb diaphyseal lengths of the premature cadaveric and living samples 

As far as the bones of the lower limb were concerned, the mean and median values of the two 

groups were similar. The cadaveric cohort exhibited a wider range of bone lengths than the 

living cohort (Figure 4.72). 
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Figure 4.72: Lower limb diaphyseal lengths of the premature cadaveric and living samples 

 

4.18.2 Cadaveric and living long bones (0-1 year-olds)  

The mean lengths of the upper limb bones were greater for the living cohort. Although the 

mean values were greater than the median values for all the upper limb bones, it is important 

to note that the mean lengths of the cadaver bones were similar to the median lengths of the 

living cohorts (Figure 4.73). 

 

Figure 4.73: Upper limb diaphyseal lengths of the 0.00-0.99 year-old cadaveric and living 
samples 

The mean lengths of the lower limb bones were greater for the living individuals. However, 

the differences in the lower range of values were minimal compared to the upper limb bones. 
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Overall, more individuals in the living sample have longer lower limb bones in this cohort 

(Figure 4.74).  

 

4.18.3 Cadaveric and living long bones (1-2 year-olds) 

The mean values for the humerus and radius lengths were similar for the samples while the 

ulnar mean length was greater for the living children. The ranges of the diaphyseal lengths for 

both groups were similar (Figure 4.75). 

 

Figure 4.74: Lower limb diaphyseal lengths of the 0.00-0.99 year-old cadaveric and living samples 
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Figure 4.75: Upper limb diaphyseal lengths of the 1.00-1.99 year-old cadaveric and living 
samples 

There were more individuals with longer lower limb bones in the living sample than in the 

cadavers. This was reflected in the substantial differences in the mean values (Figure 4.76). 

 

4.18.4 Cadaveric and living long bones (2-3 year-olds) 

The mean values for the living individuals and the cadavers were similar for the ulna and 

radius lengths but the mean humerus length was substantially greater for the cadavers (Figure 

4.77). 

 

Figure 4.76: Lower limb diaphyseal lengths of the 1.00-1.99 year-old cadaveric and living samples 
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Figure 4.77: Upper limb diaphyseal lengths of the 2.00-2.99 year-old cadaveric and living 
samples 

The mean and median lengths of the lower limb bones for both the cadavers and living 

cohorts were similar (Figure 4.78). 

 

4.18.5 Combined cohort of cadaveric and living samples (3.00-4.99-year-olds) 

Due to the small sample sizes, the two older cohorts were pooled for this comparison. The 

mean lengths of the living sample upper limb bones were greater for the humerus and ulna 

and substantially greater for the radius (Figure 4.79). 

 

Figure 4.78: Lower limb diaphyseal lengths of the 2.00-2.99 year-old cadaveric and living samples 
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Figure 4.79: Upper limb diaphyseal lengths of the 3.00-4.99 year-old cadaveric and living 
samples 

The mean length for the femur was substantially greater for the living individuals, but the 

dimensions were similar for the tibia and fibula (Figure 4.80) 

 

4.19 Summary of the cadaveric and living long bone comparisons 

The ranges of the diaphyseal lengths for the premature cadavers were wider than the living 

sample. The ranges were similar for the 0.00-1.99 age cohort, and wider in the living children 

 

Figure 4.80: Lower limb diaphyseal lengths of the 3.00-4.99 age group cadaveric and living samples 
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across the remaining age cohorts. This is not unexpected as the older cadaveric cohorts were 

very small. 

The living sample diaphyseal lengths were generally longer than those of the cadavers. The 

level of dissociation between the upper and lower limb proportions was consistent in both 

samples. 

4.20 Comparison of the current dental age estimates with the PCC 

catalogue 

Two different standards, based on children from the US, were used to provide age estimates 

recorded in the PPC catalogue. Ages of the premature and perinate individuals were 

estimated from a gestational age chart based on supine lengths and head circumferences of 

American live births (Lubchenco et al., 1966). The Lubchenco curves contain the data for 

5,635 infants delivered to low socioeconomic status White mothers in Colorado. These 

infants were between 24 and 42 weeks of gestational age. The chart has a maximum supine 

length of 50 cm and a head circumference of 30 cm. Thus only 54.29% of the PCC perinates 

(n=35) were within the size parameters and were estimated using the Lubchenco chart in the 

catalogue (Tables 4.71). 

Table 4.71: Comparison of age estimates of the PCC prenatal, perinatal and postnatal individuals 

ID#  Current study age 

estimates 

Catalogue age estimates  

Dental age a Lubchenco supine 

lengthb 

CDC supine 

length (months) 

Lubchenco head 

circumference b 

75 ≤ 34 32 - 28-29 

147 ≤ 34 34-35 - 30-31 

213 ≤ 34 40 - 31 

219 ≤ 34 34-35 - - 

223 ≤ 34 31 - 24 

231 ≤ 34 30-31 - 24 

256 ≤ 34 36-37 - 32-33 

266 ≤ 34 34-35 - 30-31 

2 34-38 32 - 26-27 

5 34-38 31 - 32-33 
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ID# Dental age a Lubchenco supine 

lengthb 

CDC supine 

length (months) 

Lubchenco head 

circumference b 

12 34-38 34-35 - 32-33 

19 34-38 + - 32 

20 34-38 - - - 

48 34-38 32 - 29-30 

76 34-38 32-33 - 28 

82 34-38 29-30 - - 

84 34-38 30-31 - 23 

88 34-38 42 - 32-33 

132 34-38 37-38 - 31 

148 34-38 36 - 31 

177 34-38 36 - 30 

180 34-38 40 - 31 

200 34-38 42 - 31 

201 34-38 42 - 30 

206 34-38 30-31 - 27-28 

212 34-38 40 - 31-32 

217 34-38 42 - 33-34 

221 34-38 40 - 31-32 

222 34-38 30-31 - 28-29 

224 34-38 29-30 - 28-29 

232 34-38 31-32 - 28-29 

249 34-38 30-31 - 27-28 

250 34-38 32-33 - 30 

267 34-38 37-38 - 32 

37 Perinate 43 - 41 

49 Perinate + - 42 

57 Perinate 40 - + 

59 Perinate + - 42-43 

64 Perinate - - - 
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ID# Dental age a Lubchenco supine 

lengthb 

CDC supine 

length (months) 

Lubchenco head 

circumference b 

72 Perinate + - 41 

77 Perinate 36-37 - + 

85 Perinate + - 42-43 

87 Perinate + - 42-43 

93 Perinate + - 35-36 

94 Perinate 42 - - 

95 Perinate + - 37 

96 Perinate + - 41 

131 Perinate < 26 - + 

176 Perinate + - 41 

181 Perinate + - 34-35 

199 Perinate 35-36 - 34-35 

225 Perinate 42 - + 

240 Perinate + - 41 

243 Perinate + - 43 

6 Perinate - 0.5 - 

10 Perinate - 2-3 - 

27 Perinate - 3-4 - 

38 Perinate - 1-2 - 

61 Perinate - 4-5 - 

71 Perinate - 3 - 

78 Perinate - 1-2 - 

81 Perinate - 3 - 

102 Perinate - 1-2 - 

162 Perinate - 4-5 - 

169 Perinate - 1-2 - 

188 Perinate - 6.0 - 

226 Perinate - 1-2 - 

230 Perinate - 4-5 - 
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ID# Dental age a Lubchenco supine 

lengthb 

CDC supine 

length (months) 

Lubchenco head 

circumference b 

251 Perinate - 3-4 - 

136 1.0-2.99 - 6-7 - 

241 1.0-2.99 - 5-6 - 

242 1.0-2.99 - 2-3 - 

244 1.0-2.99 - 2-3 - 

253 1.0-2.99 - 5-6 - 

39 3.0-5.99 - 4-5 - 

60 3.0-5.99 - 2-3 - 

86 3.0-5.99 - 11-12 - 

155 3.0-5.99 - 6 - 

179 3.0-5.99 - 12 - 

233 3.0-5.99 - 7 - 

254 3.0-5.99 - 15 - 

255 3.0-5.99 - 10-11 - 

25 6.0-11.99 - 23-24 - 

40 6.0-11.99 - 7 - 

109 6.0-11.99 - 12-13 - 

135 6.0-11.99 - 7-8 - 

159 6.0-11.99 - 10 - 

160 6.0-11.99 - 12-13 - 

178 6.0-11.99 - 9 - 

236 6.0-11.99 - 13-14 - 

239 6.0-11.99 - 10-11 - 

259 6.0-11.99 - 17 - 

145 12.0-17.99 - 22-23 - 

187 12.0-17.99 - 16 - 

234 12.0-17.99 - 18 - 

235 12.0-17.99 - 17-18 - 

238 12.0-17.99 - 11-12 - 
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ID# Dental age a Lubchenco supine 

lengthb 

CDC supine 

length (months) 

Lubchenco head 

circumference b 

56 18.0-23.99 - 17 - 

167 18.0-23.99 - 33 - 

167 18.0-23.99 - 33 - 

252 18.0-23.99 - 13-14 - 

161 24.0-29.99 - 13-14 - 

264 24.0-29.99 - 32-33 - 

146 30.0-35.99  - 34-35 - 

0238 36.0-41.99  - 42 - 

55 42.0-47.99  - 26 - 

166 42.0-47.99 - 48 - 

163 48.0-53.99 - > 36 - 

164 48.0-53.99 - > 36 - 

Legend: aThe dental ages are expressed as weeks for children who were preterm, and in 
months for those children older than perinates. bThe supine length and head circumference 

ages are expressed in weeks for children who were preterm and some of the perinates, and in 
months for the remaing perinates and older children. The bolded items are individuals that 
were grossly underestimated in the catalogue. 

The catalogue ages of the larger members of the PCC were estimated from the US Vital and 

Health Statistics/National Center for Health Statistics standards, otherwise referred to as the 

Centers for Disease Control (CDC) chart (Kuczmarski et al., 2002). This chart presents the 

supine lengths of the American children of diverse ancestries similar to the national birth 

statistics of the contemporary American population. 

The dental age estimates of premature cadavers (n=8) below 34 weeks in the current study 

were similar to the catalogue age estimates except for two individuals with larger body sizes. 

Due to this size factor, their supine length estimates are more than two weeks older than their 

dental age estimates. More individuals (n=10) in the 34 to <38 weeks dental age group were 

estimated to be younger by more than two weeks, and seven were estimated to be older by 

more than two weeks based on their supine lengths. Notably, only one perinate out of six had 

similar dental and supine length age estimates (Table 4.72). 
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Table 4.72: Comparison of dental and Lubchenco supine length age estimates of the PCC prenatal 
and perinatal individuals 

Dental age 

estimate (weeks)  

Current study 

 

Total 

Number of individuals 

Perfect 

agreement  

Within 2 

weeks 

< 2 weeks > 2 weeks 

< 34 8 6 (75.00%)   2 (25.00%) 

34 to <38 24 5 (20.83%) 2 (8.33%) 10 (41.67%) 7 (29.17%) 
Perinate 6 1 (16.67%) - 2 (33.33%) 3 (50.00%) 

In summary, there was overall approximately 32% (12/38) agreement between the dental and 

supine length estimates that further increased to 36.8% if the range of agreement is extended 

to within two weeks. Roughly 32% of the supine length ages were underestimated (<2 weeks) 

and 32% were overestimated (>2 weeks). This illustrates that age estimation from supine 

length is problematic for the PCC and is heavily influenced by phenotypic variation, which 

becomes more evident with age. 

The premature and perinate age estimates in the PCC catalogue that were derived from head 

circumferences were generally younger than those from supine lengths (Tables 4.71 and 

4.73). There were more perfect agreements in the dental and head circumference estimates 

than with the supine lengths. Nevertheless, most cadavers dentally aged 34 to <38 weeks had 

younger age estimates based on their head circumferences than from their dental age 

estimates (22/24 or (91.7%). For the perinates, the age estimates were primarily in agreement 

or within two weeks. (Table 4.73). 

Table 4.73: Comparison of dental and Lubchenco head circumference age estimates of the PCC 
prenatal and perinatal individuals 

Dental age 

estimates (weeks)  

Current study 

Total Number of individuals 

Perfect 
agreement  

Within 2 
weeks 

< 2 weeks > 2 
weeks 

≤ 34 7 7 (100%) - - - 

34  to <38 24 1 (4.17%) 1 (4.17%) 22 (91.67%) - 
Perinate 14 5 (35.71%) 4 (28.57%) 4 (28.57%) 1 (7.14%) 

In summary, age estimates of 13 of the 45 cadavers were in agreement with the catalogue 

(28.89%) and a further 11.11% were close to agreement.  About 58% of the cadavers were 

underestimated and 2.22% overestimated. Similar to the situation with the supine length 

estimates, these results highlight the phenotypic size variation relative to the US standards 

and the need for a Southern African specific data for age estimation. 
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As for the larger perinates (n=16) whose ages could not be estimated using the Lubchenco 

chart, six of them were within one month and nine were estimated to be more than one month 

older than their dental ages based on their CDC chart estimates. Individuals with similar 

dental age estimates expressed greater variability in their supine lengths. It is important to 

note that one perinate individual (cadaver #131) was grossly underestimated as less than 26 

weeks old. For those individuals between one and three months based on their dental age 

estimates (n=5), two of them were in perfect agreement with the estimate in the catalogue and 

the others were overestimated by more than a month-- particularly cadaver #136, with a 

catalogue CDC age estimate of 6-7 months old. Similarly, cadaver #25 in the 6-12 months 

dental age category was grossly overestimated as 23-24 months in the catalogue. Conversely, 

two individuals (cadavers #161 and #252) were grossly underestimated by the CDC chart as 

aged 13-14 month olds whereas their dental developmental stages put them at between 18 and 

23.99 months old (Table 4.71). Interestingly, the two cadavers (#163 and #164) estimated as 

the oldest children (48-53.99 months based on their dental development) had CDC-based 

catalogue estimates of just older than 36 months. Individuals with similar dental age 

estimates expressed greater variability in their supine lengths (Table 4.71). 

Table 4.74: Comparison of dental and CDC chart age estimates of the PCC perinatal and postnatal 
individuals 

Dental age estimates 

(months)  

Current study 

Total Number of individuals 

Perfect 

agreement  

Within 1 

month 

< 1 month > 1 month 

Perinate 16 -(0%) 6 (37.5%) 1 (6.25%) 9 (56.25%) 
1-3 5 2 (40%) -(0%) -(0%) 3 (60%) 

3-6 8 2 (25%) 2 (25%) -(0%) 4 (50%) 
6-12 10 5 (50%) 2 (25%) 3 (30%) -(0%) 

12-18 5 3 (60%) 2 (20%) 1 (20%) -(0%) 

18-24 4 - (0%) 2 (20%) 1 (25%) 2 (50%) 
24-30 2 - (0%) -(0%) 1 (50%) 1 (50%) 

30-36 1 1 (100%) -(0%) -(0%) -(0%) 
36-42 1 1 (100%) -(0%) -(0%) -(0%) 

42-48 2 1 (50%) -(0%) 1 (50%) -(0%) 
48-54 2 -(0%) -(0%) 2 (100%) -(0%) 

In summary, 48.2% (27 out of 56 individuals) of the dental age estimate were close to perfect 

agreement with the CDC chart estimates in the catalogue. There was 17.82% underestimation 

and 33.92% overestimation. These results further substantiate the need for Southern African 

data to generate appropriate charts for age assessment based on body size variables. 
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4.21 Summary of the comparison of the current age estimates with the 

PCC catalogue 

There were more similarities between dental and head circumference age estimates than with 

the supine length estimates for the premature cadavers. Amongst the perinate individuals, the 

dental and Lubchenco chart age estimates were broadly similar but the CDC charts 

substantially overestimated some individuals. Those estimated to be between one and twelve 

months dentally were generally overestimated by the CDC chart but the estimates were 

overall similar for the other age categories. Notable were the few individuals whose catalogue 

ages were at great variance with the current dental age estimates. 

4.22 Diaphyseal lengths of South African children in relation to other 

studies 

For the purpose of these comparisons, the data for both sexes were pooled, as there were no 

statistically significant differences in the mean or median diaphyseal lengths of males and 

females. The cadaveric and living samples were also pooled as there were no statistically 

significant differences in their medians. A Mann-Whitney, U, test demonstrated a similar 

proportion of living and cadaveric individuals were above or below the grand median 

(Conroy, 2012; Cohen, 2013) (Table 4.75). The impact of differing sample sizes and 

measurement distributions on the differences was assessed with the effect size coefficient, r, 

derived from the equation 𝑟 = 𝑧/√𝑛 where n is the sample size and z is the U-test z value. 

The r-values for the younger age groups were less than 0.3, which are considered small effect 

size using Cohen’s (2013) criteria, but the femur and fibula in the 3-4 year olds demonstrated 

a large effect sizes over 0.5. Although, as reported in section 4.16, the mean lengths for the 

cadavers were generally shorter than those of the living children, and some lower limb bones 

had large effect sizes, the living and cadaveric samples were not substantially different and 

can be pooled to accurately reflect diaphyseal length dimensions of Black Southern African 

children. 
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Table 4.75: Comparison of median diaphyseal lengths of the cadaveric and living samples 

 
Cohorts (years) 

Mann-Whitney U│t│p and size effect (r)  

Humerus Ulna Radius Femur Tibia Fibula 

Premature 0.50 (-0.1) 0.40 (-0.1) 0.27 (-0.2) 0.22 (-0.2) 0.98 (0.0) 0.19 (-0.2) 
0.00-0.99 0.48 (-0.1) 0.37 (-0.1) 0.62 (-0.1) 0.50 (-0.1) 0.58 (-0.1) 0.01 (-0.3) 

1.00-1.99 0.24 (-0.2) 0.06 (-0.4) 0.12 (-0.3) 0.12 (-0.3) 0.08 (-0.4) 0.05 (-0.4) 
2.00-2.99 0.11 (-0.5) 0.31 (-0.3) 0.19 (-0.4) 0.25 (-0.3) 0.56 (-0.2) 0.89 (0.0) 

3.00-3.99 0.31 (-0.3) 0.31 (-0.3) 0.40 (-0.2) 0.03 (-0.6) 0.09 (-0.5) 0.02 (-0.7) 

4.00-4.99 0.25 (-0.5) 0.56 (-0.3) 0.56 (-0.3) 0.56 (-0.3) 0.56 (-0.3) 1.00 (0.0) 

The mean diaphyseal length values of the combined South African sample were compared to 

the data for Hungarian foetuses (Fazekas and Kósa, 1978), the Fels Research Institute series 

(Maresh, 1970; Gindhart, 1973) and the Brush Foundation serial radiographic sample 

(Ghantus, 1951). Participants of the Fels and Brush growth studies were White American 

children of European descent. Child Research Council enrolled children between 1915 and 

1967 at the University of Colorado (Maresh, 1970) while the Brush Foundation studies took 

place at Western Reserve University, Cleveland (Ghantus, 1951).  

In order to directly compare the current study with the Fels (Maresh, 1970) and the 

Hungarian foetal datasets (Fazekas and Kósa, 1978), the babies that were a week old were 

grouped as ‘at birth’ even though they were also considered as part of the 0-1 cohorts for the 

comparison. Where published data were separated by sex, the average values were used for 

these comparisons. Also, the published data used for this comparison were the mean length 

values for the premature babies, measurements taken at birth, as well as the mid-year and 

yearly measurements of the participants. 

The Maresh (1970) study provided mean diaphyseal lengths for all six long bones across all 

the age cohorts, except the preterms.  The preterms were compared to the Hungarian foetal 

standards for preterms and full term babies. Additionally, data from the Gindhart (1973) 

study were used in the comparison of the radius and tibia lengths and data for the humerus 

and ulna were obtained from Ghantus (1951). 

Humerus comparisons: Mean lengths of the South African humeral diaphyses were generally 

similar to the Hungarian foetuses and the US children enrolled in Maresh (1970). The 

differences between the South African and Hungarian foetal mean humeral diaphyseal 

lengths in the last trimester were incredibly small in the range of 0.10 mm to 1.16 mm (Table 

4.76). 
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Table 4.76: Comparison of humeral lengths (mm) 

Study Current study Fezakas & Kosa (1978) Maresh (1970) 

n Mean n Mean n Mean 

Premature 41 51.62 51 51.72 - - 
Birth 46 66.06 10 64.90 - - 

0.00-0.99 year 94 77.03 - - 145 87.5 
1.00-1.99 years 22 115.96 - - 152 117.9 

2.00-2.99 years 15 129.56 - - 154 137.95 
3.00-3.99 years 13 151922 - - 151 154.2 

4.00-4.99 years 5 171.28 - - 149 169.45 

Conversely, the South African mean humeral lengths of the South Africans were substantially 

shorter than the Maresh (1970) sample in the first year of life. As depicted by the linear trend 

line in Figure 4.81, the mean lengths were similar in the subsequent years until the mean 

length of the current study was marginally longer in the 4-5 year olds. The linear trends were 

the best fit for the mean lengths of each sample age categories (Figure 4.81). 

Ulna comparisons: The mean ulnar diaphyseal lengths for the South African and Hungarian 

foetuses were similar. The difference in the ulnar mean lengths for the two samples was less 

than 2.00 mm at birth (Table 4.77). 

 

Figure 4.81: Humeral diaphyseal lengths in the current study and Maresh (1970) 
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Table 4.77: Comparison of ulnar lengths (mm) 

Study Current study Fezakas & Kosa (1978) Maresh (1970) Ghantus (1951) 

n Mean n Mean n Mean n Mean 

Premature 41 47.98 51 47.62 - - - - 
Birth 48 61.19 10 59.30 - - - - 

0.00-0.99 year 98 70.14 - - 145 77.4 100 79.35 
1.00-1.99 years 32 105.29 - - 151 100.6 100 103.31 

2.00-2.99 years 22 119.03 - - 153 115.2 - - 
3.00-3.99 years 20 130.37 - - 151 128.15 - - 

4.00-4.99 years 18 148.47 - - 149 140.15 - - 

Aside from the 0-1 year-olds cohort, where the ulnar mean length was shorter than the 

Maresh (1970) and Ghantus (1951) samples, the mean lengths of the other cohorts were 

similar to South African sample. The graph in Figure 4.82 shows that the mean ulnar lengths 

in second year of life were closer than at any other time in childhood between the Fels study 

participants and the current study sample. The Ghantus (1951) sample was limited to first two 

years of life; however, the linear trendline predicted a similar growth trajectory as was 

observed in the current sample (Figure 4.82). 

 

Figure 4.82: Ulnar diaphyseal lengths in the current study, Maresh (1970) and Ghantus (1951) 
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Radius comparisons: The South African preterm mean radial diaphyseal length was 0.42 mm 

longer than the Hungarians, and the mean length for the full term babies was longer by 1.88 

mm (Table 4.78). 

Table 4.78: Comparison of radial lengths (mm) 

Study Current 

study 

Fezakas & Kosa 

(1978) 

Maresh 

(1970) 

Gindhart 

(1973) 

Ghantus 

(1951) 

n Mean n Mean n Mean n Mean   
Premature 41 42.47 51 42.05  - - - - - 

Birth 48 53.68 10 51.80  - - - - - 
0.00-0.99 
year 

101 61.98 - - 145 69.20 376 68.30 100 71.42 
 

1.00-1.99 
years 

32 93.79 - - 151 89.45 223 90.95 100 93.27 

2.00-2.99 
years 

22 106.43 - - 153 103.3 224 105.9 - - 

3.00-3.99 
years 

19 119.07 - - 151 115.35 212 118.55 - - 

4.00-4.99 
years 

15 137.47 - - 149 126.70 191 130.10 - - 

The mean radial length of 61.98 mm in the 0-1 year-old South African cohort was shorter 

than the mean values obtained in the other studies. Beginning in the second year, the mean 

length of the South Africa sample was longer and was substantially longer for the 4-5 year-

old cohort. Like the ulna, the radial data for the Ghantus (1951) was limited to first two years 

but the trend line predicted longer radial mean lengths than the South African sample.  

(Figure 4.83). 
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Figure 4.83: Radial diaphyseal lengths in the current study, Maresh (1970), Gindhart (1973) and 
Ghantus (1951) 
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mean length demonstrated that the younger individuals in this current study were shorter and 

older individuals were taller than the Fels study sample participants (Figure 4.84). 

 

Figure 4.84: Femoral diaphyseal lengths in the current study and Maresh (1970) 

Tibia comparisons: Following the pattern with the femur, the mean tibial lengths of the South 
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similar to the changes noted with the femur as far as the Fels datasets were concerned (Figure 

4.85). 

 

Figure 4.85: Tibial diaphyseal lengths in the current study, Maresh (1970) and Gindhart (1973) 
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Premature 39 46.79 51 48.22 - - 

Birth 42 61.68 10 62.00 - - 
0.00-0.99 year 83 72.63 - - 145 86.06 

1.00-1.99 years 28 127.16 - - 152 122.60 
2.00-2.99 years 22 149.11 - - 154 147.90 

3.00-3.99 years 23 178.08 - - 151 170.60 
4.00-4.99 years 9 190.11 - - 149 190.10 
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The mean differences fluctuate in the remaining age cohorts. The South African mean length 

was shorter than the Fels sample in the first year of life but were relatively similar in the 

subsequent years (Figure 4.86). 

 

Figure 4.86: Fibular diaphyseal lengths in the current study and Maresh (1970) 
 

4.23 Summary of diaphyseal lengths of South African children in relation 

to other studies 

For the preterms and full term babies, the South African mean diaphyseal lengths were 

generally similar to the Hungarians. During the first year of life, the South African mean 

diaphyseal lengths were substantially shorter than the US samples. This might be due to the 

disproportionate number of the younger cadavers in the South African sample. After two 

years, the mean diaphyseal lengths of the US and South African children were similar. 

Subsequently, the mean values for South Africans were marginally larger than those of the 

US children. 
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4.24 Dental development in relation to the London atlas 

Dental development in the current study was compared with the London atlas of tooth 

development and eruption otherwise referred to as London atlas (AlQahtani et al., 2014). It is 

the most up-to-date atlas including the primary dentition with different data sources for under 

two years and above age categories. Radiographic records of 704 individuals, aged between 

28 weeks in utero and two years, from Spitalfields Collection and Maurice Stack’s collection 

were added to the dental records of 528 White and Asian Britons, aged 2-24 years, to compile 

the London atlas.  The midpoint of dental development stages is considered for the 

comparison. A single stage difference is not considered as a significant developmental 

difference. 

Dentition in-utero (30-<38 weeks): The dental development of the PCC children during the 

weeks 30 to <38 of gestation in the current study was advanced compared to of the London 

atlas. The incisal edge of the primary canine and occlusal surface outline of m1 were visible 

in the current sample (stage B) while they were only discrete deposits (stage A) in the 

London atlas (Table 4.82). Additionally, there were a few cadaveric individuals who had i1 

and i2 at the half-crown complete level (stage C). 

Table 4.82: Comparison of 30-<38 weeks in-utero dental development 

 i1 i2 c m1 m2 

Current study    

 
 

B B B B A 

London atlas   

 

  

B B A A A 

Dentition in-utero (38-40 weeks) and at birth: At birth, the tooth developmental stages were 

identical for both the current study and the London atlas. The crowns of the incisors were 

half-formed (stage C) and the occlusal surfaces of the remaining primary teeth had coalesced 

(stage B) (Table 4.83). 
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Table 4.83: Comparison of 38-40 weeks in-utero and at birth dental development 

 i1 i2 c m1 m2 

Current study    

  

C C B B B 

London atlas    

  

C C B B B 

Dentition (0-1 year-olds): In the 0-1 year-old cohort, the roots of the primary incisors of the 

London atlas sample were ahead in their development (stage F); having a length greater than 

half formed while in the current study the root length was lesser than half formed (stage E). 

Similarly, the permanent incisors of the South African sample (stage E) lagged behind by a 

stage (stage F). All other teeth were at similar developmental stages (Table 4.84). 

Table 4.84: Comparison of 0.00-0.99 year-old dental development 

 i1/I1 i2/I2 c/C m1 m2 M1 

Current study /  /  /   

 

 

E/B D/B C/A D C B 

London atlas 
/  /  

/  
 

 

 

F/B E/A C/B D C B 

Dentition (1-2 year-olds): Dentitions of the South African children and London atlas children 

at 1-2 years-old show similar levels of development except that the m2 had commenced root 

development in the current study (stage E) while it was in the stage of crown completion 

(stage D) for the atlas children. (Table 4.85). 

Table 4.85: Comparison of 1.00-1.99 year-old dental development  

 i1/I1 i2/I2 c/C m1 m2 M1 

Current study 
/  /  /   

 

 

G/C G/C E/B F E C 

London atlas 
/  /  /   

  

G/C G/B E/B F D B 
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Dentition (2-3 year-olds): The degree of development of the primary dentition in the current 

study and the London atlas of eruption were similar (not depicted in Table 4.85). The incisor 

roots were fully developed and their apices were closed (stage H). Nevertheless, the apices of 

the remaining primary teeth were still opened (stage G). In terms of the permanent dentition, 

I1 and I2 in the current study were at stage C and lagged behind the atlas development (stage 

D) while the P1 was ahead of the London atlas (stage B) in development by a stage (Table 

4.86). 

Table 4.86: Comparison of 2.00-2.99 year-old dental development  

 I1 I2 C P1 P2 M1 M2 

Current study    

 
 

 
 

C C C B A D A 

London atlas 
  

 

  

  

D D C A A C A 

Dentition (3-4 year-olds): Within the 3-4 year-olds, all the anterior teeth were at the same 

developmental stage in the two studies. However, all the posterior teeth in the current study 

were a stage ahead of the atlas. While the M1 crown was fully completed (stage D) for both 

groups, there was an appearance of root bifurcation (stage E) in the current study not 

observed in the London atlas sample (Table 4.87). 

Table 4.87: Comparison of 3.00-3.99 year-old dental development  

 I1 I2 C P1 P2 M1 M2 

Current study 
 

 
 

 

 
  

E D C C B E B 

London atlas 
 

 

 

 
 

 
 

E D C B A D A 

Dentition (4-5 year-old): The I1 incisor of the atlas group (stage F) was ahead of the current 

study, but the premolars in the current study were ahead of the atlas sample. This was 

particularly notable for the P2, which was in the state of crown completion (stage D) whereas 

the occlusal surfaces of the atlas sample had not coalesced (stage A). In this age cohort, the 
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South African children were advanced for three of the seven teeth evaluated and lagged 

behind in one tooth (Table 4.88)  

Table 4.88: Comparison of 4.00-4.99 year-old dental development  

 I1 I2 C P1 P2 M1 M2 

Current study 
  

 
  

  

E E D D D E B 

London atlas 
 

 

 
 

 
  

F E D C A D B 

4.25 Digital PCC  

Full medical scans of 110 members of the PCC, which constituted the sample used in this 

study, are now available as a virtual cadaveric collection. In addition to the full body scans, 

segmented skeletal and dental elements are stored with their identity numbers as recorded in 

the PCC catalogue. These images are stored in the cloud and in physical storage devices. The 

full body scans, maxillary and mandibular dentition, as well as upper and lower limb bones 

described in this thesis are now available in digital format for further research activities.  
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CHAPTER 5: DISCUSSION AND CONCLUSION 

One of the primary goals of this study was to examine the relationship between dental and 

skeletal development in South African children of African ancestry. To achieve this, a digital 

archive of the University of the Witwatersrand Paediatric Cadaveric Collection (PCC) was 

compiled and age estimation was undertaken. Archived clinical data on living children of 

known age were compared with the PCC data on tooth mineralisation and long bone 

dimensions and the results were used to evaluate if the PCC children were representative of 

the current population of African ancestry children in urban Johannesburg. 

The majority of large skeletal collections are historical, or even archaeological, samples. Like 

all collections, they are subject to biases relating to their representation of the populations of 

origin. They are useful for research on past health and population demography, but 

applications to modern populations can be problematic due to the effects of secular changes 

(Tobias, 1991; Jantz and Jantz, 1999; Malina, 2004; Dirkmaat et al., 2008; Hawley et al., 

2009; Wilson et al., 2010). Of relevance to this study, secular trends may contribute to 

inaccuracies in age estimation (Hoffman, 1979). Periodic sampling of populations is 

considered necessary to ensure up-dated representation of the biological diversity (Trotter 

and Gleser, 1958; Tobias, 1991). 

5.1 Representativeness of the PCC collection for southern African children 

Collecting data on tooth formation and long bone lengths in contemporary populations is 

extremely difficult because studies on living children can only be done using radiographic 

images. Most high-resolution imaging is now tightly controlled and permitted for medical 

purposes only (Cunha et al., 2009), unlike the loosely regulated situation in the recent past. A 

paediatric cadaveric research collection is therefore a very valuable scientific resource 

because all forms of imaging can now be undertaken. This is a great improvement over the 

destructive sampling methods that characterised earlier research on the PCC, as well as 

skeletal collections. However, even with this data acquisition advantage, the use of paediatric 

collections to study growth may be questioned if the causes of death and the medical histories 

are unknown-- as is generally the case for individuals in the PCC. Without evidence of 

obvious serious congenital conditions, the deaths could have been due to illnesses that affect 

growth. Even in light of this consideration, several researchers have posited that paediatric 

collections, whether cadaveric or skeletal, are still appropriate for growth studies. Lovejoy et 
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al. (1990) argued that children are likely to die suddenly with little impact on their 

maturation, although this perspective was based on children from archaeological contexts 

with very different health care practices and infectious disease environments compared to 

many contemporary populations. 

The use of skeletal samples to make inferences about living children has to consider the 

context of the comparisons. Buikstra and Cook (1980) suggested that skeletal paediatric 

samples might best be viewed as representing the minimal, rather than the modal, values of 

those children who survive. Other research seems to indicate that might not always be the 

case. Sundick (1978) reviewed the literature comparing limb growth of healthy and unhealthy 

children within populations and found no studies reporting substantial differences in their 

heights. Similarly, Nyström et al. (1977), reported similarities in tooth eruption timing for 

their sample of healthy Finnish children and autopsied American children who had died of 

severe ill-health (Logan and Kronfeld, 1933). Researchers continue to investigate growth 

patterns in contemporary living and deceased children. Most recently, Stull et al. (2020), 

using samples from the US and South Africa, found no statistical differences in the long bone 

dimensions of deceased and living children. Similarly, Spake et al. (2021) found no 

differences in the timing of tooth development in living and deceased Australian samples. 

Collectively, these recent studies document that the use of cadaveric or archaeological 

samples for evaluating growth is generally appropriate and can be very informative. 

The assumption that the Wits PCC individuals share a similar sociodemographic profile, and 

can be considered fairly representative of young urban South African children of African 

descent, was verified using the available data for living children. No substantial differences 

were detected between the mean diaphyseal lengths of the living and cadaveric samples. Any 

size differences were limited to the first two years of life rather than the premature babies. 

This is in agreement with studies showing the foetal period is when the child is relatively 

protected from the environment and also somewhat constrained by childbirth parameters, 

whereas differences in growth begin to increase after birth (Barker, 1998; Bogin, 1999; Lam 

et al., 2016). 

The younger PCC individuals, especially those in the 1-2 year-old cohorts, tended to fall 

within the lower range of the values for some (but not all) of the diaphyseal measurements. 

Thus, the average diaphyseal lengths of the living group were greater than those of the 

cadaveric group. Although this finding cannot be further investigated, it might suggest that 

the PCC children in these age cohorts may have been slightly compromised in terms of their 
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general health profiles compared to the living group. However, the pattern of differences 

between the samples was not consistent across the postnatal age cohorts. Sampling issues, 

specifically those associated with cross-sectional samples, have been identified as a probable 

cause of such differences, rather than biological or health factors (Saunders and Hoppa, 

1993). 

In essence, the majority of child deaths are due to acute causes even under extreme nutritional 

stress, which minimises growth bias between survival and non-survival (Holman et al., 

2004). Significantly, heterogeneity of the population underlines the outcome of becoming a 

survivor or non-survivor. As argued by Wood et al. (1992), certainty in the distribution of 

frailty in a population can shed light on the death susceptibility profile.  It can therefore be 

argued that the slight sample differences in the diaphyseal lengths were probably not due to 

the nutritional or health status of the children or secular trends in skeletal growth and that the 

PCC is representative of children currently living in urban areas of Johannesburg. 

5.2 Digital skeletal collection of the PCC 

The availability of cadaveric bodies needed for teaching and research activities is decreasing, 

especially those of infants and young children (Riederer, 2016). Ethical considerations in 

body collection today are different from the past (Wilkinson, 2014). Additionally, there are 

concerns with the maceration techniques employed to skeletonise cadavers in forensic case 

work (Dirkmaat, 2015). For these reasons, considerable effort should be directed toward 

turning available wet cadaveric materials into digital archives. Without doubt, the difficulties 

associated with acquisition of cadavers will affect aspects of forensic and anthropological 

work in the future. However, with digital archiving of active cadaveric donations and extant 

collections, standards for monitoring populations can be developed and validated 

periodically. 

The primary use envisaged for the digital PCC is the study of growth, development and 

associated variabilities. However, history has taught us that the research possibilities from 

any collection might be endless. Little did Bass realise that establishing a laboratory to study 

post-mortem interval would yield other vital data. Today the activities of the Anthropological 

Research Facility in Tennessee include study of the by-products of decomposition, decay 

odour, effects of decomposition on soil ecology and post-mortem tooth loss (Shirley et al., 

2011; Vidoli et al., 2017).  
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The goal of describing the PCC was partly fulfilled with the digita l documentation of the 

collection. The medical CT scans of the non-pathological children allow further studies of the 

bodies virtually. The tooth formation status, as well as the long bones of the collection, are 

now archived as segmented data and are available for future research. 

5.3 Dental development 

5.3.1 Mineralisation 

One important finding of this study is the radiological evidence for the presence of all the 

primary teeth in the PCC children with no individual exhibiting agenesis of any tooth. 

Genetic variations and/or environmental factors have been implicated in the incidence of 

congenitally missing teeth (hypodontia), more specifically those that are related to ectodermal 

dysplasia (Vastardis, 2000). The exclusion of cadavers with craniofacial anomalies may 

therefore explain this finding. As might be expected from their positions in the dental arcade, 

the permanent incisors, canines and premolars are intrinsically linked to the successful 

development of the primary teeth (Sperber, 1989). It often follows that a missing primary 

tooth leads to a missing succedaneous tooth, so this finding has implications for the 

permanent dentition. There are no published data on missing teeth or hypodontia among 

South Africans, whether primary or permanent, although the frequency of the condition 

appears to be very low in African populations. For example, Temilola et al. (2014) reported 

no hypodontia in Nigerian children with mixed dentitions. 

Ten weeks before full gestation, the radiological evidence in this study indicated that all the 

primary teeth were at the initiation stage of formation. The incisors had bands of mineralised 

deposits in the mesiodistal direction while the molars showed separate discrete bands of the 

occlusal surface. These levels of mineralisation are consistent with the London atlas of tooth 

development and eruption (AlQahtani et al., 2014). While the youngest PCC members were 

at the initiation stage, individuals estimated to be in the last four to eight weeks of 

intrauterine life had the primary incisors and canine crowns developed further to the stage of 

half completed crown. The noted increase in enamel formation of the primary first molar and 

canine of the southern African children suggested that they were dentally advanced compared 

to the mineralisation stages of the London atlas (AlQahtani et al., 2010). 

The crown of the primary incisors were fully completed in the South African babies at birth. 

Similarly, the crowns of the primary canine and molars had coalesced. For individuals with 
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delayed mineralisation, their primary second molar was at the initiation stages and the 

primary lateral incisors were slightly ahead. The males showed preponderance over females 

in delayed mineralisation. This was a small degree of variation and is in agreement with 

studies in Finnish children (Nyström et al., 1977). Data from this study suggest that the 

mineralisation level of the primary central incisor at stage C and the first molar at stage B is 

sufficient to differentiate between preterm and full term babies. It does not matter whether the 

primary second molar mineralisation show discreet deposits or a complete occlusal outline. 

However, in cases where the occlusal outline of the primary second molar are well defined, 

then there is a greater certainty of a full gestational in utero, as was also reported by Kraus 

and Jordan (1965) as well as Lunt and Law (1974). 

Three broad phases in tooth mineralisation were observed in this study. The earliest phase 

was characterised by the primary central incisors and first molar with full crowns. The second 

phase was synonymous with laid down matrixes of the permanent first molar and the incisors. 

Lastly, the third phase was characterised by the incisor roots being longer than the crowns 

and the teeth in the second phase having progressed to complete occlusal outlines. These 

phases were similar to those described in the literature. The median ages for the completion 

of the crowns of the primary teeth was around one year. Age of attainment of crown 

completion in radiological analysis of UK samples is less than a year for all primary teeth 

except the primary second molar, which may complete in the 13th month (Liversidge and 

Molleson, 2004; AlQahtani et al., 2010). 

The changes noted in the second year of life were also similar to the published data on other 

populations. The roots of the primary incisors were completed with close apices, the roots of 

the primary first molar were longer than their crowns, and the primary second molar roots 

were shorter than their crowns. In this study, the development of the primary second molar 

lagged behind the primary canine, unlike what was observed in the Spitalfields English 

sample (Sunderland et al., 1987). The development of the P2 and M2 in the later part of 

second year was ahead of a US sample (Moorrees et al., 1963a). 

The timing of initiation of the M1 reported in histological and radiographic studies differs. 

This study does not support the histological finding of Gleiser and Hunt (1955) that the M1 

begins in utero. Instead, this study documented postnatal development of the M1 as suggested 

by Logan and Kronfeld (1933) and Garn et al. (1959) (Logan and Kronfeld, 1933; Garn et al., 

1959). While Moorrees et al. (1963a) postulated that only those who are dentally advanced 

have their M1 develop in utero, other researchers disagreed and attributed the conflicting 
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observations to the differential absorbance level of tooth mineral and jaw in radiographs 

(Hess et al., 1932; Reid et al., 1998; Simpson and Kunos, 1998). With respect to this 

discussion, the CT scans used in this study performed better in delineating tooth mineral and 

jaw than is possible in conventional radiographs. 

In a recently study conducted in Diepsloot, a densely populated township in greater 

Johannesburg, Esan and Schepartz (2019) found that the standard developed by Demirjian et 

al. (1973) overestimated the chronological ages of South African children. As a result of this, 

they (2019) concluded that the permanent teeth of the South Africans mineralise ahead of the 

French-Canadian children in Demirjian’s study, particularly amongst the 5 year-olds. 

Although the present study focused on the primary and mixed dentition, it is clear that the 

Wits PCC members would probably be similarly overestimated. The Wits PCC also 

demonstrated tooth mineralisation that was ahead of other populations, pointing to a need for 

region-specific data. 

5.3.2 Emergence 

Primary tooth formation is a continuous process from initiation to root completion that 

proceeds irrespective of somatic growth, weight at birth or the gestational length. Bailey 

(1964) found that low birth weight had minimal effect on actual tooth mineralisation. 

However, the timing of emergence is much more variable. Gestational age tends to influence 

emergence timing. It could be deduced from this study that delayed emergence and 

subsequent normalisation of emergence timing in preterm babies was due to the degree of 

mineralisation at birth. Once the ages of preterm babies are corrected for prematurity, their 

dental development appears not to be delayed (Paulsson et al., 2004). Researchers have 

pointed out normalisation of any delay in emergence more or less two years after birth (Seow 

et al., 1988; Fadavi et al., 1992; Backström et al., 2000; Neto and Falcão, 2014). Tooth 

emergence in the oral cavity corresponds to the stage when the root length is equal or longer 

than the crown (stage F) (Sperber, 1989). This assumes that any reported delay is due to the 

amount of time required for dental development to reach that stage. 

At around one year of age, the roots of the primary incisors of all the individuals in the Wits 

PCC were at the stage of emergence. This was in agreement with the findings of Liversidge 

and Molleson (2004), as well as data on tooth emergence in sub-Saharan Africa (Folayan et 

al., 2007). For the 2-3 year-old cohorts, most of the roots of the primary teeth were 

completed, while the roots of the M1 were at a stage of tooth emergence. This finding 
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corresponds with a Nigerian study that reported the presence of all primary teeth in the oral 

cavity by 35 months (Oziegbe et al., 2009). The same observation was made by (Nyström et 

al., 1977) in the Finnish children who had completion of all the primary tooth roots by 36 

months. Collectively, these findings support the view that individual variations in primary 

tooth emergence are minimal except in the present of adverse conditions (Lam et al., 2016). 

In general, individuals of African ancestry exhibit earlier ages of permanent tooth emergence 

than other groups stemming from their advanced mineralisation (e.g., Garn et al., 1959; Garn 

et al., 1972; Tompkins, 1996). Warmer climatic conditions, leading to faster somatic growth, 

have been cited as one of the reasons for this phenomenon (Cantekin et al., 2014; Cavrić J et 

al., 2016) while others have suggested genetic variability (Eveleth, 1966; Townsend et al., 

2009). 

5.3.3 Sexual dimorphism 

No sexual dimorphism was evident in the tooth formation stages. The few cases of females 

starting mineralisation ahead of males were not characteristic of the sample. This observation 

is in line with previous studies (Garn et al., 1958; Fanning, 1961; Haavikko, 1970; 

Sunderland et al., 1987), although some populations are characterised by small sexual 

differences in the onset of mineralisation or certain formation stages (Moorrees et al., 1963b; 

Burdi et al., 1970; Magnusson, 1982). This study found no sexual dimorphism in timing of 

tooth emergence as well, in agreement with earlier studies on sub-Saharan Africans 

(Hargreaves et al., 1997; Folayan et al., 2007). Conversely, Boutourline and Tesi (1972) and 

Al-Batayneh and Shaweesh (2018) have reported that boys were ahead of girls in tooth 

emergence in the Asian populations. Data for the children of European ancestry also 

suggested that there are no significant sexual differences in the primary teeth emergence 

(Nanda, 1960; Nyström et al., 1977; Neto and Falcão, 2014). As far as permanent teeth are 

concerned, females are reported to be more advanced in dental maturation and emergence 

than males (Fanning, 1961; Demirjian et al., 1973; Hagg and Matsson, 1985; Speechly and 

Liversidge, 1998; Uys et al., 2014; Esan and Schepartz, 2019). 
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5.4 Skeletal patterns across the age cohorts 

5.4.1 General trends 

The changes in diaphyseal lengths of the South African children were consistent across all 

age cohorts. The ranges were generally wider in the premature groups up until the second 

year of life. In the present study, babies delivered eight to ten weeks prematurely had mean 

diaphyseal lengths with a difference of 4.00 mm between the upper and lower segments. This 

is consistent with the findings of Fazekas and Kosa (1978) for Hungarian children. From 

birth to the end of the fifth year of life, the mean diaphyseal lengths of the South African 

children in this study were comparable to American children (Maresh, 1970). These findings 

are contrary to the results obtained using WHO standards, which classify most sub-Saharan 

Africa as stunted (De Onis et al., 2012a). 

Suggestions for caution when interpreting differences in growth using WHO standards have 

been made (Steyn et al., 2005; Norris et al., 2009). This is because the data for the WHO 

standards were derived from children in an unconstrained environment. Norris et al. (2009) 

had also pointed out that WHO 2006 standards behaved differently from the NCHS and CDC 

standards when applied to the BT20 data. Differences in socio-demographic variability may 

be responsible for some of these outcomes (Said-Mohamed et al., 2015). More importantly, 

episodes of severe biological stress have been known to disrupt cellular growth, while strong 

interplay between malnutrition and health may be at play as well (Himes et al., 1977; Visser, 

1998; Bogin et al., 2002; Ruff, 2007). 

5.4.2 Secular trend 

There has been improvement in the socioeconomic conditions of some South Africans post-

apartheid. But Said-Mohamed et al. (2015) argued that despite the changes brought by 

political transition, stunting remained persistent and prevalent in South African children. The 

living children were generally larger than the PCC children. Following the National Health 

and Nutrition Examination Survey of 2013 (Shisana et al., 2014), stunting was labelled a 

public health issue in South Africa. The survey found stunting significantly higher in the 0-3 

year olds compared to the 4-6 year-olds (Shisana et al., 2014). Earlier studies by Steyn et al. 

(2005) found no rural-urban differences in the prevalence of stunting in under-5 year-olds. 

This may be due to significant increase in urbanisation in post-apartheid South Africa. 

According to Shisana et al. (2014) this had led to an increased number of inhabitants in 
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informal settlements, which impacted negatively on the overall health outcomes in the cities 

like Johannesburg. 

There was a substantial time interval between the hospital admission periods of the deceased 

and living children, and during those years South Africa underwent many changes. The 

cadaveric sample were delivered mostly in the apartheid era while the living sample were the 

so-called born free children of South Africa. The cadaveric children were probably fed an 

indigenous and traditional diet that was balanced and nutritious but inadequate, while the 

living sample children potentially ate refined/processed foods that were not necessarily 

nutritious. This dichotomy in their socioeconomic realities cannot be ignored in the 

evaluation of their bone dimensions and general growth characteristics. 

 5.4.3 Sexual dimorphism  

There were no marked differences in the mean diaphyseal lengths for boys and girl across the 

age cohorts in both the PCC and living samples. However, just as Gindhart (1973) reported 

that the radius of boys was longer than girls until five and half years of age, this study also 

found substantial, but not significant, differences in the ulnar and radial diaphyseal lengths of 

the boys and girls. Meta-analysis of demographic and health survey data found boys in sub-

Saharan Africa were more stunted than girls (Wamani et al., 2007), but this does not 

necessarily explain the differences found in this study as the lower limb dimensions were not 

different. The observations are probably best explained as due to the sampling limitations.  

Previous studies indicated that sex cannot be determined accurately from the osteobiographic 

profile of young children (Saunders et al., 2018). Post childhood differences arising from the 

timing of growth spurts inn males and females contribute to sexual dimorphism in limb 

proportions (Feldesman, 1992). 

5.5 Skeletal vs. dental variability in development 

This study was designed to compare the use of skeletal and dental development data for age 

estimation in a sample of cadaveric children. According to Gluckman et al. (2008), growth 

features are regulated by stable gene expression and mediated by epigenetic processes. 

Inevitably, the genome and epigenome have influences on the resulting phenotype and 

subsequent sensitivities to environmental factors. 

The plasticity of skeletal growth is remarkable and very obvious. As data on the skeletal 

growth of sub-Saharan African children are limited, most clinical assessment still relies on 
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global standards. At the same time, it is widely accepted that children should not be expected 

to fit the average of physical growth standards but rather to reach their own developmental 

level (De Onis, 2015). The desirable level of growth is reflected in the physiological status of 

the child, which may not match with their chronological age. This is particularly relevant in 

rating a child whose functionality is at a level that is higher or lower than their recorded age. 

Thus developmental age, which is expressed in terms of maturation phase (be it dental, 

skeletal or other), is a better gauge for health status (Eveleth and Tanner, 1990; Smith, 2004). 

Skeletal maturation does not necessarily reflect chronological age in any population group as 

children’s inherent abilities to buffer stress differ (Gluckman and Hanson, 2004; Cardoso, 

2007). 

Our assessment of dental variability is more complicated than is the case for skeletal 

variability. For the skeleton, population variability is typically gauged by long bone growth, 

as evaluated here, as well as epiphyseal union. In addition to the tooth formation and 

emergence processes included in this study, aspects of dental development that pertain to 

discussions of population- level variability are tooth crown dimensions and enamel defects. 

Tooth formation is described as substantially buffered from stresses compared to other 

developmental phenomena (Garn et al., 1959; Lewis and Garn, 1960; Smith, 1991b). This 

assumes that environmental constraints, particularly maternal status and experiences 

(Gluckman and Hanson, 2004; Charalambous et al., 2007), have limited effects on the timing 

of dental development. In agreement with this, Elamin and Liversidge (2013) found that 

malnutrition had negligible effects on the timing of permanent tooth formation in a sample of 

Sudanese children. However, the effects of nutritional status on tooth mineralisation timing 

may be more subtle than what is observed or the skeleton and therefore more difficult to 

identify. 

Recent research suggests that variability in tooth formation and emergence is important for 

fully describing dental development in southern African children. Esan and Schepartz (2019) 

investigated permanent tooth formation in a sample of African ancestry school children from 

Johannesburg. They found a significant effect of nutritional status (evaluated using BMI, 

height, weight and upper arm and head circumferences), on the timing of tooth 

mineralisation. The differences were significant when the extremes in the BMI categories 

were incorporated into the analysis. Previous studies may not have detected these differences 

due to the use of analytical methods that were not sufficient to do so. For the southern 

African children, the age of attainment of the final stage of tooth formation was significantly 
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advanced in the overweight children. Factors contributing to variation in tooth development 

timing were different for the males and females in the study. In a related analysis of the same 

population, Esan and Schepartz (2018b) found greater variability in permanent tooth 

emergence between the sexes, as was expected given the wider range of factors contributing 

to emergence timing. As found in South Africa, there are similar patterns of earlier 

emergence across sub-Saharan populations when compared with European and Asian 

ancestry populations (Esan and Schepartz, 2018b). There were no substantial sexual 

dimorphism documented in the Wits PCC sample. However, the comparative sample data 

clearly revealed that the females attained stage of root formation ahead of the boys. 

Emergence usually occur when the root length is equal or greater than their crown. 

Enamel hypoplasia and other enamel developmental defects are frequently documented in the 

permanent dentition and, more rarely, in the primary teeth. Common aetiologies are 

infectious disease and nutritional stress, although genetic disorders can also play a role 

(Townsend et al., 2009). Interestingly, the great plasticity seen in the enamel quality does not 

seem to be directly paralleled in the tooth mineralisation timing. This phenomenon is not 

well-documented and requires further research. However, it suggests that the mechanism 

underlying the timing of basic crown formation are more resilient to stresses. The difference 

may reflect the fundamental need for a functioning dentition, while the quality of the enamel 

is less critical for the basic uses of the dentition. 

Initial exploration of the data from this study showed that tooth formation stages clustered 

individuals into groups substantially more than the data on diaphyses, supporting earlier 

findings of a less variance in the tooth development particularly with the primary dentition. 

Studies have suggested that variations in tooth formation timing across populations were 

minimal (Hess et al., 1932; Fanning, 1961; Moorrees et al., 1963b, a)  

While dental formation data were not available for the living children below two and half 

years of age, there was no evidence of marked differences with the cadaveric sample where 

comparable cohort data existed for the two groups. In the third year of development, the 

apices of the primary teeth, except for the canine, were closed in both groups. However, the 

root of the M1 began development in the living sample ahead of the cadaveric sample. As 

demonstrated in this study, radiological appearance of the P2 crowns of the cadaveric group 

were ahead of the living sample in the 3-4 year-old cohort. On the other hand, the ranges of 

the diaphyseal lengths for the cadavers were wider in younger babies but this was reversed in 

the older babies. It is therefore important to clearly consider seriation of all developmental 
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changes for the limb bones/dentition, and use well-defined points in the series for comparison 

between different bone/tooth assemblages. 

5.6 Age estimation 

5.6.1 Limb diaphyses 

This study considered the two approaches commonly employed to determine age from 

diaphyses-- the regression of the length against age and the mean lengths for age groups. It is 

appropriate for age estimation to provide errors of the estimate and intervals for prediction. 

For the current study, the small samples and non-normal distributions across age categories in 

the living sample affected the strength of the resulting regression equations. It was for these 

reasons that descriptive statistics of mean lengths for age cohorts were provided, although 

this is not preferred. Cardoso et al. (2014) argued that descriptive statistics of diaphyses are 

not age estimates. Authors have also been criticised for not reporting standard error of 

estimate (SEE) values for average length for specific ages (Lucy and Pollard, 1995; Cardoso 

et al., 2014), as well as the prediction interval (PI) (Stull et al., 2014). 

For this study, which estimated ages of the Wits PCC from a comparative sample of the 

population, it can be assumed that descriptive statistics generated a better outcome, which 

was the case. As for the regression equations, the tibia diaphysis generated the most accurate 

age estimate and the ulna was the most inaccurate when compared with the descriptive and 

dental age estimates. The regression equation proposed by this study was achieved by 

regressing long bone length, as an independent variable, against age as the dependent 

variable. This option satisfies the condition of estimating age from known bone length - ‘the 

classical calibration’ as suggested by Lucy and Pollard (1995) and Konigsberg et al. (1997). 

Authors have cautioned against introducing methodological biases in modelling of the 

relationship between diaphyses and age (Smith, 2007). In this study, the age distribution of 

the test sample was similar to the reference sample and the extrapolation is therefore within 

the reference data. 

The linear growth of long bone diaphyses in children is generally considered a good 

alternative to dental mineralization for the purposes of age estimation (Ferembach, 1980; 

Rösing et al., 2007; Cunha et al., 2009; Franklin, 2010). Some members of the PCC were 

estimated to be below 30 weeks of gestational age based on the criteria of Fazekas and Kósa 

(1978) that were developed from Hungarian foetuses. There were no published diaphyseal or 



186 
 

supine length data for South African children available to compute the estimate; this 

necessitated the use of the international standard. Only a difference of +/-1cm exists in the 

supine length for girls and boys worldwide (Feleke and Enquoselassie, 1999; Olsen et al., 

2010; Oluwafemi et al., 2013; Haksari et al., 2016). 

5.6.2 Dentition 

Most of the teeth considered for the dental age estimate belonged to individuals below one 

year of age (n=93) and only n=17 were estimated to be between one and five years of age. 

There was a minimal overlap in dental development between the younger cadaveric children 

and the living samples. The youngest dentition among the living sample was only two and 

half years old. The small sample size of living children directly reflects the limited number of 

children presenting in dental centres in early in life. Phillips and van Wyk Kotze (2009) also 

encountered low available sample sizes in their Cape study of clinical cases. They had no 

sample for Black children below six years and only 50 coloured children between three and 

five years were included in their study. 

Although orthopantomograms are routinely used to assess dental maturity, their usefulness in 

infants are limited and images free of distortions cannot be guaranteed. It is near impossible 

to have children remain still for even the short duration of imaging (Nyström et al., 1977). 

Similarly, difficulties can be encountered in taking panoramic radiographs of inflexible 

cadaveric materials; hence, the use of full body CT scans is preferred. The skull and limbs 

can be captured simultaneously during a single scanning. Furthermore, the imaging 

environment and parameters were the same and all regions were clearly visible in the 3D 

reconstruction. Cadaveric tooth formation stages were therefore assessed on the skull surfaces 

reconstructed from CT scans with the Avizo software, while scoring for the living children 

were assessed from archived orthopantograms. 

Various tooth scoring standards have been proposed for tooth calcification stages (Garn and 

Lewis, 1957; Nolla, 1960; Moorrees et al., 1963a; Fanning and Brown, 1971; Liversidge and 

Molleson, 2004), but the Demirjian et al. (1973) method incorporating the additional 

description of the primary dentition by Liversidge and Molleson (2004) was appropriate for 

this study. The stages have distinct details based on shape criteria and the proportion of root 

length, using the relative proportion to the crown height rather than the absolute length. CT 

scanning does not cause foreshortened or elongated projections of developing teeth as with 

the panoramic radiographs. The uniformity and reliability of assessment was assured because 
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of consistency in calibration of radiological systems. Pooling of samples with different image 

modalities did not introduce bias or invalidate the study outcomes (Rathnayaka et al., 2012; 

Brits et al., 2017). It should be noted that x-ray machines used for this study are also 

employed for clinical images that are often used to plan surgical procedures in the hospital.  

This was a reflection of the sample distribution. Evidently, tooth development is also not 

completely buffered against environmental influences (Larsen, 1997).  Documenting dental 

maturation in Southern Africa, suggested climatic differences as a possible reason for the 

difference noted in the geographical region. 

5.6.3 Accuracy of the Wits PCC catalogue age estimates 

Unlike this study, the PCC catalogue age estimates relied primarily on growth data from 

other populations. The PCC and comparative data were from the same population subgroup 

that have been described as homogenous de Villiers (1968b). Data extrapolation from the 

living sample allowed this study to estimate the ages of individual members of the PCC. 

Inaccuracies in the existing biodata for the PCC individuals were corrected for gross over- or 

under-estimation. Since skeletal data are known to be population-specific, age estimates are 

only applicable to the population from which they are derived. Black South African females 

are shown to be significantly shorter than North American females (Fryar et al., 2012) as well 

as Black South African males (Bidmos and Manger, 2012; Brits et al., 2017). Age estimates 

of South Africans based on European and American standards are likely to be inaccurate and 

unreliable. This was demonstrated with the catalogue estimates for #161 and #264. Both are 

females in the 2-3 year cohort of the present study, with estimated ages of 24 months  3 

months. According to the PCC catalogue entries, #264 was estimated to be 32-33 months old 

while #161 was 13-14 months old. The wide gap in these age estimations may be due to 

recording errors or the use of the CDC Girls Birth to 36 months chart or other population 

standards. Thus, the usefulness of the PCC collection for further research activities is 

enhanced after subjecting the PCC to the population-based age estimation analysis followed 

in this study. 

5.7 Implications for growth assessment  

Growth assessment remains the singular measure to describe the health status of children.  

Regional and national growth charts derived from height and weight are readily available as 

monitoring tools for somatic growth but not for skeletal growth. Availability of similar charts 
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on diaphyseal growth of limbs, tooth development and emergence are limited due to a dearth 

of data. Lewis and Rutty (2003) attributed this to the reluctance of parents to donate bodies of 

their children to medical science. 

Compilations of growth data, (cf. (Eveleth and Tanner, 1990, Cameron, 2002; Cameron and 

Bogin, 2012) demonstrate that growth and development are unequal worldwide. Differences 

are occasioned by the particular circumstances of each child. While climatic conditions 

influence height greatly, nutritional status arising from the social environment contributes 

substantially to the general physique. These factors are known to affect skeletal growth more 

than the dentition. In the current study, the level of variation is more pronounced in the limb 

dimensions compared to the emergence sequence. This became more apparent from two 

years after birth. 

It is also documented that some variations exist in the growth of children of different 

population ancestries living in developed countries, which are nonetheless relatively minor 

when compared to wider variations seen with poorly-resourced countries (Habicht et al., 

1974). Thus, De Onis and Yip (1996) argued that references will only serve as guides for 

screening and monitoring but not to define malnutrition or growth anomalies. 

Although it is commonly acknowledged, as was found in this study, that skeletal maturation 

in children closely mirrors chronological age, accurate bone age indicators and estimation to 

nearest year are limited in early childhood (Lewis and Rutty, 2003; Franklin, 2010; Iscan and 

Steyn, 2013). Whilst ossification of carpal bones begins at 2-5 months, the wide intervals and 

observed variability introduces inaccuracies in age estimation (Schmidt and Lanz, 2011). 

Intervals between tooth formation stages are closer, and coupling such stages with limb bone 

dimensions will definitely reduce the inaccuracies with child age estimation. Some authors 

opine that aging methods are not universal, often controversial, and not comparable with 

well-established techniques used for sexing, ancestry and stature estimation in adults (Stull et 

al., 2014). Other researchers disagree and posit that integration of milestones in dental 

development with limb lengths can be achieved, with use of radiographic methods being 

preferred (Nyström et al., 2000). 

Standardisation of x-ray machines has resulted in the uniformity of radiographic images, 

which justifies the application of different x-ray modalities in the current study. This is even 

more so with archived CT images obtained from health facilities, as the differences in 
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reconstruction parameters have little bearing on measurements because protocol standards 

were set to eliminate image distortion. 

The construction of population-specific standards for dental and skeletal maturation from in 

utero to five years in southern African children contributes to the array of instruments 

available to evaluate growth and development, as well as in forensic evaluation of children. It 

is often argued that differences in child growth are mainly due to environmental influences 

rather than genetic factors. Longitudinal growth studies provide evidence for similar growth 

outcomes until the fifth birthday worldwide when there are no growth constraints (Graitcher 

and Gentry, 1981; Eveleth and Tanner, 1990). 

The current study found less variability in tooth formation than in the limb dimensions, 

supporting the consensus on this issue in the anthropological literature.  As suggested by 

Moorrees et al. (1963b), primary tooth formation offers better evidence of maturity than 

ossification of the carpal bones. Additionally, the growth rate is faster in the primary teeth 

and predicts age more accurately (Liversidge and Molleson, 2004). This last point was also 

verified in the present study. 

5.8 Limitations 

A limitation with this type of study was the inability to apply a purposeful sampling 

technique. Imaging regulations limit exposure of individuals to radiation, most especially in 

children. It was for this reason that hospital diagnostic radiographs were employed. 

Obviously, the primary goal for the hospital radiographs was to enable clinical diagnosis, 

which was not necessarily at variance with the requirements of this study. The greatest 

drawback was that full body radiographs are rarely taken in routine clinical diagnosis. 

Therefore, this study suffered from the inability to systematically assess all limbs and teeth of 

the same living individual. Additionally, the demographic composition of the PCC, reflecting 

body donations from the community, constrained the investigation of the older children 

included in the analysis. 

True evaluation of growth can only be accomplished by longitudinal community studies that 

track children over a number of years. Southern Africa is fortunate to be the site of the Birth 

to Twenty (BT20) study, one of the longest and most extensive growth studies in Africa 

(REF). Roughly the same general population of African ancestry children in Johannesburg 

was sampled in this study. Data from this study provide insight on aspects of development 
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not included in the BT20, especially dental development, but they are constrained by the 

cross-sectional design. 

5.9 Future research 

An in-depth analysis of linear dental growth and staging could show what specific 

methodological aspects affect age estimation. Interrelationships between developmental 

stages, crown lengths, root lengths and width of the apices can be investigated. Regression 

equations derived from the metrics can contribute further to this study and enhance age 

estimation procedures for Southern African children. 

5.10 Conclusion  

Modern skeletal or cadaveric collections with full documentation are rarities. In the case of 

the Wits Paediatric Cadaveric Collection, the lack of age and health histories limited the 

research potential of the collection. Analysing the dental development and long bone 

dimensions of the PCC collection, in conjunction with clinical radiographs of living children 

with known ages and medical histories from the same general population in Johannesburg, it 

was possible to formulate age estimates and describe the dental and limb length changes in 

South African children from later foetal development to five years. The expectation is that 

these standards will be useful for future clinical analyses of dental and skeletal development, 

specifically in cases where biological age is desirable over chronological age. Additionally, 

the reference data generated from this study now constitute the first South African reference 

data for the early dentition and skeletal bone lengths. These are important for comparisons 

with other sub-Saharan, European and Asian population groups and future evaluation of 

secular trends in South Africa. 

The results confirm the fundamental assumption that tooth development shows less 

variability within age cohorts than long bone dimensions. Limited variability in the dental 

development is particularly true for the primary dentition in the foetal and younger age 

cohorts. For those ages, the use of other standards, such as the London atlas, would not have 

the same level of inaccuracy as would result for older children with mixed dentitions. Despite 

the complex nature of dental development, it is the golden standard and the most reliable age 

indicator in subadults, having closer agreement with chronological age. Variation in growth 

and development increased with age as children’s individual experiences are reflected in their 
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tooth formation timing, tooth emergence and skeletal growth. Reference data specific to the 

population or geographical region, that can best characterise the range of variation, are 

critical for the most precise age estimation. 

Specific conclusions from the research are: 

1. PCC individuals had all of their primary teeth present and no cases of agenesis were 

observed. The sequence of primary tooth formation was i1, i2, c, m1, m2. All primary 

teeth had completed their formation by the age of three years. 

2. The M1 initiated development postnatally and the M2 during the second year of life.  

3. Tooth formation in the girls was generally ahead of the boys but not found to be 

significantly different. This was more apparent in the older children  

4. The diaphyseal lengths reflected the magnitude of changes better than the breadths 

and mid shaft circumferences. 

5. The use of descriptive measures (means, medians, ranges and graphs) was better for 

age estimation than the regression equations particularly for the premature and 

younger babies. 

6. Data of the living sample showed that they are generally bigger than the Wits PCC 

children, pointing to the possibility that secular trends may underlie the distribution of 

the limb dimensions. 
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Appendix 2: Copy of the Wits PCC catalogue 

Identity 

# 

Catalogue 

old #  
Sex 

Lubchenco, Hansman, Boyd 2008 
CDC Boys Birth 

to 36 months 

CDC Girls 

Birth to 36 
months 

GA (BIRTH 40 WKS) 
CHART Length 

CHART Head 

circumference 
CHART Length 

CHART 

Length 

75 6311 M 42.5 (32 wks) 26.5 (28-29 wks) 42.5 -  28-32 wks (4) 

147 7206 M 46 (34-35 wks) 28.5 (30-31 wks) 46 -  30-35 wks (5) 

213 5937 M 49 (40 wks) 29 (31 wks) 49 -  30-40 wks (10) 

219 4223 F 45.5 (34-35 wks) -  -  45.5 34-35 wks (2) CH only 

223 6361 F 41 (31 wks) 24 -  41 25-31 wks (6) 

231 7063 F 40 (30-31 wks) 24 -  40 25-31 wks (6) 

256 6474 M 47.5 (36-37wks) 30.5 (32-33 wks) 47.5   32-37 wks (5) 

266 6325 F 46 (34-35wks) 28.5 (30-31 wks) -  46 30-35 wks (5) 

2 AD 6390 F 42 (32 wks) 24.5 (26-27 wks) -  42 26-32 wks (6) 

5 AD 6583 M 41 (31 wks) 30.5 (32-33 wks) 41 -  30.5-33 wks (2.5) 

12 n/a M 46 (34-35 wks) 30.5 (32-33 wks) 46 -  32-35 wks (3) 

19 AD 6466 F 53 30 (32 wks) -  
53 (1 month 

p.n) 32-44 wks (12) 

20 -  -  -  -  -  -  -  

48 6380 F 42 (32 wks) 27.5 (29-30 wks) -   42 15-31 wks (6) 

76 7070 M 43.5 (32-33 wks) 26 (28 wks) 43.5   27-33 wks (6) 

82 3210 F 39 (29-30 wks) -  -  39 28-30 wks (2) 

84 6312 M 40 (30-31 wks) 23 40   24-31 wks (7) 

88 7047 M 50 (42 wks) 30.5 (32-33 wks) 50 (40 wks)   32-42 wks (10) 

132 A23 M 48 (37-38 wks) 29 (31 wks) 48   31-38 wks (7) 

148 7138 ? 47 (36 wks) 29 (31 wks) 47 47 31-36 wks (5) 

177 B5 F 47 (36 wks) 28 (30 wks) -  47 29-36 wks (7) 

180 6465 F 49 (40 wks) 29 (31 wks) -  49 (40 wks) 31-40 wks (9) 

200 7268 M 50 (42 wks) 29 (31 wks) 50 (40 wks) -  30-42 wks (12) 

201 6692 M 50 (42 wks) 28 (30 wks) 50 (40 wks)  -  29-42 wks (13) 

206 7150 M 40 (30-31 wks) 26 (27-28 wks) 40 -  27-31 wks (4) 

212 7608 M 49 (40 wks) 29.5 (31-32 wks) 49 -  31-40 wks (9) 

217 7193 F 50 (42 wks) 31 (33-34 wks) -  50 (40-44 wks) 33-44 wks (11) 

221 6542 F 49 (40 wks) 29.5 (31-32 wks) -  49 (40 wks) 31-40 wks (9) 

222 6694 F 40 (30-31 wks) 27 (28-29 wks) -  40 28-31 wks (3) 

224 7105 F 39 (29-30 wks) 27 (28-29 wks) -  39 28-30 wks (2)  

232 6433 M 42 (31-32 wks) 26.5 (28-29 wks) 42   28-32 wks (4) 

249 6309 M 40 (30-31 wks) 26 (27-28 wks) 40   27-31 wks (4) 

250 6606 F 43 (32-33 wks) 28 (30 wks)   43 29-33 wks (4) 

267 7145 M 48 (37-38wks) 30 (32 wks) 48   32-38 wks (6) 

268 6582 F 42 (31-32 wks) 25 (26-27 wks)   42 26-32 wks (6) 

6 AD 4152 M 52 35.5 52 (2 wks p.n)   40-42 wks (2) 
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Identity 

# 

Catalogue 

old #  
Sex CHART Length 

CHART Head 

circumference 
CHART Length 

CHART 

Length GA (BIRTH 40 WKS) 

   57.5 36 
-  57.5 (2-3 

months p.n) 41-52 wks (11) 

27 n/a F 60 35.5 
-  60 (3-4 months 

p.n) 52-56 wks p.n (4) 

37 3914 M 50 (43 wks) 34 (41 wks) 50 (40 wks) -  37-43 wks (6) 

38 w552 M 56 -  56 (1-2 months p.n) -  44-48 wks (4) 

49 5160 F 53 34.5 (42 wks) 
-  53 (1 month 

p.n) 38-44 wks (6) 

57 3789 F 49 (40 wks) 22.5 -  49 (40 wks) 24-40 wks (6) 

59 6068 M 58 35 (42-43 wks) 58 (2 months p.n)   39-50 wks (11) 

61 5569 F 63 
-  -  63 (4-5 months 

p.n) 4-5 months (4) 

64       -  -  -   

71 n/a M 61 39 61 (3 months p.n) -  46-52 wks (6) 

72 6510 M 58 34 (41 wks) 58 (2 months p.n) -  37-48 wks (11) 

77 4238 M 47.5 (36-37 wks) 35.5 47.5 -  36-40 wks (4) 

78 n/a M 57 35.5 57 (1-2 months p.n) -  0-2 months (8) 

81 6605 M 60.5 37 60.5 (3 months p.n) -  42-52 wks (10) 

85 6537 M 68 35 (42-43 wks) 68 (6-7 months p.n) -  0-7 months (28) 

87 -  F 61 35 (42-43 wks) 
-  61 (3-4 

months) 

39-56 wks (17) [39-43 
wks excl CDC] 

93 7137 F 54 32.5 (35-36 wks) 
-  54 (1-2 

months) 

35-44 wks (9) excl 
CDC (13) 

94 6269 M 50 (42 wks) -   50 (40 wks) -  39-42 wks (3)  

95 6290 F 54 33 (37 wks)   
54 (1-2 
months) 36-48 wks (12) 

96 - M 52 34 (41 wks) 52 (40-44 wks) -  37-44 wks (7) 

102 - M 56 36 56 (44-48 wks) -  41-48 wks (7) 

131 4420 M 34 20.5 34 -  22-25 wks (3) 

162 w337 F 63 38 
-  63 (4-5 

months) 1-5 months (16) 

169 6261 F 56 -   
-  56 (1-2 

months) 45-48 wks (3) excl TH 

176 6391 M 62 34 (41 wks) 62 (3-4 months) -   37-56 wks (19) 

181   F 56 32 (34-35 wks)  -  
56 (1-2 
months) 34-48 wks (14) 

188 6278 M 67 40 67 (6 months) -  50-64 wks (14) 

199 B26 M 46.5 (35-36 wks) 32 (34-35 wks) 46.5 -  34-36 wks (2) 

225 6569 F 50 (42 wks) -  -  50 (40-44 wks) 39-44 wks (5) excl TH 

226 8372 F 56 
-  -  56 (1-2 

months) 44-48 wks (4) 

230   F 63 
-  -  63 (4-5 

months) 4-5 months 

240 7421 M 58 34 (41 wks) 58 (2 months)   37-50 (13) 

243 6439 F 61 35 (43 wks) 
-  61 (3-4 

months) 39-56 wks (17) 
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Identity 

# 

Catalogue 

old #  
Sex CHART Length 

CHART Head 

circumference 
CHART Length 

CHART 

Length GA (BIRTH 40 WKS) 

251 6295 F 60 38 
-  60 (3-4 months 

p.n) 45-56 wks (11) 

136 7103 M 68 41 68 (6-7 months) -   6-7 months (4) 

241 5945 M 66 37 66 (5-6 months) -   42-64 wks (22) 

242 6441 F 58 34.5 (42 wks)   
58 (2-3 
months) 38-50 wks (12) 

244 6426 M 60 37 60 (2-3 months) -  42-48 wks (6) 

253 7100 M 66 40.5 66 (5-6 months p.n) -  56-64 wks (8) 

39 6459 F 62 38  -  
62 (4-5 months 

p.n) 44-60 wks (16) 

60 6135 M 59 36 59 (2-3 months p.n)   41-52 wks (11) 

86 3795 F? 73 45   
73 (11-12 

months 11-12 months 

155 6418 M 67 39 67 (6 months)   1.5-6 months (17) 

179 B3 F 74 42 -  74 (12 months) 12 months (0) 

233 6533 F 67 39.5 -  67 (7 months) 2-7 months (20) 

254 6653 F 77 44 
-  77 (15 months 

p.n) 15 months p.n (0) 

255 6393 F 72 44.5 
-  72 (10-11 

months p.n) 10-11 months p.n (4) 

25 n/a M 87  -  
87 (23-24 months 

p.n) 
 -  

23-24 months p.n / 

2years (4) 

40 3958 F 67 42  -  
67 (7 months 

p.n) 7 months (0) 

109 5253 M 76 42 76 (12-13 months) -  12-13 months (4) 

135 7122 M 70 42 70 (7-8 months) -  7-8 months (4) 

159 6946 M 73 45.5 73 (10 months) -  10 months 

160 4796 M 76 44 76 (12-13 months) -  12-13 months (4) 

178 666 M 72 42.5 72 (9 months) -  9 months (0) 

236 6251 F 76 47.5 
-  76 (13-14 

months) 13-14 months 

239 6612 F 72 43 
-  72 (10 -11 

months) 10-11 months (4) 

259 6596 M 81 47.5 81 (17 months p.n) -  17 months p.n (0) 

145 4817 M 86 47 86 (22-23 months) -  22-23 months (4) 

187 3920 M 80 47 80 (16 months) -  16 months 

234 5252 F 81 46   81 (18 months) 18 months 

235 6573 M 80 48   
80 (17-18 
months) 17-18 months (4) 

238 4397 M 75 45.5 75 (11-12 months) -  11-12 months (4) 

56 66385 M 81 49 81 (17 months p.n) -  17 months (0) 

167 4526 M 94 50 94 (33 months) -  33 months 

167 4526 M 94 50 94 (33 months) -  33 months 

252 6454 M  -  48 
77 (13-14 months 

p.n) 

-  
13-14 months p.n (4) 

161 5374 F 76 44.5 
-  76 (13-14 

months) 13-14 months (4) 
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Identity 

# 

Catalogue 

old #  
Sex CHART Length 

CHART Head 

circumference 
CHART Length 

CHART 

Length GA (BIRTH 40 WKS) 

264 3658 F 92.5 48 
-  92.5 (32-33 

months p.n) 32-33 months p.n (4) 

146 5766 M 95 50.5 95 (34-35 months) -   34-35 months (4) 

238* 4579 F 99 50   
99 ( 42 

months) 42 months 

55 3505 M 89 50 89 (26 months p.n) -   26 months (0) 

166 6123 F 102 51 
-  102 (48 

months) older than 36 months 

163 6650 F 110 51.5 -  110 older than 36 months 

164 4746 M 107 53 107 (52 months) -   older than 36 months 
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Raw data generated from the study: 

The raw data for this thesis are in a separate Excel file due to the size and format of the file. It 

is stored on Google drive and can be accessed from the following link: 

https://docs.google.com/spreadsheets/d/1-

KZ1LN7wv95KO9NjuGaluoD3U2dGAB5w/edit?usp=sharing&ouid=100611840872847668

112&rtpof=true&sd=true  

 

https://docs.google.com/spreadsheets/d/1-KZ1LN7wv95KO9NjuGaluoD3U2dGAB5w/edit?usp=sharing&ouid=100611840872847668112&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1-KZ1LN7wv95KO9NjuGaluoD3U2dGAB5w/edit?usp=sharing&ouid=100611840872847668112&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1-KZ1LN7wv95KO9NjuGaluoD3U2dGAB5w/edit?usp=sharing&ouid=100611840872847668112&rtpof=true&sd=true

