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ABSTRACT 

 

Dental age estimation is a common method used to determine the age of juvenile 

individuals in forensics, medicine, and bio-archaeology. This thesis examines how accurate three 

dental development methods are in estimating the ages of two Native American sample groups. 

Further, it will explore how different variables like sex, age, secular (temporal) change, and an 

individual’s body mass index (BMI) affect dental development rates in the two groups of 

individuals. The first group consists of 60 Native Americans between the ages of 7 and 21 years 

of age who received dental work between 1970-1990 by Dr. James Economides of Albuquerque, 

New Mexico. The second group consists of 165 contemporary New Mexico Native Americans 

who died between the ages of 0.6 months to 20.9 years of age between 2011-2019. This thesis 

examines the radiographs and postmortem computed tomography (PMCT) scans to determine 

tooth maturity and estimate the individuals’ ages using the London Dental Atlas (2011), 

Ubelaker’s dental charts (1989), and the Moorrees et al. dental charts (1963). Average group real 

ages were calculated, along with the average group age estimates to determine a mean age 

difference, referred to as the Delta Age.  

The results reveal that the London Dental Atlas (AlQahtani et al., 2010), was the most 

accurate method, with an average Delta Age of around +0.50 years for both sample groups. 

Ubelaker’s dental charts had an average Delta Age of around -0.67 years, and the Moorrees et al. 

charts were the least accurate with Delta Ages of -2.92 and -3.01 for each group respectively. 

There was some evidence to suggest that between the ages of 7-16, females age estimates are 
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consistently overestimated, indicating they are more dentally mature than their male counterparts 

until age 17, at which point the third molar is the last tooth developing in the dentition and males 

are more dentally advanced. The were no obvious changes in tooth variation between the sample 

groups and the London Dental Atlas and there was little evidence to suggest that factors such as 

obesity, measured through an individual’s BMI, and secular change, have a significant effect on 

dental development for the sample groups in this study. Overall, it seems that the main reason for 

the difference between an individual’s real age versus their estimated age is dependent upon the 

dental development method utilized and the natural variation in an individual’s dental 

development.
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Chapter 1: Introduction 

 

 Estimating age is important to archaeologists, forensic anthropologists, and medical 

practitioners. In archaeological contexts, the age of the deceased is often unknown, and accurate 

age estimates can potentially inform bioarchaeologists about a population’s health and mortality 

patterns (Buckley, 2000; Raitapuro-Murray et al., 2014; Vodanović et al., 2005). In forensic 

cases, age estimates are used in conjunction with other biological markers to identify deceased 

individuals of unknown identity (Balla et al., 2019; Schmeling et al., 2001; Thevissen et al., 

2010). For medical purposes, having an accurate age estimate can allow for the planning and 

deployment of proper medical treatment, as certain medications and surgical operations may not 

be suitable for individuals of older or younger ages (FDA.gov; Geifman et al., 2013).  

Age estimation is usually dependent upon the remains made available to a coroner, 

pathologist, forensic anthropologist, or other professionals attempting to identify human remains. 

In an ideal circumstance, the estimated age would be based on a combination of skeletal and 

dental development in children/adolescents, and observing dental and skeletal wear in adults. 

Skeletal and dental age estimations may be used independently of one another, but these methods 

work best if used in combination, wherever possible. However, teeth most often provide the best 

evidence for age estimation, as they are highly resistant to external factors such as fire, weather, 

or erosion after death and during decomposition (Forshaw, 2014; Manoilescu et al., 2015). In 

archaeological contexts, teeth often outlast bones by hundreds or thousands of years of 

environmental exposure and animal predation, leaving teeth as the main source of biological
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 information about past populations (Forshaw, 2014; Irish & Scott, 2016). In most legal 

and forensic cases, teeth are used by forensic odontologists to determine a person’s identity in 

several contexts. Institutions including the American Academy of Forensic Sciences and the 

International Association of Identification teach forensic odontology in their classes for 

educational forensics in how teeth can be used as evidence in legal cases (Krishan et al, 2015).  

Several methods exist which are used in estimating an individual’s age from infancy to 

adulthood. For adults, studying the attrition of the enamel is common because teeth can better 

withstand a variety of factors than other bodily tissues, including food acids, soil pressure, water 

movement, and other factors (Lease, 2016). Furthermore, enamel does not regrow, making each 

tooth a “permanent record, unlike skeletal and all other tissues of the body” (Larsen, 2016). 

Additional methods for estimating adult ages using teeth include dental wear, dental caries 

prevalence, gingival emergence/eruption, root resorption, tooth root/dentin translucency, and 

measuring the pulp-to-tooth area ratio (Manjunatha & Soni, 2014; Puranik et al., 2015; Verma et 

al., 2019; Vodanovic et al., 2011). Each of these methods works in different manners, measuring 

various parts of teeth and their growth and wear to determine age, providing age estimates of 

varying reliability (Graham et al., 1974; Maber et al., 2006; Puranik et al., 2015; Roberts et al., 

2008). However, many of these methods are applicable only after the tooth is fully developed, 

meaning they are exclusive to adults.  

When studying children and adolescents, the most common age estimation practice is to 

measure tooth development and overall growth patterns along the teeth, alongside the timing of 

their eruption (AlQahtani et al., 2014; Balwant & Anand, 2006; Santana et al., 2017). Tooth 

development, or odontogenesis, refers to the cellular formation and growth of a tooth and its 

different structures such as its roots, enamel, and dentin (hopkinsmedicine.org, n.d; Rathee & 
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Jain, 2021). Tooth eruption is a process of tooth development in which the tooth physically 

“erupts” past the gingiva, or gum line, inside the mouth and becomes visible (Kjær, 2014).  

The overall process of dental development is largely determined by genetics and 

hormonal signals controlled by the brain and sent throughout the body (Lewis & Garn, 1960, 

Thesleff, 2006). To be specific, odontogenesis is controlled by homeobox (HOX) genes (Cakan 

et al., 2013) and through several neural signals transmitted from the skin cells of the mouth and 

embryonic cells during fetal growth (Bei, 2009). Despite the mostly internal genetic causes of 

tooth development, there is a debate concerning the influence external factors such as 

malnutrition and diet can have on dental development. Research has provided evidence that 

suggests that malnutrition and a poor diet can affect skeletal growth, but other studies suggest 

they have less of an effect on tooth growth and dental eruption (Cameriere et al., 2007; Cardoso, 

2007; Elamin & Liversidge, 2013; Garn et al., 1965). Alternative research suggests that such 

external sources have a noticeable effect on dental development, often delaying or stunting tooth 

growth and eruption (Alvarez & Namia, 1989; Heinrich-Weltzien et al., 2013; Holman & 

Yamaguchi, 2005). This debate and subsequent studies conducted on the topic have the potential 

to change the way age estimation is conducted on populations which might be more exposed to 

these external environmental and socio-economic factors involved in an individual’s diet.  

An individual’s health status may also affect dental development. The available literature 

on the relationship between disease and dental development shows that certain chronic illnesses 

like celiac disease, chronic renal failure, and cancer might negatively affect dental development 

(Alamoudi et al., 2020; Campisi et al., 2007; Jaffe et al., 1990; Proctor et al., 2005). Other 

studies have found that obesity, a disease caused by a multitude of environmental and socio-

economic factors, is associated with accelerated dental development in several sample groups of 

https://pubmed.ncbi.nlm.nih.gov/?term=Kjær%20I%5BAuthor%5D


4 
 

juveniles (Cardono, 2021; Garn et al., 1965; Hilgers et al., 2006; Kadavy, 2017; Must et al., 

2012; Nicholas et al., 2018). There is far less literature regarding dental development and its 

association with being underweight (Hedavati & Khalafinejad, 2014; Kadavy, 2017; Kumar et 

al., 2013).  

In legal and forensic cases, forensic anthropologists attempt to identify deceased 

individuals, often using only skeletal remains (Ubelaker, 2006). Data such as height, geographic 

ancestry, sex, and age are used to create a profile that the police and other government agencies 

might use to help identify a deceased person. In addition, accurate age estimates are needed for 

forensic legal cases involving identifying immigrants and asylum seekers who are unable to 

provide information regarding their identity (Schmeling et al., 2001). Therefore, obtaining 

accurate age estimates through observing and measuring the rate of dental development is 

essential for the identification of juveniles in a variety of situations. 

 In archaeological contexts, accurate age estimations are used to study a population’s 

health. Bioarcheologists use age estimation to track mortality patterns and health issues facing 

juveniles, the most vulnerable population to disease and environmental factors. However, 

ascertaining the health status of the deceased in an archaeological sample is arguably more 

difficult as compared to living individuals due to what is known as the Osteological Parad ox 

(Wood et al., 1992). The Osteological Paradox discusses how the dead can reveal patterns of 

selective bias, or where deceased individuals may have died before signs of disease or other 

negative health consequences developed on the bones (Wood et al., 1992). In addition, certain 

health conditions such as obesity, are not readily observable in archaeological assemblages. This 

makes it difficult to determine how certain illnesses and diseases might have affected the dental 

development of past populations, which could affect age estimation in such cases. 
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An additional issue that should be considered when estimating the age of individuals 

from an archaeological population is changes in dental development rates. Evidence suggests 

that modern humans are reaching puberty earlier than in the past (Parent et al., 2003; Worthman 

et al., 2010). However, past populations had different lifestyles, diets, and overall levels of health 

that undoubtedly influenced the overall development of these people. This, and any other 

temporal and evolutionary changes in the body occurring over generations has been referred to 

by the term “secular,” (Weisensee & Jantz, 2011). If the overall process of puberty can be 

subject to change over time, then it is possible that the process of dental development could be 

described as secular itself. There are several studies which suggest this is the case, and I seek to 

see if this is also true in my testing (Heuzé et al., 2008; Nadler, 1998; Sasso et al., 2013; Vucic et 

al., 2014). 

 The goal of this thesis is to answer several different but connected questions related to the 

accuracy of age estimation methods derived from measuring dental development. It explores 

factors which may influence age estimation such as sex, variation in tooth development, secular 

change, and obesity as observed through an individual’s body mass index (BMI). The study 

examines two different groups of children/adolescents from New Mexico who are classified as 

Native American through race and/or ethnicity (see next section). The first group consists of 

living individuals who received orthodontic care from Dr. James Economides between the 1970s 

to the 1990s. The second group is composed of deceased individuals who died in New Mexico 

between 2011 and 2019 and were examined at the New Mexico Office of the Medical 

Investigator (OMI). Age estimates will be determined using three different methods, 1. Moorrees 

et al. Dental Charts (1963a, 1963b), 2. Ubelaker’s Dental Charts (1979), 3. The London Dental 

Atlas (AlQahtani et al, 2010). 
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Race & Ethnicity 

 The individuals in this thesis are described as Native American (a more detailed 

discussion can be found in the methods section). However, modern anthropologists, biologists, 

and other scientists recognize that the race concept is not a biological truth, but is instead a social 

construct that combines phenotypic genetics expressed through physical traits, along with 

cultural traits, to create what is known as a “race” (Ford & Kelly, 2005; Gravlee, 2009; 

O’Donnell & Edgar, 2020).  

Despite the recognition that race is a cultural/social construct, the construction of race has 

real and lasting biological impacts which affect both the physical and mental health of both an 

individual and a larger population (Gravlee, 2009; O’Donnell & Edgar, 2020; Santos et al., 

2009). The use of race also affects forensic identification and age estimation, as racially 

categorized populations are believed to have different physical characteristics (Blumenfeld, 

2000; Yahya et. al, 2013), as well as different rates of dental development (Adams et al., 2019; 

Steggerda & Thomas, 1944). Therefore, the social construct of race is still a topic that is 

explored in anthropological research. However, this thesis does not support or attempt to justify 

negative views or stereotypes of individuals who are socially classified as belonging to any race 

category. 

 Unlike race, ethnicity refers to a common identity shared by a group of people based on 

shared cultural practices, traditions, history, and/or religion (Ford & Kelly, 2005; Ford et al., 

2010; Munasinghe, 2018). Like race, ethnicity is a Western social construct that in the recent era 

of post-colonialism, has been used to separate groups by common ancestry and shared beliefs. 

According to Hutchinson & Smith (1996: 6-7), six recognized features constitute an ethnic 

group:  
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1. a common proper name, to identify and express the “essence” of the 
community; 

2. a myth of common ancestry that includes the idea of common origin in time 

and place and that gives an ethnie a sense of fictive kinship; 

3. shared historical memories, or better, shared memories of a common past or 
pasts, including heroes, events, and their commemoration; 

4. one or more elements of a common culture, which need not be specified but 

normally include religion, customs, and language; 

5. a link with a homeland, not necessarily its physical occupation by the ethnie, 
only its symbolic attachment to the ancestral land, as with diaspora peoples; and 

6. a sense of solidarity on the part of at least some sections of the ethnie’s 

population 

  

Frequently, ethnicity is used interchangeably or side by side in a sort of dichotic 

relationship with race (Baumann, 2004). However, race is attributed to a person from outside 

groups separate from the community into which a person is born. Ethnicity is defined by 

members of a group within a community (Baumann, 2004). In this sense, ethnicity is a form of 

social identity used by a person to identify themselves both within, and outside of, their 

community. This definition is important, as the individuals studied in this thesis were unable to 

provide their personal beliefs regarding their ethnicity. Instead, their ethnicity was viewed much 

like their race and attributed to them through things such as names, physical characteristics, and 

other cultural and biological factors.  

In this thesis, all research questions or hypotheses focus on the social construction of race 

and its impacts on people’s health. All people physically embody their social and cultural 

experiences, and this thesis attempts to avoid mixing the biology of skin color, genetics, or the 

geography of location as something innately found inside someone that causes them to be a 

certain “race” (Krieger, 1999; Krieger, 2010). However, most individuals today associate certain 
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genetic ancestry with a socially constructed race. In a study of schoolchildren in Brazil, 

researchers listened to the childrens’ self-reports of their races and then told them the percentage 

of their genetics which were “European,” “American Indian”, or “African”. Many of the 

individuals contested their genetic ancestry results in favor of their views of their self -perceived 

race, demonstrating the connection between a person’s ideas about race and ancestry (Santos et 

al., 2009). In this thesis, any “differences” identified by the present for the Native American 

samples during the research most likely stem from the specific culture within which I as the 

researcher live and operate, and the larger standards set by other anthropological researchers. 

Ultimately, how I view someone who is “Native American” in my research, is not the same as 

how someone born and raised in an ethnic community that classifies itself as “Native American” 

might identify themselves and their ethnicity.    

Research Questions & Hypotheses 

 In this thesis, I address five interrelated research questions and provide the background 

information necessary to explain the hypotheses and expected results. The background section of 

this thesis explores the ideas more thoroughly. Below are five hypotheses I formulated for this 

thesis to attempt to answer. 

1. Which of the three methods of age estimation (Moorrees et al. 1963; Ubelaker 1978; 

AlQahtani et al. 2010) is the most accurate when applied to a Native American 

population?  

Past studies of dental age estimation methods have shown that different geographic and 

genetic populations have different rates of dental development (Dhamo et al, 2018; 

Tompkins, 1996). Studies have also shown that some dental development age estimation 

methods are not as accurate when applied to certain populations and in people with 
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specific health conditions and that those groups need specific methods created for them 

(Adams et al., 2018; Pereira et al., 2019; Putri et al., 2021). If all three methods have 

large margins of error for individuals who died of natural causes, a new or updated 

method of dental age estimation is likely necessary for Native American populations and 

for individuals who are ill. The expected result of this first hypothesis is that Ubelaker’s 

dental charts (1978) will be the most accurate due to similarities in sample groups, with 

the London Dental Atlas (2010) being the next most accurate, and the Moorrees et al. 

dental charts (1963a, 1963b) being the least accurate of all three methods selected in this 

thesis.  

 

2. Do differences exist between the sexes in dental development?  

Research on dental development and sexual dimorphism reveals that males and females 

differ in their rates of dental development for both deciduous and permanent dentition 

(Garn et al., 1958; Meredith, 1946; Steggerda & Thomas, 1944). I will examine 

individuals of both sexes, along with individuals who have both deciduous and 

permanent teeth, [mixed dentition], to test if age estimates are consistent within a Native 

American population of differently aged individuals. The expected result is that females 

will display more advanced rates of dental development, based on previous studies (Garn 

et al., 1958; Meredith, 1946; Steggerda & Thomas, 1944).  This means that males’ age 

estimates will be closer to their real ages, while females’ age estimates will be 

consistently older than their real ages. However, this also depends on the overall accuracy 

of the dental age estimation methods tested.  
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3. Are certain teeth more prone to being under or over-developed compared to the rest 

of the teeth?  

This question is relevant because some teeth, such as the third molars, are the only teeth 

still developing past the age of 14 (Liversidge & Marsden, 2010). Furthermore, certain 

teeth are highly variable in the timing of their formation, mineralization, and eruption 

(Mincer et al., 1993; Trakiniene et al., 2019). For my third hypothesis, I expect that third 

molars are more variable in their development rates than other teeth, with canines being 

another possible tooth with more variable dental development rates than other teeth. 

 

4. Is there evidence of secular change in dental development?  

It is known that the dental development rates of individuals several hundreds of years ago 

differ from those of modern populations (Heuzé et al., 2008; Nadler, 1998; Sasso et al., 

2013; Vucic et al., 2014). Although the two groups involved in this study are not 

separated by hundreds of years, in some cases there is a difference of several decades. 

Therefore, I attempted to view signs of changes in dental development rates among the 

older generation of individuals compared to individuals in the newer generation. The 

expected result is that there will be a small, but statistically significant amount of change 

between these two groups in terms of dental development. More specifically, individuals 

from Group 2, who are of a more recent generation, will have a noticeable difference in 

the rate of their dental development than similarly aged individuals from Group 1, who 

are from an older generation.  
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5. What is the relationship between body mass index (BMI) and an individual’s dental 

development? 

Contemporary research has shown that individuals with high BMI have more advanced 

rates of dental development and eruption compared to individuals with normal BMI, even 

after accounting for differences in sex and ancestry (Must et al., 2012; Nicholas et al., 

2018). In addition, certain chronic illnesses have been known to stunt the physical growth 

of affected adolescents, including dental growth dentition (Jaffe et al., 1990; Proctor et 

al., 2005). Specifically, I wish to see how BMI, often associated with precocious (early) 

puberty, might affect the rate of a person’s dental development. The fifth hypothesis of 

this thesis argues that individuals with BMIs classified as overweight or obese will have 

more advanced rates of dental development (e.g., their age estimates will be consistently 

older than their true ages), compared to those of average or underweight BMIs. 

Furthermore, this fifth hypothesis posits that individuals who are underweight will show 

evidence of decelerated dental development (e.g., their age estimates will be consistently 

behind their true ages). 
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Chapter 2: Review of the Literature 

 In the field of biological anthropology, there is a plethora of literature that examines, 

tests, and reviews different methods for estimating an individual’s age, from analyzing long bone 

length to studying the growth and wear of teeth. One of the more common methods of estimating 

age comes from measuring dental development and eruption (Hillson, 1996). Humans are 

diphyodont, which means that their teeth develop in two sets: 1) primary dentition, commonly 

referred to as “deciduous dentition”, and 2) permanent dentition (Harris, 2016). In the primary 

dentition, humans have 20 teeth which include a central and lateral incisor, a canine, and two 

molars per quadrant of the mouth. The permanent dentition consists of 32 teeth, a central and 

lateral incisor, a canine, two premolars, and three molars per quadrant of the mouth. However, 

the past few decades have seen an increasing number of individuals who are born without third 

molars in what is known as third molar agenesis (Carter, 2016; Scheiwiller et al., 2020). In 

addition, many individuals often have their third molars removed due to complications as the 

teeth erupt, with potentially harmful and painful effects. In a study of an Iraqi population, Hasan 

et al. (2016) found that of 880 individuals, over 1,100 third molars were impacted, with 663 

being surgically removed. The lack of a third molar can create problems in dental age estimates 

because the third molar is the only tooth that can be used to estimate age until 21 (Liversidge & 

Marsden, 2010).  

Despite the documented increase in third molar agenesis and the common practice of 

removing third molars, estimating age using dental development is still considered highly
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accurate. This accuracy is attributed to the fact that tooth growth in both the primary and 

permanent dentition occurs at defined age ranges set by the work of many researchers, allowing 

tooth development to be tracked alongside the growth of a person. Furthermore, as the teeth 

erupt past the gum line into the mouth, eruption may also be tracked due to innate biological 

timing that has been documented from tooth development to gingival emergence (AlQahtani et 

al., 2014).  

 In addition to the consistency associated with tooth development/eruption and age, the 

use of teeth in estimating age is preferred due to their resistance to external factors. Compared to 

the rest of the human skeleton, teeth are less likely to be affected by environmental decay during 

bodily decomposition because they are made of some of the body's hardest tissue. (Irish & Scott, 

2016; Forshaw, 2014; Higgins & Austin, 2013; Manoilescu et al., 2015). Besides age estimates 

obtained from morphological changes like growth, wear, and size, genetic material such as DNA, 

RNA, and mitochondrial DNA can also be extracted from teeth. The extraction of such valuable 

genetic material makes the study of teeth vital in the analysis of ancient human remains as such 

information can be used to establish a post-mortem interval date (Heathfield et al., 2021; Higgins 

& Austin, 2013; Higgins et al., 2015).  

This literature review seeks to explore the history of dental development in estimating 

age, and the creation, evolution, and changes found with the use of dental development age 

estimation methods. It also examines the process of dental development and the biological and 

environmental factors that may influence it. Finally, the relationship between dental development 

and health will be examined with a specific focus on dental development as influenced by an 

individual’s body mass index (BMI)
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Historical use of dental development in estimating age 

 The use of dental development in estimating age has existed for thousands of years and 

has persisted into modern times due to its reliability. One of the earliest instances in which tooth 

development was used for age estimation occurred during the era of the Roman Empire. Part of 

the Roman Empires' method of maintaining its armed forces was through conscription, and the 

eruption of the second permanent molar indicated a young male was old enough for military 

conscription (Müller, 1990). A more recent use of measuring tooth development in estimating 

age occurred during the height of the industrial revolution in England, where factory owners 

would check the eruption of a child’s permanent teeth to determine eligibility for work in the 

factories (Saunders, 1847). Although these casual observations of dental development did fulfill 

the requirements of their times, the need eventually arose for a more comprehensive method. 

Origins of modern-age estimation methods using dental development 

The first chart created that tracked dental development and tooth formation was 

developed by Legros and Magitot in the 19th century (1880). Legros and Magitot (1880, 1881) 

created several tables which displayed the “appearance of dental tissues and structures for both 

the deciduous and permanent teeth, with emphasis on prenatal formation” (Arumugam & 

Doggalli, 2020). Legros & Magitot’s work displayed the formation of tooth development  from 

the formation of the crown to full root completion and attempted to link this growth with certain 

ages in their subjects. Their work was the first known professional attempt to document and track 

dental formation and timing, setting a precedent for future research. 

In 1933, dental practitioners William Logan and Rudolf Kronfield documented and 

measured the skeletal growth of the mandible and maxilla, in addition to the deciduous and 
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permanent teeth housed in the jaw. Their work, titled, “Development of the Human Jaws and 

Surrounding Structures from Birth To the Age of Fifteen Years”, provided information regarding 

initial calcification, tooth formation, and eruption of both primary and permanent teeth in the 

human dentition (Logan & Kronfield, 1933). However, their information contained inaccuracies 

and suffered from a lack of clarity regarding sample size. Still, their work paved the foundation 

for the eventual creation of more modern and accurate age estimation techniques focusing solely 

on dental development and eruption. 

Years after Logan and Kronfield (1933) published their research on the developing jaw 

and teeth, Issac Schour and Maury Massler (1941) created a dedicated tooth atlas that tracked 

dental development and eruption through detailed illustrations of the human dentition at various 

ages. It begins with an examination of dental development while an individual is in-utero, and 

tracks development yearly until age 12, at which point it proceeds directly to age 15, followed by 

ages 21 and 35. This atlas applied to both males and females, while also detailing teeth in both 

the maxilla and the mandible, thus allowing for a wider range of usage. 

Schour and Massler’s (1941) atlas, however, included some issues in age estimation. 

Their atlas did not account for possible sexual dimorphism in dental development. In addition, 

the omission of ages 15 through 21 ignored significant variability in dental development due to 

third molar growth and the final development of other teeth such as the canine and second molar. 

In their original 1941 atlas, there were also several inconsistencies in data collection, a lack of 

detail on the sample group used as the basis for dental age estimation, and a failure to account for 

differences in population ancestry and health. Schour and Massler updated their work in 1944 to 

include new illustrations which were more accurate and provided updated information on the 

sample group they used in their work (Schour & Massler, 1944). However, even after these 
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improvements, Schour and Massler’s atlas has been viewed by many as outdated and inaccurate, 

but still highly acknowledged for its early accomplishments in the field of dental age estimation 

and used in testing against other methods (AlQahtani et al., 2014).  

Of the three dental development methods reviewed in this thesis, the Moorrees et al. 

dental chart is the method with the longest history. C. F. A. Moorrees published several papers in 

the late 1950s documenting his findings of tooth development during puberty, including one in 

1959 which would lead to his development of a later method for tracking dental development 

(Moorrees, 1959). In 1963 Moorrees, in conjunction with Elizabeth A. Fanning and Edward 

Hunt Jr., documented the growth and calcification of ten permanent teeth, using two different 

sample groups of White Americans (Moorrees et al., 1963a). In their paper, Moorrees et al. 

assigned new terms to 13 different stages of tooth growth and root development for the maxillary 

central and lateral incisors, as well as all the mandibular teeth. A second paper published in the 

same year applied the same stages of tooth growth and development to three deciduous teeth, the 

canine, the first molar, and the second molar (Moorrees et al., 1963b).  

While an improvement from Schour and Massler’s (1944) work, the method devised by 

Moorrees et al. (1963a) contained several issues, including an inability to track dental 

development in maxillary teeth besides the central and lateral incisors. While this does not 

inherently prevent age estimations from being formed, accurate aging is best obtained by using 

the entire human dentition. Thus, the method devised by Moorrees and colleagues was, and is, 

still not accepted as the single best method for dental age estimation, leading to several other 

methods being created over the following decades. 

In the 1950s, Carmen M. Nolla developed a method of tracking dental development 

which would help assist other dentists in their work creating treatment plans (Nolla, 1952). 
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Similar to the method devised by Moorrees et al. (1963a), Nolla estimated age by observing the 

calcification of the permanent dentition and created 10 stages of tooth development as opposed 

to the 13 used by Moorrees et al. Nolla had separate tables for both males and females, while 

also including tables that included estimated ages both containing and omitting, third molars 

(Nandlal et al., 2014; Nolla, 1960). Other methods were developed or refined in the 50s and 60s, 

but Nolla and Moorrees et al. were the most popular methods devised.  

Beginning in the 1970s, biological anthropologists were focusing on successfully 

identifying and aging archaeological remains discovered in the field. During this time, forensic 

anthropologist Douglas H. Ubelaker developed a new method of estimating age using dental 

development, inspired by Schour and Massler’s (1944) atlas developed earlier in the century. 

Ubelaker’s dental charts used the same form and manner of tracking dental development through 

illustrations of human dentition at varying ages from in-utero to age 35, also jumping from age 

15 to 21. Ubelaker’s dental charts differed, however, in that they used an archaeological Native 

American sample group and were created specifically to help provide accurate age estimations 

for Native American remains. Over the next decades, Ubelaker would update his charts for use 

on another population, Australian aboriginals, where he also created separate charts for males 

and females (AlQahtani et al., 2014). The creation of this separate chart has the benefit of 

showing that Ubelaker’s dental charts could be adapted to other population groups as a preferred 

method for estimating age.  

In 1973, Demirjian, Goldstein, and Tanner developed an entirely new method that 

deviated from previously existing methods. Their method measures dental development by using 

tooth calcification as a base, rather than using overall tooth growth as is most common. Their 

method was updated three years later (Demirjian et al., 1976), and has become one of the most 
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popular methods for estimating age using dental development. The following decades saw 

several updates of existing methods, such as the 1980s work by W. A. Brown (1985) and Kahl & 

Schwarze (1988) which acted as improved versions of Schour and Massler’s 1944 atlas, using 

newer sample sizes and population groups in an attempt to be more accurate and provide greater 

transparency than Schour and Massler’s (1944) original work.  

One of the most recent methods for estimating dental development is known as the 

London Dental Atlas of Tooth Development and Eruption (AlQahtani et al., 2010), which takes 

aspects from both Schour and Massler’s work (1941), as well as the work of Moorrees et al. 

(1963a), by providing illustrations of dental development and tooth eruption beginning between 

28 weeks in utero to 23 years of age. To complement the illustrations, the London Dental Atlas 

includes a series of tables that display the lowest, median, and most advanced development stage 

of each tooth in the dentition based on the age of the individual being observed, covering ages in 

utero to age 23.  

The twentieth century has seen the creation of numerous methods for estimating age by 

measuring dental development, but there is not one single method accepted as the most accurate. 

Depending upon the population being analyzed and the goals of the research, the chosen method 

used may vary, with many methods being crafted for use on specific populations. Several of the 

more popular methods, including the Demirjian et al. (1973, 1976) and the London Dental Atlas 

(AlQahtani et al., 2010), are consistently reviewed and tested to measure their accuracy in 

estimating age for different populations (AlQahtani et al., 2014; Arumugam & Doggalli, 2020; 

Mohammed et al., 2015). Thus, just as there is a large body of research on estimating age using 

dental development, there is also an abundance of literature that examines which methods work 

best for certain populations. 
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Factors that affect dental development 

The use of dental development in age estimations is in part due to the innate biological 

and genetic factors of different population groups which affect tooth development and eruption. 

Populations are often divided into geographical categories, such as African, Asian, or European, 

and different geographical populations are known to have differences in their dental development 

(Steggerda & Thomas, 1944; Tompkins, 1996). However, differences in sex, body weight, 

genetics, culture, race/ethnicity, and individual agency have been revealed to influence dental 

development (Almonaitiene et al., 2010; Pahel et al., 2017). For many years, the process of 

dental development and eruption has been known as resistant to environmental factors (Elamin 

& Liversidge, 2013; Garn et al., 1965; Lewis & Garn, 1960). In the following sections, the 

specific findings regarding dental development to factors such as sex, ancestry, weight, and 

generations are further analyzed and reviewed. 

Dental development among different populations 

Most of the research by individuals studying dental age estimation methods is focused on 

how specific population groups show varying rates of dental development. There is much 

evidence to state that dental development rates are population-specific throughout the world. In 

the twentieth century, research conducted on the subject has revealed that certain population 

groups have more advanced rates of dental development than others, like in the United States, 

where research into dental development rates between individuals of African ancestry vs those of 

European ancestry has been extensively researched. A 1996 study by R. L. Tompkins observed 

the dental development of Black Africans from the southern regions of Africa, White French 

Canadians, and Native Americans. He found that certain teeth, such as the second and third 

molars, develop and erupt earlier in Black African individuals as compared to White French 
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Canadians (Tompkins, 1996). In addition, Tompkins found different rates of development that 

supported earlier advancement of certain teeth in French Canadian females and Black southern 

African females, while males showed no difference between groups (Tompkins, 1996). His 

findings supported the hypothesis that dental development rates are variable and exclusive to 

different population groups, as well as reaffirming the concept that there are differences in dental 

development between sexes. 

Other studies also note differences between Black individuals of African descent and 

White individuals of European origins (Adams et al., 2019; Steggerda & Thomas, 1944). Several 

papers have examined dental development in populations such as Hispanics (Hernandez, 2011), 

Iranians (Bagherpour et al., 2010), Indonesians (Putri et al., 2021), Czech (Šindelárová et al., 

2017), and numerous other populations, including Native Americans. These papers show how 

populations of different geographical ancestry often differ in their dental development, leading to 

the question of how effective non-population-specific age estimation methods would work. This 

observable difference leads to questions about the accuracy of the numerous methods which are 

founded upon non-Native American samples, which are then applied to Native American 

individuals. 

Numerous researchers tested the accuracy of modern dental age estimation methods used 

on Native American sample groups, with interesting results (Adams et al., 2019; Dahlberg & 

Menegaz-Bock, 1958; Owsley & Jantz, 1983; Steggerda & Thomas, 1944; Tompkins, 1996). 

One of the earliest papers on the subject, published by Steggerda & Thomas in 1944, compared 

White Americans, Black Americans, Native Americans (Navajo), and individuals from a Maya 

population together in one dental development comparison. The results of their study found that 

the Native American Navajo individuals had more advanced rates of tooth development and 
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eruption as compared to the white American population. The White American sample group was 

overall the most dentally delayed when compared to the other three sample groups in overall 

dental development (Steggerda & Thomas, 1944). This finding, along with the support of 

numerous other studies, suggests that Native Americans may have more advanced rates of dental 

development when compared to other populations found in the United States (Adams et al., 

2019; Dahlberg & Menegaz-Bock, 1958; Owsley & Jantz, 1983; Tompkins, 1996). 

The reasons for such differences in dental development observed in Native American 

populations are currently unknown. In a 1958 paper, Dahlberg and Menegaz-Bock argued that 

there are three possible causes, genetic, environmental, or some combination of the two 

(Dahlberg & Menegaz-Bock, 1958). Additional factors, including socioeconomic status, may 

also relate to the prevalence of dental caries (Vazquez-Nava et al., 2008), as well as skeletal and 

dental development (Cardoso, 2007), but there is a lack of literature examining how 

socioeconomic and other sociocultural factors might affect dental development in Native 

American populations.  

In an article by the National Community Reinvestment Coalition, Native Americans had 

the highest amount of unemployment in the U.S. in 2018, and a poverty rate three times higher 

than that of white Americans (Ramirez, 2019). Future research will potentially reveal how these 

socio-economic factors might influence the dental development rates of Native American 

populations in the U.S. Regardless, the current literature supports the notion that Native 

American populations have more advanced dental development rates than white North 

American/European populations used in other dental age estimation methods such as the 

Moorrees et al. (1963a), the AlQahtani (2010), and many other methods (Demerjian et al., 1973 

& 1976; Havvikko, 1970; Nolla, 1952). 
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A study by Adams et al. in 2018 tested the accuracy of Updated  (1989) and the new 

London Atlas (2010) on several different population groups, including Native Americans, 

African Americans, Asian Americans, Hispanic Americans, and white European Americans. The 

results showed that both dental age estimation methods overestimated the ages of Native 

Americans and African Americans, with observable patterns of over-or under-estimation of ages 

regarding specific population groups (Adams et al., 2019). Several other population-specific 

studies show that modern dental age estimation methods based on White populations tend to 

over-or underestimate different population groups (Heinrich-Weltzien et al., 2013; Maber et al., 

2006). These findings suggest when aging Native American individuals, it would be of interest to 

create a population-specific method, something Ubelaker (1979) attempted to do.  

Dental development and sexual dimorphism 

For centuries, biologists have noted that many mammalian species on earth are sexually 

dimorphic, with males often being larger and anatomically different than females of the same 

species. Medical professionals and anatomists have observed that human males and females are 

no exception to this and that humans present evidence of sexual dimorphism, and  this 

dimorphism is observable in many different areas of the body. The most immediate area in which 

sexual dimorphism is observable is in the pelvis, where there are distinct morphological 

differences due to adaptations necessary for childbirth (Correia et al., 2005; Ubelaker 1978). The 

skull is also a collection of bones that are sexually dimorphic. Males statistically have larger and 

more pronounced mastoid processes and supraorbital brow ridges on their crania when compared 

to females (Toldeo Avelar et al., 2017; Ubelaker, 1978). Further examination of the skull reveals 

that the mandible is sexually dimorphic, as males show an increase in mandible size and 

differences in the shape of their mandibles when compared to females (Coquerelle et al., 2011). 
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In further research on the sexual dimorphism of the human mandible, a link was noted 

between mandibular growth and dental development. Coquerelle et al. (2011) found that even as 

females’ mandibles stop growing, their third molars continue to grow and develop. Meanwhile, 

males’ mandibles grow and change shape alongside third molar development. In 1955, Edward 

E. Hunt and Izacc Gleiser developed a technique that was used to estimate an individual’s sex 

through a comparison of tooth calcification to skeletal maturations of the post-cranial skeleton 

(Ubelaker, 1978). The research of Hunt and Gleser (1955) and Coquerelle et al. (2011), provides 

evidence that the development of the mandible and dental development itself is sexually 

dimorphic.  

Females are known to typically have more advanced rates of permanent dentition 

development than males (Demirjian & Levesque, 1980; Garn et al., 1958; Šindelárová et al., 

2017; Steggerda & Thomas, 1944). Research indicates that males have more advanced rates of 

deciduous dental development when compared to similarly aged females (Meredith, 1946; 

Taranger et al., 1976). However, opposing studies support more equal rates of dental 

development for both sexes during deciduous tooth growth (Demirjian & Levesque, 1980). 

Despite this disagreement rate over whether males or females are more advanced regarding 

deciduous tooth growth, there is evidence to suggest that the rates of permanent dental 

development are sexually dimorphic. Therefore, biological sex should be considered in any study 

of dental development age estimation methods. 

Differences in rates of dental development across generations (secular change) 

In the field of bioarcheological research, focus is placed on studying the remains of 

individuals from historic and ancient civilizations, where records of age are unlikely to be found 

for the deceased. Over the last ten thousand years, there have been numerous changes in 
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humanity’s diet and lifestyle, which have impacted our biological characteristics. Modern 

humans tend to grow taller and are capable of living longer and healthier lives due to modern 

medicine, nutrition, and science when compared to ancestral human populations (Alter, 2004; 

Bogin & Rios, 2003; Finch, 2010). As some research suggests that dental development is 

affected by factors such as diet and health, there is a strong possibility that there have been 

changes in the rate of dental development over the past several centuries, or even in the past few 

decades due to changes in our diets, lifestyle, and medicinal advances. 

Many studies on the subject conducted in the past few decades support the idea that 

dental development rates have indeed changed across generations (Heuzé et al., 2008; Nadler, 

1998; Sasso et al., 2013; Vucic et al., 2014). This has led to researchers describing dental 

development as a secular process, with the term “secular” referring to evolutionary and temporal 

change in part of the body that has occurred over generations (Weisensee & Jantz, 2011). This 

knowledge creates concerns as to how accurate dental developmental age estimation methods 

will work on modern vs. archaeological populations. This is because most dental age estimation 

methods use a modern sample population (AlQahtani et al., 2010; Demirjian et al., 1976; 

Moorrees et al., 1973a & 1973b) and are not designed using archaeological samples. Of course, 

this is because most archaeological samples often lack age-at-death information, and thus 

establishing a baseline for an age estimate is impossible. Douglas Ubelaker used a relatively 

contemporary Native American sample population for his sample in the creation of his atlas, 

therefore there exists a possible problem in accurately estimating the age of individuals in 

ancient archaeological samples (Ubelaker, 1978).  
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Health and the relationship with skeletal and dental development 

Most existing literature that examines human growth in relation to health focuses on 

skeletal development and how it might be impacted in ill adolescents. Bone growth, influenced 

by the work of osteoblasts which create new bone, and osteoclasts which remove old bone, are 

highly sensitive to external sources. However, existing research indicates that dental 

development is more buffered than the skeleton in the event of illness, perhaps because of the 

degree of canalization of dental development.  

Although dental development may be buffered from influence by most illnesses, research 

suggests that in children, certain chronic illnesses like chronic renal disease, celiac disease, and 

cancer, have been shown to negatively influence dental development, and in some cases, the 

treatment for chronic conditions might also affect dental development (Alamoudi et al., 2020; 

Campisi et al., 2007; Jaffe et al., 1990; Proctor et al., 2005). One example is the relationship 

between chemotherapy radiation and dental development in patients with cancer (Vasconcelos et 

al., 2008; Marec-Berard et al., 2005; Jodlowska et al., 2021). In one study comparing 46 

childhood cancer patients with 46 healthy children, the child subjects with cancer had higher 

rates of dental caries, bacterial infections, and delayed root development compared to their 

healthy counterparts (Vasconcelos et al., 2008). It is therefore possible that delayed dental 

maturity is linked to the treatments for cancer (and other illnesses), rather than the illness itself 

(Jodlowska et al., 2021; Marec-Berard et al., 2005; Vasconcelos et al., 2008;).  

Dental development and body mass index  

The relationship between BMI and dental development has been studied extensively over 

the last few decades. Researchers have examined how individuals in different classes on the BMI 
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scale (e.g., underweight, obese) have different rates of dental development. In recent years, 

following increased rates of obesity across the globe, much research examines the relationship 

between dental development and overweight/obesity. According to CDC.gov, individuals who 

fall between the 85th and 95th percentile are considered overweight. If an individual is in the 95th 

percentile or above, they are considered obese. Individuals who are between the 5 th and 85th 

percentile are at a “healthy weight”, while individuals below the 5th percentile are considered 

underweight.  

Many factors might affect an individual’s weight, including disease, genetics, 

socioeconomic status, sex, and diet (CDC.gov, 2022; Clevelandclinic.org, 2022; niddk.nih.gov, 

2018). The consensus by most researchers is that individuals who are overweight or obese are 

known to have advanced rates of tooth development for their age (Cardono, 2021; Garn et al., 

1965; Hilgers et al., 2006; Kadavy, 2017; Must et al., 2012; Nicholas et al., 2018). However, 

while obesity causes accelerated dental development, starvation, and malnutrition have been 

shown to potentially delay normal dental development rates (Hedavati & Khalafinejad, 2014; 

Kumar et al., 2013).  

The terms “starvation” and “malnutrition” were occasionally used similarly in how they 

affect dental development. Malnourishment is often viewed in combination with starvation, 

leading to the view that being underweight equals being malnourished. However, the term 

“malnourished” refers to an individual whose diet is lacking in the essential vitamins and 

nutrients needed for healthy bodily functions (NHS.gov, 2020; johnhopkins.org, n.d.). While a 

lack of vitamins and minerals is more common in starvation, individuals who are overweight and 

obese might also be malnourished as they might be eating low-quality foods that are lacking 

appropriate micronutrients (johnhopkins.org, n.d.). Therefore, malnutrition and weight share an 
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interesting relationship, one in which a person can be properly nourished but at an unhealthy 

weight, or they can be at a healthy weight but still malnourished (NHS.gov, 2020). This 

clarification is important because it can be a factor if malnutrition does delay dental 

development, then an obese individual might still show a delay, but because they are 

malnourished and not because they are obese.  
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Chapter 3: Subjects, Materials, and Methods 

This thesis incorporates data from two groups, Group 1, an orthodontic treatment sample 

with associated (radiographs), and Group 2, a pediatric autopsy sample with data from 

postmortem computed tomography, PMCT. The total number of individuals included in this 

study totaled 225 individuals. Of the 225 individuals, 108 individuals are female and the 

remaining 117 are males.  

Group 1 received orthodontic care from Dr. James Economides of Albuquerque, New 

Mexico between the years of 1960 to the late 1990s, at which point Dr. Economides retired. The 

first group (Group 1) includes 60 radiographs of individuals of known age and sex provided by 

the Economides orthodontics dental collection from the University of New Mexico (The 

University of New Mexico Health Sciences Center, https://searchorthodontics.health.unm.edu/). 

The 60 individuals examined were between seven and twenty-one years of age (n= 30 male, n= 

30 female). Group 1 was included as a controlled variable designed to test the preliminary 

accuracy of the three dental age estimation methods used in the thesis, as chronological ages and 

biological sex are already known and available for direct accuracy comparison. However, 

weights were not available for individuals within this sample. Therefore, this sample provided 

zero additions to the study between BMI and dental development rates. 

The second group (Group 2) contains individuals who died in the state of New Mexico 

between 2011 and 2019 and were examined at the New Mexico Office of the Medical 

Investigator (OMI). PMCT scans were taken for 165 individuals between the ages of 0.5 to 20.9
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years in the course of normal autopsy procedures. Each individual in Group 2 is of known age 

and sex, manner of death, and most have a known cause of death. Additionally, each individual 

has weight and height data, which was used for BMI calculations (Cole et al., 2000). Cause of 

death refers to the actual event which led to an individual’s death, such as disease, blunt force 

trauma, overdose, etc. Manner of death refers to how the individual died, either through 

accidental means, natural causes, homicide, suicide, or an undetermined manner. Furthermore, 

many child/adolescent deaths in New Mexico are investigated, and the juvenile sample from the 

OMI is a representative child mortality sample for the state, even though not all of the deceased 

individuals are included (O’Donnell et al., 2020). Initial data collection for Group 2 was 

conducted blind, so age, sex, cause, and manner of death were unknown when collecting data or 

estimating age.  

Patient demographics: race and ethnicity 

 Race and ethnicity were assigned by two different sources for each sample group. For 

Group 1, the Economides collection, race/ethnicity was not assigned by either Dr. Economides or 

by using the patient’s self-identification (Edgar et al., 2011). Instead, race/ethnicity was assigned 

to the patients by eight observers, with two observers assigned to examine each patient’s records. 

The observers consisted of a mix of undergraduate and graduate students, and staff of the 

Anthropology Department at the University of New Mexico. The observers classified the 

race/ethnicity of all individuals in the collection through five predetermined indicators which met 

three larger criteria for ethnicity and race indication selected by the research focus group. The 

five indicators included: 1. patient name, 2. patient address, 3. skin color, 4. facial features, 5. 

hair form and color. These five indicators met three criteria chosen by the anthropological 

researchers who were conducting a study regarding ethnicity and race using the Economides’ 
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collection. These three criteria were used to help make observable indicators of a person’s race 

for their study: 1. Must be available in over 95% of records from materials such as intake forms, 

treatment records, and patient photographs; 2) Must be informative about patients’ biology or 

group affiliation; 3) Must be available to an observer without special equipment or training so 

that the parameters would be experienced in a manner similar to members of the general public 

(Edgar et al., 2011). 

Race and ethnicity of the individuals in Group 2 originate from the OMI of New Mexico 

records. The individuals’ race and ethnicity were determined by the on-site field investigator 

working at the OMI based on an individual subject’s circumstances (e.g., whether the individual 

lived and died on tribal land or a reservation). In some cases, ethnicity was supplemented by 

reports which were obtained directly from the individuals’ families. Unfortunately, as all 

members of Group 2 are deceased, race/ethnicity could not be obtained by asking individuals 

(many of which are young children) about their self-identification, which is the most accurate 

with regards to perceived ethnic and racial identity. Thus, race was attributed through the OMI 

death investigation alone. The methods through which race and ethnicity were attributed to 

individuals in Groups 1 and 2 are likely an unintended good measure of common social 

ascriptions of race/ethnicity in identity.   

The individuals in both Group 1 and Group 2 were racially and ethnically classified by 

people other than the individuals themselves. I, therefore, had to rely on the word of other 

individuals in classifying all the individuals in my study as Native American, and I had to trust 

that this was still viable for my purposes. Ultimately, it must be stated that an individual’s race 

and ethnicity are best identified but the individual themselves. 
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Data collection 

 Dental development was measured from the radiographs and PMCTs of both samples 

using standards set by three different dental age estimation methods, 1) Moorrees et al. (1963a & 

1963b) Dental Charts, 2) Ubelaker’s dental charts (1978), and 3) the London Dental Atlas 

(AlQahtani et al., 2010 & 2012). Radiographs obtained from Group 1, the Economides’ 

collection, were reviewed on an Apple iPad and saved to images, where photo editing was 

available to adjust contrast and lighting for image alteration of subjects’ radiographs to allow for 

better observation of dental development. The PMCTs of Group 2 were examined using Horos 

Viewer, a free and open-source code software (FOSS) program distributed under an LGPL 

license (Horos, 2021, Version 3.0, LGPL 3.0) and viewed with an Apple iMac computer. The 

Horos software allowed for multiple forms of two-dimensional (2D) and three-dimensional (3D) 

viewing and manipulation of the PMCTs to ascertain dental development as accurately as 

possible.   

Dental development was scored for each available tooth from the left and right sides of 

the mouth, as well as both the maxilla and mandible. The radiographs selected in Group 1 were 

chosen because they provided a panoramic view of the dentition and had a majority of teeth 

visible. Radiographs that were unclear for viewing, meaning they were blurry (Figure 3.1), 

overexposed (Figure 3.2), or only provided a side profile  (Figure 3.3), were excluded from the 

study. If a tooth was missing or could not be accurately observed even after editing, it was 

recorded as unobservable and not counted in age calculations. In a few specific cases, a singular 

tooth was underdeveloped compared to the rest of the dentition. In order to avoid such an 

extreme outlier from skewing age estimation results, such teeth were also excluded from the age 

estimation.  
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Figure 3.1 Blurred radiograph from the Economides collection 

 

Figure 3.2 Overexposed radiograph from the Economides collection 



33 
 

 

 

Figure 3.3 Side profile radiograph from the Economides collection 

Moorrees et al. (1963a, 1963b) dental chart methodology 

 Two research papers were used in the age estimation process for the Moorrees et al. 

method. One paper tracked dental development in the permanent dentition (Moorrees et al., 

1963a), while the second paper tracked dental development in three deciduous teeth, the canines, 

and the molars (Moorrees et al., 1963b). The Moorrees et al. method (1963a & 1963b) classified 

tooth development into thirteen distinct stages of development, and four stages of resorption for 

the deciduous dentition. 
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For the Moorrees et al. method (1963a & 1963b), age estimates were made separately for 

males and females, as the method accounts for the possible sexual dimorphism in dental 

development. In Group 2, where initial data collection was done “blind”, individuals were 

estimated using both the male and female age data as put forth by Moorrees and colleagues. Age 

estimates were gathered by measuring a tooth’s associated development and its corresponding 

growth stage as defined by Moorrees et al., and then taking the provided estimated age at which 

a tooth was measured at that specific stage of development.  

An important consideration is that historical limitations in the Moorrees et al. method 

prevented the obtaining of accurate age estimates of teeth in the maxilla besides the upper central 

and lateral incisors, which only measured up to the stages of root completion in males and apex 

half-closed in females. Therefore, the Moorrees et al. method data collected applied only to the 

maxillary incisors and mandibular teeth. Additionally, the Moorrees et al. method does not 

include tooth age estimates past full development age and two standard deviations of that age. In 

order to preserve the estimates of the method, the average age of each tooth for its development 

stage was used, even if it potentially underestimated the overall age of the subject. The Moorrees 

et al. method showed that ages on a line graph without clear numbers, where some tooth ages 

were between a half year and a whole year, leading to many ages being either rounded up or 

down depending upon how close the age appeared on the line graph. Figure 3.4 depicts a table 

from the original Moorrees et al. dental chart.  
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Figure 3.4. From Moorrees et al. 1963 
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Ubelaker’s dental charts methodology 

Ubelaker’s dental charts consist of side profile illustrations of the human dentition with 

illustrations depicting the dentition from in-utero to birth and increasing yearly from age one 

until age 12, at which point the illustrations depict only ages 15, 21, and 35. There were no tooth 

development stages provided by Ubelaker’s dental charts. Therefore, age estimates were 

obtained by measuring the development of each available tooth and making as close of a 

comparison with the images provided in his dental charts. The age at which the physical tooth 

most closely matched the drawing in the charts determined the estimated age associated with that 

tooth. Ubelaker’s dental charts also provide age estimation ranges to allow for estimates which 

account for deviations in dental growth. The age ranges usually include a deviation of 24 months 

older or younger than the estimated age, although the range may shorten or lengthen depending 

upon the age (see Figure 3.9).  

In addition, age estimates obtained using Ubelaker’s dental charts are impacted by a lack 

of information on the root development of the third molar and its associated ages. Ubelaker’s 

dental charts jumps from age 15 directly to age 21 with an accompanying tooth stage jump of R 

¼ to Ac for the third molar. The lack of information on what age any stage between R ¼ and Ac 

should belong to could affect the estimated ages of individuals. For the purposes of the thesis, 

individuals with third molars at development stage Rc or higher were aged 21, while individuals 

with third molars between R 1/4  and R 3/4  were aged at 15. To compensate for this error, while 

accounting for the variable development of the third molar, I created a new table that excludes all 

individuals over the age of 17. This cutoff age was chosen because at around age 17, the only 

teeth still developing in the mouth are third molars.   
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Figure 3.5. Ubelaker’s dental charts from in-utero to Age 35 

London Dental Atlas methodology 

Age estimates created using the London Atlas (Alqahtani et al., 2010 & 2012) were 

obtained by recording all teeth available in the jaw, both from the maxilla and the mandible. 

There were no differences in estimating age by sex, but there were differences in development 

stages and age correlation based on whether a tooth was from the maxilla or the mandible. The 

London Atlas tracked dental development and resorption using the same stages as created by 

Moorrees et al. (1963a & 1963b). The stages of tooth development can be observed in Figure 3.5 
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for single-root teeth, and Figure 3.6 for multi-rooted teeth. Figure 3.7 represents deciduous tooth 

resorption stages.  

 Final age estimates were obtained by tracking the general development of each 

individual’s dentition and comparing the radiographs and PMCTs visually to illustrations 

provided by the London Dental Atlas. These illustrations provided general ages and expected 

development of each tooth at a particular age, where ages were also listed at mid -year stages 

such as 11.5 and 12.5 years of age. Teeth were then assigned an age based on their development 

stage in relation to the median ages of development listed by the London Atlas for that specific 

tooth (Figure 3.8). 

The London Dental Atlas does not account for differences in dental development between 

males and females. As several previous studies have noted (Demirjian & Levesque, 1980; Garn 

et al., 1958; Šindelárová et al., 2017; Steggerda & Thomas, 1944), females tend to have 

advanced rates of dental development compared to males; which suggests that sex differences 

should be considered. In this thesis, I make sure to consider this difference even when using this 

method in estimating age.  
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Figure 3.6. Dental development chart (AlQahtani et al., 2010:483) 
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Figure 3.7. Dental development chart (AlQahtani et al., 2010:483) 
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Figure 3.8. Dental development chart (AlQahtani et al., 2010:484) 
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Figure 3.9. Illustration of human tooth development and eruption used in the London Dental 

Atlas by AlQahtani and colleagues (2010 

Formulation of age estimates and error tests 

For all three methods, overall estimates of an individual’s age were obtained by creating 

an average from the estimated ages of all recorded teeth. There were separate ages for teeth in 

the permanent dentition and deciduous dentition. If an individual had mixed dentition, their 

dental age was the average of their permanent and deciduous dentition ages. The mean estimated 

and real ages of individuals from both groups were then recorded and used to create a Delta Age 
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for each group and applied to each method. The Delta Age is made by subtracting the average 

chronological age (CA) of each group from the average estimated age (EA) of each group to 

create a “Delta Age” for all three age estimation methods. If the Delta Age for a group was a 

positive value over zero, this meant the group had its overall age overestimated. If the Delta Age 

value was below zero and a negative number, then this meant the group had its overall age 

underestimated. The use of Delta Values allows for easy comparison of accuracy between groups 

as whichever Delta Age for the method is closest to zero, is the most accurate method. 

For Ubelaker’s dental charts, the average age was presented as an age range based on the 

tooth to match the appropriately corresponding age ranges for that year on his charts. The 

estimated age was considered accurate if it fell between the age range of the chronological age. 

The use of age ranges in his charts can make age estimates accurate, but not precise. I use the 

term ‘accurate’, to indicate age estimates that fall comfortably in the age ranges provided by 

Ubelaker’s dental charts. However, I use the term ‘precise’, to refer to the possible ambiguity 

that the use of age ranges has in specifying an age estimate.  

Error testing (intraobserver error) 

Intra-rater reliability was measured using Cohen’s Kappa (1960) to determine observer 

accuracy and statistical significance of tooth stage identification. This was achieved through the 

recollection of the radiograph and PMCT data from 20 individuals in both sample groups. The 20 

individuals were randomly selected using a random number generator in order to avoid bias in 

sample selection. To test reliability, tooth stages were reobtained for each of the twenty 

individuals from both groups and then compared to their original scores. Cohens’ Kappa was 

scored based on if the tooth stages were similar or different with each individual, and then the 

average score was taken for each group and then rated.   
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Secular change 

 One of the questions asked at the beginning of this thesis was if dental development 

undergoes secular change, or a temporal change in development that occurs across generations. 

The answer to this question may necessitate new research into how effective modern age 

estimation methods are when used on historical/archaeological populations. The most accurate 

method to measure secular change would be direct comparisons between similarly aged 

individuals with known birth dates from different generations. For Group 2, the decade of birth 

of each individual in the sample is known, but the exact year of birth is unknown. For the 

Economides collection, Group 1, only the decade of initial treatment is provided, leaving the 

year or even decade of birth nearly impossible to discern. Therefore, a wide range of possible 

year differences could occur between individuals in either sample. One potential age gap could 

be as large as 60 years, or as narrow as 10 years, with an average distance of around 25-30 

years. Due to this inconsistency in accuracy regarding the difference in years between members 

of either sample group, secular change was tracked through an alternative method. 

I examined differences in tooth stages between three teeth; the maxillary second incisors, 

the maxillary canines, and the maxillary third molars beginning at seven years of age, as Group 1 

does not include individuals younger than seven years of age. These teeth were chosen because 

they cover the general span of an individual’s life during dental development and changes in the 

development rate of these teeth could be reliable indicators of secular change. Individuals from 

both groups were divided into chronological age categories separated by year and the 

developmental stage of each tooth. I then plotted out the number of teeth from the individuals in 

both groups and compared the tooth stages to the median developmental stage for the selected 

tooth at each specific age as demonstrated in the London Dental Atlas (AlQahtani et al., 2012), 
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as it was later determined as the most accurate method (see Chapter 4: Results). I used chi-

squared and Fisher’s tests for each age group to determine if there was a statistically significant 

difference in dental development between groups. I made figures that show the presence or 

absence of teeth relative to the median stage documented by the London Dental Atlas. These 

graphs provide a visual representation of the expected number of teeth that should be present at 

that stage versus the actual number of teeth present in each Group. 

BMI calculations 

For this thesis, body mass index (BMI) values were obtained for Group 2 by the OMI 

using a combination of sex, age, height, and weight. BMI was unable to be obtained by 

individuals in Group 1. Compared to the number of individuals who were utilized in determining 

age estimation accuracy for Group 2, three individuals could not have a proper BMI obtained and 

thus only 162 of the individuals in Group 2 were included in the analyses of BMI. BMI is 

typically classified into four main categories: underweight, normal, overweight, and obese. In 

this thesis, I focus on examining how individuals classified as overweight and obese, have their 

dental development affected by their BMI. In adults, the common cut-off points for obesity is a 

BMI of 25 kg/m2 for overweight and a BMI of 30 kg/m2 for obese (Cole et al., 2000). However, 

determining the cutoff BMI for overweight/obesity in children/adolescents is not as easy.  

As the individuals in Group 2 all lived in the United States, I used BMI growth charts 

provided by the Centers for Disease Control (CDC) to determine if an individual was 

overweight/obese. The CDC’s charts are separated by sex and through the use of nationwide data 

collected between 1963 to 1980, provide the weight that a child/adolescent between the ages of 

2-20 must be to hit a certain BMI percentile (Figure 3.10) (cdc.gov, 2022). Table 3.1 

demonstrates that if a BMI was between the 85th and 95th percentiles, it is classified as 
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overweight, while BMIs above at the 95th percentile or higher are classified as obese. However, 

the CDC charts do not account for individuals younger than the age of 2, so charts from the 

World Health Organization (WHO) were used for individuals younger than 2. These charts were 

based on a study between 1997 and 2003 to create charts for determining the growth standards 

for children/adolescents including length/height-for-age, weight-for-age, body mass index-for-

age, etc., (World Health Organization, 2009). Table 3.2 shows that for the WHO BMI percentile 

charts, BMIs between the 85th and the 97th percentiles are overweight while BMIs at the 97th 

percentile or higher are obese.   

 The BMI Analysis used a combination of a paired t-test and linear regression analysis. 

For the paired t-test, a confidence interval of 95% was set with a p-value of .05 as the standard, 

and this same standard is applied to any other t-tests utilized in this thesis. Linear regression was 

used to measure the influence BMI and obesity have on the average Delta Age for Group 2. The 

BMI of all the individuals in the sample was reorganized by sorting them to their closest BMI 

percentile continuous data based on the CDC and WHO BMI percentile charts. This was done 

because BMI values are dependent upon age and sex. For the BMI analysis, individuals at the 

85th BMI percentile or higher were classified as obese.  
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Figure 3.10. Boys CDC BMI growth chart 
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Figure 3.11. Girls CDC BMI growth chart 
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Table 3.1. CDC BMI percentile weight classification 

CDC BMI Percentile Classification 

<5th Underweight 

5th-85th Normal 

85th-95th Overweight 

95th < Obese 

 

Table 3.2. WHO BMI percentile weight classification 

WHO BMI Percentile Classification 

<3rd Underweight 

3rd-85th Normal 

85th-97th Overweight 

97th < Obese 
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Data storage 

Data collection began in October 2021 and lasted until October 2022. The data was 

collected and stored on a Microsoft Excel Spreadsheet, where a master list of all the individuals 

examined is located. The information on the spreadsheet contains, if available, the individuals’ 

sex, and age for both groups, along with BMI and the causes and manner of death for individuals 

in Group 2. Data from the recollection period (used for intraobservor error testing) was obtained 

and placed on separate spreadsheets to avoid possible user errors in data input. An additional 

spreadsheet was created that lists tooth development stages reached at different ages for males 

and females. This spreadsheet was created to provide information on the tooth stages associated 

with different ages, as well as to note if there were major differences in tooth stages and age 

based on sex. All of the documents are stored on a computer hard drive, an external USB drive, 

and an online storage space (Box Storage).  
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Chapter 4: Results 

 Initial results reveal that the London Dental Atlas is the most accurate dental age 

estimation method tested by more than 0.15 years over the Ubelaker’s dental charts and 2 years 

over the Moorrees et al. dental charts. When examining sex differences in aging, females tended 

to be overestimated until age 16, at which point third molar growth influenced age estimates 

more than sex. Secular (temporal) change in teeth was not documented in the sample groups of 

this thesis. There was no major variation in dental development observed in the sample groups 

studied that deviated drastically from the London Dental Atlas (the most accurate method). 

Results of linear regression analysis revealed that BMI does not seem to have any effect on age 

estimates in Group 2. Retesting of the samples using random number selection and running 

through a Cohen’s Kappa analysis indicated significant reliability in the retested sample results.   

Comparison of delta age values  

Examination of general mean age values of both sample groups provides a foundation for 

viewing any immediate differences between the age estimation methods used, their accuracy, and 

how each group might differ with regards to overall Delta Age. The Delta Age for each group is 

the total difference between the Group's average estimated age and the Group's average real age. 

The closer the difference, of Delta Age, is to zero, the more accurate the average estimated age 

is. By comparing the Delta Age values, they will indicate which of the three dental age 

estimation methods provides the most accurate age estimates. 
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For the Delta Age results, positive values mean the estimated age was higher than the 

average real age, while negative values indicate the estimated average age was lower than the 

average real age. Table 4.1. lists the respective average ages for each group, including average 

real age, average estimated age, average Delta Age, and average Delta Age using absolute 

values. Despite the differences in size and age values in either sample group, similar results were 

obtained for the average Delta Ages of each method. The London Dental Atlas was found to be 

the most accurate of all three methods, with an average Delta age of 0.49 for Group 1, and an 

average Delta Age of 0.44 for Group 2.  

Table 4.1 provides the average real age, average estimated age, average Delta Age, and 

average Delta Age using absolute values of both groups for all individuals aged 17 and under. 

Table 4.2 shows that when third molars are excluded, Ubelaker’s dental charts are the most 

accurate with a consistent underestimation of fewer than five months. The London Dental Atlas 

overestimates age for both sample groups with a Delta Age of 0.91 years in Group 1 and 0.58 in 

Group 2. The Moorrees et al. chart becomes more accurate than when including third molars, but 

still underestimates ages by nearly around two years in Group 1. 

Table 4.1. Average real age, estimated age, and delta age for both groups by method used  

Group & Method Group Average 

Real Age 

Group Average 

Estimated Age 

Average 

Delta Age 

Average Delta 

Age (ABS Value) 

Group 1 London 
Dental Atlas 

13.33 13.82 0.49 1.08 

Group 1 Ubelaker 13.33 12.68 -0.65 1.0035 

Group 1 Moorrees 13.33 10.42 -2.92 2.97 

Group 2 London 

Dental Atlas 

10.17 10.61 0.44 1.21 

Group 2 Ubelaker 10.17 9.49 -0.68 1.37 

Group 2 Moorrees 10.17 7.07 -3.10 3.14 
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Table 4.2. Groups and age estimation methods with average age groups (excluding 17+ 

individuals) 

Group & 
Method 

Group Average 
Real Age 

Group Average 
Estimated Age 

Average 
Delta Age 

Average Delta 
Age (ABS 

Value) 

Group 1 
London 

Dental Atlas 

12.12 12.77 0.91 0.96 

Group 1 
Ubelaker 

12.12 11.80 -0.31 0.63 

Group 1 

Moorrees 

12.12 10.13 -1.99 2.06 

Group 2 
London 
Dental Atlas 

6.47 6.91 0.58 0.80 

Group 2 

Ubelaker 

6.47 6.00 -0.47 0.81 

Group 2 
Moorrees 

6.47 5.02 -1.35 1.40 

 

Sex differences 

The London Dental Atlas and the Moorrees et al. methods were more accurate for males 

than females in Group 1 when average ages were examined. Ubelaker’s dental charts were the 

most accurate for females in Group 1. For Group 2, Ubelaker’s dental charts and the Moorrees 

chart were the most accurate for males, while the London Dental Atlas was most accurate for 

females. To account for possible variations in third molar variation on age estimation, average 

estimated ages were obtained for males and females in both sample groups for all three methods 

while excluding individuals older than 17. A reexamination of Group 1 found that the London 

Dental Atlas and Moorrees charts were more accurate in estimating average ages for males, 

while Ubelaker’s dental charts were more accurate for females. For Group 2, all three methods 

produced a more accurate average estimated age for males than females, with 
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the London Dental Atlas being the most accurate overall in both sample groups based on 

Delta Ages. Table 4.3 provides the average estimated ages and Delta Age for Group 1 split by 

sex and divided into age categories. Table 4.4 provides the same information but applied to 

Group 2.   

 Overall, the examination of Tables 4.3 and 4.4 reveals that females and males have 

relatively equal rates of dental development in the years of infancy and childhood. At age seven, 

females start to show evidence of more consistent age overestimation compared to males, with 

this pattern being most prevalent between the ages of 12 and 16.99 (Table 4.3 & Table 4.4). At 

age 17 and older, there is a shift whereby males had their ages overestimated in higher amounts 

compared to females, with this being especially apparent in Group 2 (Table 4.4). 

Table 4.3. Estimated age, delta age, etc. by age group and sex for group 1 

 
Females Males 

Age 

Group  

Group 

Average 
Real 
Age 

Group 

Average 
Estimated 
Age 

Average 

Delta 
Age 

Average 

Delta 
Age 
(ABS 
Value) 

Number of 

individuals 

Group 

Average 
Real 
Age 

Group 

Average 
Estimated 
Age 

Average 

Delta 
Age 

Average 

Delta 
Age 
(ABS 
Value) 

Number of 

individuals 

London Dental Atlas 

7-7.99 

years 

- - - - 0 7 8.57 1.57 1.5 1 

8-8.99 

years 

- - - - 0 8 8.65 0.65 0.65 1 

9-9.99 
years 

9 10.20 1.20 1.20 4 9 10.61 1.61 1.61 3 

10-
10.99 
years 

10 10.60 0.60 0.60 2 10 10.69 0.69 0.69 4 

11-

11.99 
years 

11 12.02 1.02 1.02 4 11 11.64 0.64 0.77 3 

12-
12.99 
years 

12 13.36 1.36 1.36 6 12 11.97 -0.03 0.74 3 

13-

13.99 
years 

13 12.57 -0.43 0.43 1 - - - - 0 

14-
14.99 
years 

14 15.33 1.33 1.33 1 14 14.37 0.37 0.37 2 

15-
15.99 

years 

15 16.16 1.16 1.16 3 15 16.24 1.24 1.24 5 

16-
16.99 
years 

16 16.40 0.40 0.40 3 16 16.46 0.46 0.46 3 
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17-
17.99 
years 

17 16.40 -0.60 0.60 2 17 16.41 -0.59 0.59 1 

18-
18.99 

years 

18 16.5 -1.5 1.5 1 18 18.46 0.46 0.46 1 

19-
19.99 
years 

19 16.43 -2.57 2.57 1 19 16.97 -2.03 2.03 2 

20-
20.99 

years 

20 16.5 -3.5 3.5 1 - - - - - 

21-
21.99 
years 

21 21.5 0.5 0.5 1 21 18.5 -2.5 2.5 1 

Ubelaker 

7-7.99 
years 

- - - - 0 7 6.56 -0.44 0.44 1 

8-8.99 
years 

- - - - 0 8 7.98 -0.02 0.02 1 

9-9.99 

years 

9 9.10 0.10 0.50 4 9 9.45 0.45 0.45 3 

10-
10.99 
years 

10 9.94 -0.06 0.11 2 10 9.60 -0.40 0.95 4 

11-
11.99 

years 

11 10.40 -0.60 0.60 4 11 10.39 -0.61 0.61 3 

12-

12.99 
years 

12 12.31 0.31 0.69 6 

 

 

12 10.97 -1.03 1.03 3 

13-
13.99 
years 

13 11.04 -1.96 1.96 1 - - - - 0 

14-

14.99 
years 

14 14.54 0.54 0.54 1 14 13.30 -0.70 1.305 2 

15-
15.99 
years 

15 15 0 0 3 15 14.92 -0.08 0.08 5 

16-

16.99 
years 

16 14.92 -1.08 1.08 3 16 14.88 -1.12 1.12 3 

17-
17.99 
years 

17 15 -2 2 2 17 15 -2 2 1 

18-
18.99 

years 

18 15 -3 3 1 18 20.79 2.79 2.79 1 

19-
19.99 
years 

19 15 -4 4 1 19 15 -4 4 2 

20-
20.99 

years 

20 15 -5 5 1 - - - - - 

21-
21.99 

21 21 0 0 1 21 21 0 0 1 
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Table 4.4. Estimated age, delta age, etc. by age group and sex for group 2 
 

Females Males 

Age 

Grou

p  

Group 

Averag

e Real 

Age 

Group 

Average 

Estimat

ed Age 

Averag

e Delta 

Age 

Averag

e Delta 

Age 

(ABS 

Value) 

Number 

of 

individua

ls 

Group 

Averag

e Real 

Age 

Group 

Average 

Estimat

ed Age 

Averag

e Delta 

Age 

Averag

e Delta 

Age 

(ABS 

Value) 

Number 

of 

individua

ls 

London Dental Atlas 

0-0.9 

years 

0.69 1.03 0.34 

 

0.34 8 0.63 0.8 0.17 0.17 5 

1-

1.99 

years 

1.52 1.88 0.36 0.36 8 1.72 2.23 0.56 0.60 6 

2-

2.99 

years 

2.61 2.92 0.31 0.31 3 2.60 2.87 0.26 0.35 5 

3-

3.99 

years 

3.51 3.77 0.26 

 

0.46 5 3.47 3.61 0.13 0.69 7 

4-

4.99 

years 

4.44 4.87 0.43 0.43 6 4.46 5.16 0.71 0.71 3 

5-

5.99 

years 

5.43 6.36 0.93 

 

0.97 3 5.35 5.99 0.64 0.94 4 

6-

6.99 

years 

- - - - 0 6.28 7.64 1.36 1.36 2 

7-

7.99 

years 

7.98 9.62 1.64 1.64 1 7.58 8.18 0.6 0.6 2 

8-

8.99 

years 

- - - - 0 8.51 9.47 0.97 0.97 3 

9-

9.99 

years 

9.55 10.09 0.54 

 

0.88 2 9.63 10.30 0.67 0.92 4 

10-

10.99 

years 

10.57 11.75 1.18 

 

1.18 1 - - - - 0 

11-

11.99 

years 

11.41 12.4 0.99 

 

2.4 3 11.17 12.34 1.17 1.17 2 

12-

12.99 

years 

12.7 13.81 1.11 1.11 1 12.26 12.96 0.7 0.77 2 

13-

13.99 

years 

13.35 15.08 1.74 1.74 4 13.65 13.82 0.17 0.17 2 

14-

14.99 

years 

- - - - - 14.38 14.22 0.16 0.16 1 
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15-

15.99 

years 

15.85 16.43 0.58 0.58 4 15.49 14.73 -0.76 1.44 3 

16-

16.99 

years 

16.52 16.52 0 1.62 3 16.34 18.5 2.16 2.21 6 

17-

17.99 

years 

17.41 17.22 -0.19 1.03 4 17.54 18.17 0.63 1.36 3 

18-

18.99 

years 

18.47 19.12 0.65 2.09 5 18.53 18.845 0.98 2.22 7 

19-

19.99 

years 

19.60 17.98 -1.62 2.52 10 19.65 21.11 1.46 2.88 9 

20-

20.99 

years 

20.38 19.63 -0.75 1.59 7 20.37 21.17 0.8 3.56 3 

Ubelaker 

0-0.9 

years 

0.69 0.43 -0.26 0.29 8 0.63 0.43 -0.20 0.33 5 

1-

1.99 

years 

1.52 1.06 -0.46 0.46 8 1.72 1.45 -0.27 0.37 14 

2-

2.99 

years 

2.61 2.24 -0.38 0.39 3 2.60 2.07 -0.48 0.48 5 

3-

3.99 

years 

3.51 3.08 -0.43 0.59 5 3.47 2.98 -0.49 0.88 7 

4-

4.99 

years 

4.44 4.03 -0.41 0.41 6 4.46 4.23 -0.22 0.78 3 

5-

5.99 

years 

5.43 4.66 -0.76 0.76 3 5.35 4.61 -0.74 0.74 4 

6-

6.99 

years 

- - - - 0 6.28 6.11 -0.17 1.26 2 

7-

7.99 

years 

7.98 8.37 0.39 0.39 1 7.58 6.93 -0.65 0.65 2 

8-

8.99 

years 

- - - - 0 8.51 8.52 -0.05 0.61 3 

9-

9.99 

years 

9.55 8.82 -0.76 0.8 2 9.63 8.90 -0.64 0.64 4 

10-

10.99 

years 

10.57 11.16 0.59 0.59 1 - - - - 0 

11-

11.99 

years 

11.41 10.77 -0.63 1.49 3 11.17 11.03 -0.15 0.84 2 
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12-

12.99 

years 

12.7 12 -0.7 0.7 1 12.26 11.10 -0.86 0.86 2 

13-

13.99 

years 

13.35 12.82 -0.53 1.52 4 13.65 12.76 -0.90 0.90 2 

14-

14.99 

years 

- - - - 0 14.38 12.84 -1.54 1.54 1 

15-

15.99 

years 

15.85 14.91 -0.95 0.95 4 15.49 13.13 -2.36 2.36 3 

16-

16.99 

years 

16.52 14.88 -1.64 1.64 3 16.34 17 0.66 2.51 6 

17-

17.99 

years 

17.41 16.5 -0.91 2.50 4 17.54 17 -0.54 2.76 3 

18-

18.99 

years 

18.47 17.4 -1.07 3.01 5 18.53 18.43 -0.10 2.73 7 

19-

19.99 

years 

19.60 16.78 -2.82 3.73 10 19.65 18.34 -1.30 2.75 9 

20-

20.99 

years 

20.38 20.14 -0.23 1.43 7 20.37 19 -1.37 2.39 3 
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Secular change 

To observe any development trends that have occurred between the generations of birth 

for individuals in Group 1 and Group 2, three sets of figures were created for the maxillary 

second incisors, canines, and third molars. Three tables were also created which include the 

results of chi-squared and Fisher's exact tests performed on each tooth chosen. Figure 4.1 

provides results for the maxillary second incisor.  Figure 4.2 provides results for the maxillary 

canines. Figure 4.3 provides results for the maxillary third molars. Tables A.9-A.11 found in the 

Appendix display the resulting values of the chi-squared and Fisher’s exact tests for secular 

change for all the maxillary lateral incisors, canines, and third molars respectively.  

For the upper lateral incisors, only the age group of 9.5-year-olds suggest evidence of 

some secular change, with a χ2 p-value of 0.04. For the upper canines, no chi-squared results 

suggest evidence of secular change. For the upper third molar, only ages 11.5 and 14.5 showed 

evidence of slight secular change, with the 11.5 age category having a χ2 value of 0.04 and the 

14.5 age category having a χ2 value of 0.046. 
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Figure 4.1. Upper lateral incisor tooth stage chart from R ¼ to full development  
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Figure 4.2. Upper canine tooth stages from root initiation to full development 
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Figure 4.3. Upper third molar tooth stages from cusp initiation to full development 
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Variations in typical dental development 

 To measure the degree of variation in dental development for individuals in this thesis, 

figures were created based on those provided in the London Dental Atlas (2010) which track the 

minimum, median, and maximum developmental stages of each tooth at different ages. The tooth 

stage chart for Group 1 excludes individuals younger than 7.5 years of age because Group 1 

contains no one younger than 7 years of age. Figure 4.4 provides the minimum, median, and 

maximum tooth stages recorded for Group 1 including both sexes, while Figure 4.5 provides the 

same information but using data recorded from Group 2. Additional charts separated by sex can 

be found in the Appendix as Figures A12-A15.  
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Table 4.5. Tooth stage chart of Group 1 individuals (All Sexes) 

Maxilla Mandible 

 

                                              Tooth Formation Stage Tooth Formation Stage 

Age Number of 

Individuals 

Tooth Min. Median Max. Tooth Min. Median Max. 

7.5 
years 1 i1 - - - i1 - - - 

  i2 - - - i2 - - - 

  c' - - - c, Ac Ac Ac 

  m1 

Res 

1/2 Res ½ 

Res 

1/2  m1 Res 1/2 Res 1/2 Res ½ 

  m2 

Res 
1/4 Res 1/4  

Res 
1/4  m2 Res 1/4 Res 1/4 Res ¼ 

  I1 

R 

1/2 R 1/2  R 1/2  I1 Rc Rc Rc 

  I2 

R 
1/2 R 1/2  R 1/2  I2 R 3/4 R 3/4 R ¾ 

  C' 

R 

1/4 R 1/4  R 1/4  C, Ri Ri-R 1/4 R ¼ 

  P1 Ri Ri Ri P1 Ri Ri-R 1/4 R ¼ 

  P2 Ri Ri Ri P2 Ri Ri Ri 

  M1 Rc Rc Rc M1 Rc Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 

  M3 - - - M3 - - - 

8.5 
years 1 i2 - - - i2 - - - 

  c' 
Res 
1/4 Res ¼ 

Res 
1/4 c, (NA) (NA) (NA) 

  m1 (NA) (NA) (NA) m1 Res 1/4 Res 1/4 Res ¼ 

  m2 

Res 
1/2 Res ½ 

Res 
1/2 m2 Ac Ac Ac 

  I1 Rc Rc Rc I1 Rc Rc Rc 

  I2 

R 
3/4 R ¾ R 3/4 I2 R 3/4 R 3/4 R ¾ 

  C' 
R 
1/4 R ¼ R 1/4 C, R 1/4 R 1/4 R ¼ 

  P1 Ri Ri Ri P1 R 1/4 R 1/4 R ¼ 

  P2 Ri Ri Ri P2 R 1/4 R 1/4 R ¼ 

  M1 Rc Rc Rc M1 R 3/4 R 3/4-Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 

  M3 - - - M3 - - - 

9.5 
years 7 c' 

Res 
1/4 Res ½ - c, Res 1/4 Res 3/4 - 
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  m1 

Res 
1/2 Res ¾ - m1 Res 1/2 Res 3/4 - 

  m2 

Res 

1/4 Res ½ - m2 Res 1/4 Res 1/2 - 

  I1 Rc Rc Ac I1 A 1/2 Ac Ac 

  I2 

R 
3/4 Rc A 1/2 I2 Rc A 1/2 Ac 

  C' 

R 

1/2 R ¾ Rc C, R 1/2 R 1/2 R ¾ 

  P1 

R 
1/4 R ½ Rc P1 R 1/4 R 1/2 R ¾ 

  P2 Ri R ½ R 1/2 P2 Ri 
R 1/4-R 
1/2 R ¾ 

  M1 

A 
1/2 Ac Ac M1 Rc A 1/2 Ac 

  M2 Ri R 1/4 R 1/2 M2 Ri R 1/2 R ½ 

  M3 - - Coc M3 - Ci Cco 

10.5 

years 6 c' 

Res 

1/2 Res 3/4 - c, Res 1/4 - - 

  m1 

Res 
1/2 - - m1 Res 1/2 - - 

  m2 

Res 
1/4 Res 1/2 - m2 Res 1/4 Res 1/2 - 

  I1 Rc A 1/2 Ac I1 A 1/2 Ac Ac 

  I2 Rc Rc A 1/2 I2 A 1/2 Ac Ac 

  C' 
R 
1/2 R 1/2 R 3/4 C, R 1/2 R 1/2 Rc 

  P1 

R 
1/4 R 1/2 R 3/4 P1 R 1/2 R 1/2 Rc 

  P2 

R 
1/4 R 1/2 R 3/4 P2 R 1/4 R 1/2 R ¾ 

  M1 

A 
1/2 Ac Ac M1 A 1/2 A 1/2 Ac 

  M2 

R 

1/4 R 1/4 R 1/2 M2 R 1/4 

R 1/4-R 

1/2 R ¾ 

  M3 - - 
Cr 
1/2 M3 - Cco Cr ¾ 

11.5 

years 7 c' 

Res 

1/2 Res 3/4 - c, - - - 

  m1 - - - m1 Res 3/4 - - 

  m2 

Res 
1/2 - - m2 Res 1/4 - - 

  I1 

A 

1/2 Ac Ac I1 Ac Ac Ac 

  I2 Rc A 1/2 Ac I2 Ac Ac Ac 
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  C' 
R 
1/2 R 3/4  Rc C, R 3/4 R 3/4-Rc A ½ 

  P1 

R 

1/2 R 3/4 A ½ P1 R 3/4 R 3/4 A ½ 

  P2 

R 
1/2 R 3/4 A ½ P2 R 1/2 R 3/4 Rc 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

R 

1/2 R 1/2 Rc M2 R 1/2 R 1/2 Rc 

  M3 Cco Cr 1/2 Cr ¾ M3 Cco 

Coc-Cr 
1/2 Cr ½ 

12.5 
years 7 c' 

Res 
1/2 - - c, Res 3/4 - - 

  m1 - - - m1 Res 3/4 - - 

  m2 

Res 
1/2 - - m2 Res 1/4 - - 

  I1 Ac Ac Ac I1 Ac Ac Ac 

  I2 Ac Ac Ac I2 Ac Ac Ac 

  C' 

R 

3/4 Rc A 1/2  C, R 1/2 A 1/2 A ½ 

  P1 

R 
3/4 Rc A 1/2  P1 R 1/2 A 1/2 Ac 

  P2 

R 
1/2 Rc Rc P2 R 1/4 Rc A ½ 

  M1 Ac Ac Ac M1 A 1/2 Ac Ac 

  M2 

R 
1/2 Rc Rc M2 R 1/2 Rc Rc 

  M3 

Cr 
1/2 Cr 3/4 Crc M3 Cco Cr 1/2 Crc 

13.5 
years 2 I1 Ac Ac Ac I1 Ac Ac Ac 

  I2 Ac Ac Ac I2 Ac Ac Ac 

  C' Rc Rc A 1/2  C, Rc Rc-A 1/2 A ½ 

  P1 Rc A 1/2 Ac P1 R 3/4 R 3/4 A ½ 

  P2 Rc 

Rc-A 

1/2 Ac P2 Rc Rc Rc 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

R 
3/4 R 3/4 Rc M2 R 1/2 R 3/4-Rc Rc 

  M3 

Cr 

1/2 

Cr 1/2-

Cr 3/4  

Cr 

3/4  M3 Cr 1/2 Cr 1/2 Cr ½ 

14.5 
years 3 C' Rc A 1/2 A 1/2  C, A 1/2 A 1/2 Ac 

  P1 

A 

1/2 Ac Ac P1 A 1/2 A 1/2-Ac Ac 
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  P2 Rc Ac Ac P2 Rc Rc-A 1/2 Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

A 
1/2 A 1/2 A 1/2  M2 Rc Rc A ½ 

  M3 Crc Ri Ri M3 Crc Ri Ri 

15.5 

years 8 C' Ac Ac Ac C, Ac Ac Ac 

  P1 Ac Ac Ac P1 Ac Ac Ac 

  P2 Ac Ac Ac P2 Ac Ac Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

A 
1/2 Ac Ac M2 A 1/2 Ac Ac 

  M3 

Cr 

3/4 R 1/2 R 1/2  M3 R 1/2 R 1/2 R ½ 

16.5 
years 6 C' Ac Ac Ac C, Ac Ac Ac 

  M2 Ac Ac Ac M2 Ac Ac Ac 

  M3 

R 

1/4 R 1/4 R 1/2  M3 R 1/4 R 1/4 R ½ 

17.5 
years 3 M2 Ac Ac Ac M2 Ac Ac Ac 

  M3 

R 

1/4 R 1/4 R 1/2  M3 Ri R 1/4 R ½ 

18.5 
years 2 M3 

R 
1/2 

R 1/2-
R 3/4 R 3/4  M3 R 1/2 R 1/2 R ½ 

19.5 

years 3 M3 

R 

1/4  

R 1/4-

R 1/2 R 1/2  M3 Ri R 1/4 R ½ 

20.5 
years 1 M3 

R 
1/2 R 1/2 R 1/2  M3 (NA) (NA) (NA) 

21.5 

years 2 M3 

R 

3/4 R ¾ A 1/2  M3 (NA) (NA) (NA) 
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Table 4.6. Tooth stage chart of Group 2 individuals (All Sexes) 

Maxilla Mandible 

 

   Tooth Formation Stage  Tooth Formation Stage 

Age Number of 

Individuals 

Tooth Min. Median Max. Tooth Min. Median Max. 

6 
months 13 i1 

R 
1/4 R ½ R 3/4 i1 

R 
1/4 R 3/4 R ¾ 

  i2 Ri R ½ R 3/4 i2 

R 

1/4 R 1/2 R ½ 

  c' 
Cr 
3/4 Crc R 1/2 c, 

Cr 
3/4 Crc R ¼ 

  m1 

Cr 

3/4 R ½ R 1/2 m1 

Cr 

3/4 R 1/4 R ½ 

  m2 
Cr 
1/2 Crc Ri m2 

Cr 
1/2 Cr 3/4 Crc 

  I1 Cco Coc 

Cr 

1/2 I1 Coc Coc Cr ½ 

  I2 - - - I2 Ci Ci Cr ½ 

  C' Ci Ci Coc C, Ci Ci Coc 

  M1 Cco Cco Coc M1 Cco Cco Coc 

1 year 12 i1 
R 
1/2 Rc A 1/2 i1 

R 
1/2 Rc A ½ 

  i2 

R 

1/2 R ¾ Rc i2 

R 

1/4 R 3/4 Rc 

  c' Crc R ½ R 3/4 c, Crc R 1/2 R ¾ 

  m1 
R 
1/2 R ¾ Rc m1 

R 
1/2 R 3/4 Rc 

  m2 Crc R ¼ R 1/2 m2 

Cr 

3/4 R 1/4 R ½ 

  I1 
Cr 
1/2 Cr ½ 

Cr 
1/2 I1 

Cr 
1/2 Cr 1/2 Cr ½ 

  I2 - Ci Coc I2 

Cr 

1/2 Cr 1/2 Cr ½ 

  C' Coc Coc 
Cr 
1/2 C, Coc Coc Cr ½ 

  M1 Coc Coc 

Cr 

1/2 M1 Coc Coc Cr ½ 

1.5 
years 10 i1 Rc Rc Ac i1 Rc A 1/2 Ac 

  i2 
R 
3/4 Rc Ac i2 

R 
3/4 Rc Ac 

  c' 
R 
1/2 R ½ R 3/4 c, 

R 
1/2 R 3/4 R ¾ 
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  m1 
R 
3/4 Rc Rc m1 

R 
3/4 R 3/4 Rc 

  m2 

R 

1/4 R ½ R 3/4 m2 

R 

1/4 R 1/2 R ¾ 

  I1 
Cr 
1/2 

Cr 1/2-
Cr ¾ 

Cr 
3/4 I1 

Cr 
1/2 

Cr 1/2- Cr 
3/4 Cr ¾ 

  I2 Ci Coc 
Cr 
1/2 I2 Coc Cr 1/2 Cr ¾ 

  C' Coc Cr ½ 
Cr 
1/2 C, Coc Cr 1/2 Cr ½ 

  P1 - - Cco P1 - Ci Cco 

  M1 Coc Cr ½ Crc M1 Coc Cr 1/2 Crc 

2.5 

years 8 i1 Rc Ac Ac i1 Ac Ac Ac 

  i2 Rc A ½ Ac i2 Rc Ac Ac 

  c' 
R 
3/4 Rc Ac c, 

R 
3/4 Rc Ac 

  m1 

R 

3/4 Rc Ac m1 Rc Rc Ac 

  m2 
R 
3/4 Rc Ac m2 

R 
3/4 Rc Ac 

  I1 
Cr 
1/2 Cr ¾ Ri I1 

Cr 
1/2 Cr 3/4 Crc 

  I2 Coc Cr ½ Crc I2 

Cr 

1/2 Cr 3/4 Crc 

  C' 
Cr 
1/2 Cr ½ 

Cr 
3/4 C, Coc Cr 1/2 Cr ¾ 

  P1 Ci Cco Coc P1 Ci Cco Cr ½ 

  P2 - - Cco P2 - - Cco 

  M1 
Cr 
1/2 Crc Crc M1 

Cr 
1/2 Crc Ri 

  M2 - - Cco M2 - - Cco 

3.5 
years 12 i1 Rc Ac 

Res 
1/4 i1 Rc Ac 

Res 
¾ 

  i2 Rc Ac 
Res 
1/4 i2 Rc Ac 

Res 
½ 

  c' Rc 
A 1/2-
Ac Ac c, Rc Ac Ac 

  m1 Rc Ac Ac m1 Rc Ac Ac 

  m2 Rc 
A 1/2-
Ac Ac m2 Rc A 1/2-Ac Ac 

  I1 
Cr 
3/4 Cr ¾ Crc I1 

Cr 
3/4 Crc Ri 

  I2 

Cr 

1/2 Cr ¾ Crc I2 

Cr 

1/2 Crc Crc 
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  C' 
Cr 
1/2 Cr ¾ Crc C, 

Cr 
1/2 Cr 3/4 Crc 

  P1 Cco Cr ½ 

Cr 

3/4 P1 Cco Cr 1/2 Cr ¾ 

  P2 - Cco Coc P2 - Cco Cr ½ 

  M1 
Cr 
3/4 Crc R 1/4 M1 Crc Crc R ¼ 

  M2 - Cco Coc M2 - Ci Coc 

4.5 

years 9 i1 Ac Ac Ac i1 Ac Res 1/4 

Res 

½ 

  i2 Ac Ac Ac i2 Ac Ac 
Res 
¼ 

  c' 

A 

1/2 Ac Ac c, 

A 

1/2 Ac Ac 

  m1 Ac Ac Ac m1 Ac Ac Ac 

  m2 Ac Ac Ac m2 Ac Ac Ac 

  I1 Crc Crc R 1/4 I1 Ri Ri R ¼ 

  I2 
Cr 
3/4 Crc Ri I2 Crc Ri R ¼ 

  C' 

Cr 

3/4 Cr ¾ Crc C, 

Cr 

3/4 Crc Crc 

  P1 
Cr 
1/2 Cr ¾ Crc P1 

Cr 
1/2 Cr 3/4 Crc 

  P2 Cco Cr ½ 

Cr 

3/4 P2 Coc Cr 1/2 Cr ¾ 

  M1 Crc R ¼ R 1/2 M1 
R 
1/4 R 1/4 Crc 

  M2 Ci Coc Crc M2 Ci Coc Crc 

5.5 

years 7 i1 

Res 

1/4 Res ½ 

Res 

1/2 i1 

Res 

1/4 Res 1/4 

Res 

½ 

  i2 Ac Ac 
Res 
1/2 i2 Ac Res 1/4 

Res 
¾ 

  c' Ac Ac Ac c, Ac Ac Ac 

  m1 Ac Ac Ac m1 Ac Ac Ac 

  m2 Ac Ac Ac m2 Ac Ac Ac 

  I1 Ri R ¼ R 1/4 I1 Ri R 1/4 R ½ 

  I2 Crc Ri R 1/4 I2 Ri R 1/4 R ¼ 

  C' Crc Crc Ri C, Crc Crc Ri 

  P1 

Cr 

3/4 Crc Ri P1 

Cr 

3/4 Crc Ri 

  P2 Coc Cr ¾ Crc P2 Coc Cr 3/4- Crc Crc 

  M1 
R 
1/4 R ½ R 3/4 M1 

R 
1/4 R 1/2 R ¾ 

  M2 Coc Cr ¾ Crc M2 Coc 

Cr 1/2- Cr 

3/4 Crc 
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6.5 
years 2 i1 

Res 
3/4 - - i1 - - - 

  i2 

Res 

1/2 Res ½ - i2 

Res 

1/2 Res 1/2 - 

  c' 
Res 
1/4 Res ¼ 

Res 
1/4 c, Ac Ac Ac 

  m1 
Res 
1/4 Res ¼ 

Res 
1/4 m1 

Res 
1/4 Res 1/4 

Res 
¼ 

  m2 Ac Ac Ac m2 Ac Ac Ac 

  I1 
R 
1/4 

R 1/4-R 
½ R 1/2 I1 

R 
1/2 R 1/2 R ½ 

  I2 Ri Ri-R ¼ R 1/4 I2 
R 
1/4 R 1/4 R ¼ 

  C' Crc Crc-Ri Ri C, Ri Ri Ri 

  P1 Crc Crc Crc P1 Crc Crc-Ri Ri 

  P2 
Cr 
3/4 

Cr 3/4-
Crc Crc P2 

Cr 
1/2 Crc Crc 

  M1 

R 

3/4 Rc Rc M1 

R 

3/4 R 3/4-Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 

7.5 
years 3 i1 

Res 
3/4 - - i1 - - - 

  i2 
Res 
1/2 - - i2 

Res 
1/4 - - 

  c' Ac Ac 
Res 
1/2 c, Ac Ac-Res 1/4 

Res 
½ 

  m1 
Res 
1/4 Res ¼ - m1 

Res 
1/4 Res 1/4 - 

  m2 Ac Ac 

Res 

1/2 m2 Ac Ac - 

  I1 
R 
1/4 R ¾ Rc I1 

R 
1/2 R 3/4 A ½ 

  I2 

R 

1/4 R ½ R 3/4 I2 

R 

1/4 R 3/4 Rc 

  C' Ri R ¼ R 1/4 C, Ri R 1/4 R ¼ 

  P1 Ri Ri-R ¼ R 1/2 P1 
R 
1/4 R 1/4 R ½ 

  P2 Ri Ri R 1/4 P2 Ri Ri R ½ 

  M1 Rc Rc Rc M1 Rc Rc Rc 

  M2 Crc Crc R 1/4 M2 Crc Crc R ¼ 

  M3 - - Ci M3 - - - 

8.5 
years 3 i2 - - - i2 - - - 

  c' 

Res 

1/4 Res ¼ 

Res 

3/4 c, 

Res 

1/4 

Res 1/4-Res 

3/4 

Res 

¾ 
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  m1 
Res 
1/4 Res ¼ 

Res 
1/2 m1 

Res 
1/4 

Res 1/4-Res 
3/4 

Res 
¾ 

  m2 Ac Ac 

Res 

1/4 m2 Ac Ac 

Res 

¾ 

  I1 
R 
3/4 Rc Rc I1 Rc A 1/2 A ½ 

  I2 
R 
3/4 Rc Rc I2 Rc Rc A ½ 

  C' 
R 
1/4 R ½ R 1/2 C, 

R 
1/2 R 1/2 R ½ 

  P1 
R 
1/2 R ½ R 3/4 P1 

R 
1/2 R 1/2 R ½ 

  P2 

R 

1/4 R ¼ R 1/2 P2 

R 

1/4 R 1/4 R ½ 

  M1 Rc Rc A 1/2 M1 Rc Rc A ½ 

  M2 
R 
1/4 R ¼ R 1/4 M2 Ri R 1/4 R ½ 

  M3 Ci Ci-Cco 

Cr 

1/2 M3 - Ci Cr ½ 

9.5 
years 6 c' Ac Res ¼ 

Res 
3/4 c, 

Res 
1/4 Res 3/4 - 

  m1 Ac Res ¼ 

Res 

1/2 m1 

Res 

1/4 Res 1/4 

Res 

½ 

  m2 Ac 
Ac-Res 
¼ 

Res 
3/4 m2 Ac Res 1/4 

Res 
¾ 

  I1 Rc A ½ Ac I1 Rc A 1/2 Ac 

  I2 

R 

3/4 Rc-A ½ Ac I2 

R 

3/4 Rc - A 1/2 Ac 

  C' 
R 
1/2 

R 1/2-R 
¾ R 3/4 C, 

R 
1/4 R 3/4 Rc 

  P1 

R 

1/4 R ½ Rc P1 

R 

1/4 R 3/4 Rc 

  P2 
R 
1/4 R ½ R 3/4 P2 Ri R 1/2 R ¾ 

  M1 Rc 

A 1/2 – 

Ac Ac M1 Rc A 1/2-Ac Ac 

  M2 
R 
1/4 R ¼ R 3/4 M2 

R 
1/4 R 1/4 - R 1/2 R ¾ 

  M3 - Coc 

Cr 

3/4 M3 - Cco-Coc Cr ¾ 

10.5 
years 1 c' - - - c, - - - 

  m1 - - - m1 - - - 

  m2 - - - m2 - - - 

  I1 

A 

1/2 A ½ A 1/2 I1 Ac Ac Ac 
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  I2 
A 
1/2 A ½ A 1/2 I2 Ac Ac Ac 

  C' 

R 

3/4 R ¾ R 3/4 C, 

A 

1/2 A 1/2 A ½ 

  P1 Rc Rc Rc P1 Rc Rc-A 1/2 A ½ 

  P2 
R 
3/4 R ¾ R 3/4 P2 Rc Rc Rc 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

R 

1/2 R ½ R 1/2 M2 

R 

3/4 R 3/4 R ¾ 

  M3 Coc Coc Coc M3 Coc Coc-Cr 1/2 Cr ½ 

11.5 
years 5 c' - - - c, - - - 

  m1 - - - m1 - - - 

  m2 Ac - - m2 

Res 

3/4 - - 

  I1 
A 
1/2 Ac Ac I1 

A 
1/2 A 1/2-Ac Ac 

  I2 Rc Ac Ac I2 

A 

1/2 Ac Ac 

  C' 
R 
3/4 Rc-A ½ Ac C, 

R 
3/4 Rc-A 1/2 A ½ 

  P1 Rc Rc Rc P1 
R 
3/4 Rc A ½ 

  P2 
R 
3/4 Rc Rc P2 

R 
3/4 Rc Rc 

  M1 
A 
1/2 Ac Ac M1 

A 
1/2 Ac Ac 

  M2 

R 

1/2 Rc Rc M2 

R 

1/2 Rc Rc 

  M3 Coc Crc Ri M3 Cco Crc Ri 

12.5 
years 3 c' 

Res 
3/4 - - c, - - - 

  m1 - - - m1 - - - 

  m2 - - - m2 
Res 
1/2 - - 

  I1 
A 
1/2 Ac Ac I1 Ac Ac Ac 

  I2 

A 

1/2 Ac Ac I2 Ac Ac Ac 

  C' Rc Rc A 1/2 C, Rc A ½ Ac 

  P1 Rc Rc A 1/2 P1 Rc A ½ A ½ 

  P2 Rc Rc A 1/2 P2 
R 
3/4 Rc A ½ 

  M1 Ac Ac Ac M1 Ac Ac Ac 
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  M2 
R 
3/4 Rc Rc M2 

R 
3/4 Rc Rc 

  M3 

Cr 

3/4 

Cr 3/4-

Crc Crc M3 

Cr 

3/4 Crc Crc 

13.5 
years 6 I1 Ac Ac Ac I1 Ac Ac Ac 

  I2 Ac Ac Ac I2 Ac Ac Ac 

  C' Rc A ½ Ac C, Rc A ½ Ac 

  P1 Rc A ½ Ac P1 

A 

1/2 A ½ Ac 

  P2 Rc Rc Ac P2 Rc Rc Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 
R 
1/2 Rc Ac M2 Rc Rc A ½ 

  M3 Cco Ri Rc M3 Crc Crc-Ri R ¾ 

14.5 

years 1 C' Ac Ac Ac C, 

A 

1/2 A ½ A ½ 

  P1 Ac Ac Ac P1 
A 
1/2 A ½ A ½ 

  P2 Rc Rc-Ac Ac P2 

A 

1/2 A ½ A ½ 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 Rc Rc Rc M2 Rc Rc-A ½ A ½ 

  M3 
R 
1/4 R ¼ R 1/4 M3 

R 
1/4 R ¼ R ¼ 

15.5 

years 7 C' 

A 

1/2 Ac Ac C, 

A 

1/2 Ac Ac 

  P1 Rc Ac Ac P1 
A 
1/2 Ac Ac 

  P2 Rc Ac Ac P2 Rc Ac Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 Rc Ac Ac M2 Rc Ac Ac 

  M3 Ri R ¼ R 1/2 M3 Ri R 1/4-R 1/2 R ½ 

16.5 

years 9 C' Ac Ac Ac C, Ac Ac Ac 

  M2 Rc Ac Ac M2 Rc Ac Ac 

  M3 Crc R ¾ Rc M3 Crc R ¾ Rc 

17.5 
years 7 M2 Ac Ac Ac M2 Ac Ac Ac 

  M3 
R 
1/4 R ½ Rc M3 

R 
1/4 R 1/2-R 3/4 Rc 

18.5 
years 12 M3 

R 
1/2 R 3/4-Rc Ac M3 

R 
1/2 Rc Ac 

19.5 

years 19 M3 

R 

1/2 A ½ Ac M3 

R 

1/4 Rc Ac 
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20.5 
years 10 M3 Rc Rc Ac M3 Rc Rc Ac 

 

When compared to the London Dental Atlas, there are some differences in tooth stage 

variation, but nothing that is extremely different. The figures do indicate the third molar is highly 

variable in its development, beginning at age 7 when the third molar first begins to appear in 

some individuals. In Group 1, it is not until age 21 that a third molar develops past the stage of R 

½, but in Group 2, some individuals are past the R ½ stage by age 16. However, no other teeth 

appear to be as variable in their development as the third molar. When comparing the two figures 

together, the only noticeable trend is that the chart for Group 2 reveals that the maximum stage 

reached for most teeth is one stage higher than that of their counterparts in Group 1. 
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BMI as a factor in dental development 

 Individuals in Group 2 were divided into categories based on sex and by classification as 

either obese or non-obese (Table 4.5). The BMIs of the individuals from either sex were then 

divided into yearly age categories and averaged, and this average BMI was then rated as either 

obese or non-obese, dependent upon age and sex (Figure 4.4). As BMI alone is meaningless 

without appropriate context, an additional figure (Figure 4.5) was made which depicts 

individuals divided by classification as obesity and by sex to provide visualization as to patterns 

in the sample.  

Table 4.7. Total amount of individuals listed as either obese or not obese, separated by sex 

Weight Male Female Total  

Not Obese 41.7 % 52.6 % 46.9 % 

Obese 58.3 % 47.4 % 53.1 % 

Number of 
individuals 

84 78  
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Figure 4.6. Average BMI for yearly age groups divided by sex 
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Figure 4.7. BMI values divided by sex and classification as overweight or not   

Examination of Table 4.5 shows a near-even split between individuals who were 

classified as obese vs non-obese. More male individuals were found to be obese than females in 

Group 2. Obese males had a median age of around 10 years of age, while obese females had a 

median age of around 13 years, indicating that males tend to be more obese at younger ages 

compared to females (Figure 4.5). Between the ages of 14-20, the average BMI for females was 

17.23, an average BMI not classified as overweight or obese. At age 20 and older, females had 

an average BMI of 32.34 while males had an average BMI of 28.92; both sexes had an average 

BMI classified as obese (Figure 4.4). Figure 4.4 also shows that as an individual’s age increases, 

so too does their BMI.  
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 Following an analysis of the general rates of obesity based on age and sex in the sample, 

a paired t-test compared Group 2’s mean real ages and their mean estimated ages. The estimated 

mean age of Group 2 was 10.73 years, while the mean real age was 10.23, creating a Delta Age 

of .5 years, or six months. The resulting p-value was 0.0003, which demonstrated a significant 

difference in the Delta Age.   

Linear regression analysis was then used to evaluate if obesity, as represented by BMI, is 

a variable that impacts the 0.5-year Delta Age obtained in this sample using the London Dental 

Atlas. Figure 4.6 provides a scatterplot for the Delta Age vs BMI percentiles. An additional 

linear regression excluding individuals over the age of 17 was done to account for the variability 

in the development rates of the third molars. Figure 4.7 displays the scatter graph of this analysis. 

Overall, there is not a significant relationship between BMI and Delta Age.  

 

Figure 4.8. Scatterplot of delta age and BMI percentiles 
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Figure 4.9. Scatterplot of delta age and BMI percentiles excluding 17+ individuals 

Intra-observer error results 

The results of the Cohen’s Kappa values suggest that intra-observer reliability in my 

scoring of dental development (by tooth) is overall strong for both Group 1, the Economides 

Collection, and Group 2, the OMI Collection. For Group 1, the average Cohen’s Kappa score 

was 0.76, indicating substantial reliability. For Group 2, the average Cohen’s Kappa score was 

0.85, indicating significant agreement with the sample reliability. Combining the average 

Cohen’s Kappa scores for both groups produced a value of 0.81, indicating significant overall 

sample reliability in the retesting. For a list of Cohen’s Kappa results for each tooth, see Tables 

A.1-A.4 for Group 1, and Tables A.5-A.8. for Group 2, all of which can be found in the 

Appendix. 
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Chapter 5: Discussion  

 This thesis compared the accuracy of the London Dental Atlas (AlQahtani et al., 2010), 

Ubelaker’s dental charts (1978), and Moorrees et al. Dental Charts (1963a, 1963b), in estimating 

the age of Native American children and adolescents. I compared by taking the average Delta 

Age of each sample group with each method to determine whether each method overestimated or 

underestimated the average age for each group, and by how much. Furthermore, I also examined 

how factors such as sex, generation of birth, and weight might affect an individual’s dental 

development, and thereby estimated ages, in two groups (an orthodontic sample and a 

contemporary pediatric autopsy sample). I tested five different hypotheses that were mentioned 

at the beginning of this thesis: 1. Which of the three age estimation methods is the most accurate 

when applied to a Native American population? 2. Are there differences in dental development 

between males and females? 3. Are certain teeth more prone to being under or over-developed 

compared to other teeth? 4. Is there evidence of secular change in dental development between 

Group 1 and Group 2? 5. What is the relationship between body mass index (BMI) and an 

individual’s dental development? 

 This thesis is one of the first studies to test how the accuracy of these methods on age 

estimation of Native American individuals with known ages. The results of this thesis have 

important consequences for individuals doing archaeological research, and perhaps even more 

importantly, to those conducting forensic investigations. Of the methods tested, I found that the 

London Dental Atlas (AlQahtani et al., 2010) is the most accurate for age estimation of
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 contemporary Native American infants, children, and adolescents. In addition, I found that 

females and males do not show significant differences in dental development until around age 7, 

where females began to have their ages overestimated more than males. For individuals aged 17 

and older, however, males were more often overestimated regarding their ages compared to 

females, especially in Group 2, the contemporary pediatric sample. 

Accuracy of the three chosen dental methods tested 

The London Dental Atlas (AlQahtani et al., 2010) is the most accurate dental age 

estimation method that I tested, having overestimated the average groups' ages of both groups by 

approximately six months. However, this was more accurate than Ubelaker’s dental charts 

(1978), which consistently underestimated both sample groups by around seven to eight months 

below the two groups’ real average ages. The least accurate method was the Moorrees dental 

charts (1963a & 1963b), underestimating the average real ages of both groups by around 3 years.  

However, my examination of the estimated age for both groups revealed that the largest 

errors (either over- or under-estimates) were in individuals where age relied on the third molar. 

In cases where third molars were absent (either congenitally or surgically removed), the 

maximum age estimate that could be obtained was 16 years. In cases where the third molar is 

present, an individual could have a real age of 21, but their third molar development suggests an 

age of just 16, a potential five-year underestimation. Thus, additional analysis was conducted on 

the average ages versus estimated ages of both groups but excluded individuals over the age of 

17 to avoid the problems these issues present. 

The results of this additional analysis indicate that Ubelaker’s dental charts are the most 

accurate method, although it still underestimated the average ages of both sample groups. This 
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suggests that Ubelaker’s dental charts might be the more accurate method for more general use 

in estimating age. These results provide support to my earlier hypothesis (hypothesis 1), that 

Ubelaker’s dental charts would be more accurate due to its use of a Native American group 

similar to this thesis, at least when excluding individuals over the age of 17.  

My results compare favorably with other published works regarding the accuracy of the 

three tested age estimation methods. AlQahtani et al. (2014), found that Ubelaker’s dental charts 

consistently underestimated the average mean real age for their sample around 0.80 years, 

similar to this thesis’ results. The results of AlQahtani et al. (2014) accuracy in aging by the 

London Dental Atlas differ slightly from the results of this thesis in that their results have the 

London Dental Atlas mean difference underestimate or match the samples' real age, while I 

found the London Dental Atlas consistently overestimated the average ages of the sample 

groups. However, the London Dental Atlas is the most accurate method for estimating age when 

accounting for all teeth and not excluding any.  

When reviewing the results obtained using the Moorrees et al. chart, Martínez Gutiérrez 

& Ortega-Pertuz (2017) found that it underestimated their sample between 0.5 – 6.64 years 

depending on the age group of the individuals measured. The results of this thesis are similar; 

age estimation for younger individuals using the Moorrees et al. chart are highly accurate, but in 

older individuals, this chart underestimates age by up to six years. Alkandiri et al. (2021) found 

that of three dental age estimation techniques, the London Dental Atlas, the Moorrees et al. chart, 

and the simple average method (SAM), the London Dental Atlas was the most accurate when 

applied to a sample of 180 Kuwaiti juveniles. In that paper, the Moorrees et al. chart 

underestimated the average ages of the males and females by around one year, while the London 

Dental Atlas overestimated by 0.60 years for females and 0.14 for males (Alkandiri et al., 2021). 
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For younger individuals, the Moorrees et al. chart was accurate, but not for older 

individuals due to a lack of more consistent aging for all teeth and their development making age 

estimates far lower than an individual's real age. Furthermore, as the Moorrees method only 

utilizes mandibular teeth except for the maxillary incisors, if remains are found that lack the 

mandible, the method was not created to work around such an issue. In addition, the Moorrees et 

al. method utilizes a sample group of adolescent American individuals of European descent for 

use in developing their charts. Thus, there is a fundamental difference between the sample group 

used by Moorrees et al. and the group of individuals studied in this thesis and the lack of 

accountability for teeth in the maxillary jaw makes it the least accurate age estimation method in 

this thesis.  

Ubelaker’s dental charts were fairly accurate, but they consistently underestimated age 

for all individuals, but especially individuals between the ages of 15-21. For older individuals, 

this is due to the lack of clarity regarding age association with third molar growth, as the third 

molar is the only tooth still viable for aging in individuals older than 16. In general, the age 

ranges used in Ubelaker’s dental charts allow for arguably greater forgiveness in age estimation, 

but the results might not be as precise compared to other methods. In some instances, the lack of 

precision is acceptable, but in medical or forensic cases, age estimates need to be both accurate 

and precise.  

Sex differences in age estimation 

 As previous sections of this thesis discussed; I hypothesized that females would show 

more advanced rates of dental development when compared to males. This hypothesis was 

influenced by earlier studies by individuals like Demirjian & Levesques (1980), and others who 

found evidence that females mature faster concerning dental development. The results of this 
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thesis indicate that males and females tend to be somewhat similar in their dental development at 

younger ages, but that the average estimated ages for females between the ages of 10-15.99 were 

consistently overestimated by a greater amount when compared to males in both the London 

Dental Atlas and Ubelaker’s dental charts. For individuals 16 and older, the overestimates of the 

average estimated ages were more common in males than females in several age groups; but this 

is possibly due to variation in third molar development rather than sexual dimorphism.  

The findings regarding age estimation for males and females utilizing the third molar 

support the findings of Demirjian & Levesque (1981), whose research showed that males tended 

to reach third molar maturity earlier than females. More specifically, females' third molars 

typically grow faster than males up until the stage of crown completion (Coc). During main root 

development however, males' third molars develop faster than females by a median age of 1.5 

years (Demirjian & Levesque, 1981). This finding supports the results of this thesis in that males 

had their ages overestimated more than females when examining ages 16 and older, as the third 

molar would have been the main tooth used for age estimation.  

Variations in tooth development 

 My findings indicate that there are no abnormal variations in tooth development in either 

of my sample groups when compared to standards set by a method like the London Dental Atlas. 

In looking at variation patterns in specific teeth, the third molar remains the most variable tooth 

in its development. In Group 1, the Economides collection, third molars never reached beyond 

the stage of R ½ development, even at age 21. However, in Group 2, the OMI collection, 

individuals under 18 years of age were seeing third molar growth beyond stage R ½ of 

development. No other tooth in the dentition has the same amount of variation in its development 

patterns. My findings reaffirm the high variability in third molar growth, while also revealing 
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that there are no differences in the overall development patterns of other teeth in my population 

than other populations like the ones used in the London Dental Atlas.  

Secular change 

 The results of this thesis suggest that there is no evidence of secular change between 

Group 1, individuals likely born between 1960 and 1990, and Group 2, individuals born between 

1990-2017. This is likely due to a combination of a relatively small sample size and the lack of 

precise measurement of the secular difference between the birth years of individuals in both 

sample groups. Additionally, the chronological difference between the two groups might not be 

large enough to properly identify secular change, as some individuals’ birth years might overlap 

with individuals from another group.  

The results of this thesis seem contradictory to those of other researchers who have 

studied the phenomenon of secular change in dental development. However, the limitations listed 

in the previous paragraph should be considered when viewing these results. Heuzé & Cardoso 

(2008) found that in comparing a sample of juvenile skeletal remains from a Lisbon population 

who died between 1913 to 1972, the Libson population was consistently delayed by around one 

year compared to a modern 21st-century population. However, this study also has a small sample 

size regarding the Libson population, consisting of just 40 individuals in total. This small sample 

size, similar to this thesis’ results, could have affected the results.  

Vucic et al. (2014), found that from a sample of 753 Dutch children from three different 

cities, individuals born in 2003 were more dentally mature by around 1.5 years compared to 

similarly aged individuals born in 1963. This study avoids some of the potential issues with 
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previous studies by including a larger sample size while also limiting all the individuals in the 

study to one geographic area.  

The findings of this thesis indicate that there should be no issues with using a modern 

dental age estimation method on Native American populations from the past 100 years. This 

allows for greater confidence in areas such as historic archaeology, where archaeologists might 

attempt to estimate the age of deceased individuals on tribal land or in other areas of the United 

States. However, future researchers might wish to conduct further research into secular change in 

dental development for Native Americans who lived in the Americans before European arrival.  

BMI and dental development 

The results of this thesis suggest that obesity, as measured through BMI, does not have an 

impact on dental development. The linear regression scatterplots and the correlation coefficients 

conducted on Group 2 (as Group 1 was not used in BMI testing) suggest that BMI and obesity 

are not the causes of the Delta Age results between the groups’ real and estimated ages. These 

results seem to contradict previous studies which suggest that individuals classified as obese are 

found to have more advanced rates of dental development compared to non-obese individuals 

(Salazar, 2021; Garn et al., 1965; Nicholas et al., 2018). While not specific to a Native American 

population, these studies consistently found that obese individuals’ estimated ages were higher 

than a year or more compared with their real ages. In the specific case study examinations 

involved in this thesis, individuals in Group 2 who were classified as obese occasionally had 

their ages underestimated using the London Dental Atlas.  

 One issue of note when using BMI is that although it is meant to refer to weight to 

identify signs of obesity, BMI does not account for muscle mass and other factors which 
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contribute to an individual’s weight. In other words, a 17-year-old football player who is 6’1 and 

225 pounds would be classified as overweight by measuring BMI alone. However, it would not 

account for the fact that an individual could have large muscle mass that adds to their weight, 

increasing their BMI and causing it to be classified as overweight or obese. For the individuals in 

Group 2, it is still unknown whether an individual is classified as obese or not due to their weight 

being made of either fat or muscle. Furthermore, the data available does not track whether an 

individual at the time of death was consistently obese for months or years leading up to their 

death, or whether they might have even lost weight before their death but have been chronically 

obese throughout their life. A longitudinal study by Nicholas et al. (2018), suggests, that chronic 

obesity in early life leads to accelerated dental development later in life. From that, it could be 

stated that the results of the BMI analysis would indicate that individuals around the age of 

puberty (13-15) who are obese would show signs of consistent overestimation.  

From the results of the linear regression analyses using both normal Delta Age values as 

well as their absolute values, it does not appear that Group 2 follows the standard trend other 

researchers have seen regarding BMI and dental age estimation. The initial hypothesis was that 

individuals in this sample with a BMI classified as obese would have an advanced rate of dental 

development compared to similarly aged individuals with what the CDC considers a normal and 

healthy body weight. Linear regression analyses of the absolute values of the Delta Ages provide 

similar results: the relationship was weak and little of the variation was explained. When 

excluding individuals over 17, the results still indicated a very weak relationship with little of the 

variation in the sample being explained by obesity when represented by BMI. Thus, it can be 

concluded obesity through BMI does not affect age estimation in any significant manner for this 

sample group.  
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Chapter 6: Conclusions and Final Thoughts 

 

 One of the main goals of this thesis was to determine which of the three chosen dental 

age estimation methods; 1. The London Dental Atlas (Alqahtani et al., 2010), 2. Ubelaker’s 

dental charts (Ubelaker, 1978), 3. The Moorrees Dental Chart (Moorrees et al., 1963a; 1963b), 

was the most accurate in estimating the age of two groups of contemporary Native Americans 

(1960-2019) from New Mexico. The initial hypothesis was that Ubelaker’s dental charts would 

be the most accurate due to similarities in the group of individuals used in his charts and the 

groups included in this thesis. However, the analysis of the corresponding Delta Ages from both 

groups in this thesis for each method revealed that the London Dental Atlas was the most  

accurate method of the three. Ubelaker’s dental charts were only more accurate when excluding 

third molars, but it is not always possible to exclude third molars from age estimation, as it 

would arbitrarily affect age estimates for older individuals.  

 After identifying which of the three dental age estimation methods was the most accurate, 

the rest of this thesis was dedicated to understanding how factors such as sex, secular change, 

tooth variation, and BMI might affect age estimates using dental development as a source. My 

research shows that up to the age of 16, females ages were more consistently overestimated when 

compared to males, supporting the findings of past researchers. However, when examining the 

differences between males and females at the age of 16 and above, where age estimation 

becomes reliant on the third molar, I found that males ages were more consistently overestimated 

compared to females, a finding supported in other publications (Demirjian & Levesque, 1981). 
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 I also examined whether secular change might impact dental development in Native 

American children. A possible concern is that using dental age estimation methods which were 

made using data from contemporary populations might not be as effective in accurately aging 

individuals from past populations. This concern has been addressed in some studies, which 

suggest that there are differences in rates of development between past and contemporary 

populations. I created plotted figures that overlayed the number of teeth from individuals in both 

groups and their average tooth stage of development with the median stage of development listed 

in the London Dental Atlas (AlQahtani et al., 2010). Overall, I found some variation in tooth 

stages between Group 1 and Group 2, but my results do not provide definitive evidence of 

secular change between the two groups.  

 I also examined variations in dental development among the varying tooth types. Third 

molars are highly variable in their development and eruption into the jaw, and this does not even 

include whether the third molars are present or not (Liversidge & Marsden, 2010). I assessed 

whether any other teeth were as equally variable in their development. This was achieved by 

creating tables that mirrored those found in the London Dental Atlas, displaying the minimum, 

median, and maximum tooth stages of each tooth present at varying age groups and divided by 

group and sex. Overall, there was some slight variation in tooth stage development between the 

two groups and the London Dental Atlas, but nothing to suggest any drastic differences with the 

minor variation present still falling in acceptable rates of development. The third molar remained 

the most variable tooth of all the teeth in the dentition. 

  The final goal of this thesis was to examine the effect that obesity, as measured through 

an individual’s body mass index (BMI), might have on dental development. Studies conducted in 

the past have provided evidence that states that obese juveniles with high BMIs have more 
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advanced dental development rates compared to non-obese individuals. Using a combination of 

an unpaired t-test and linear regression analysis, I determined that BMI was not the cause of the 

difference between the average estimated ages of the sample groups and their average real ages. 

This suggests that another factor, such as genetics/epigenetics, socioeconomic status, chronic 

illness, or some other biological or social factor, may be the cause of the age difference I 

observed between the two groups’ average estimated ages and their average real ages. 

Directions for Future Research 

 The results of this thesis show that modern dental age estimate methods, such as the 

London Dental Atlas and Ubelaker’s dental charts, can be used to estimate the ages of Native 

American children and adolescents with a high degree of accuracy overall. However, there are 

still concerns that other possible factors could artificially influence the age estimates. One of the 

biggest issues that necessitate future research is to examine how health factors outside of BMI 

might affect dental development. Chronic diseases like cancer and chronic renal failure affect the 

biological development of juvenile individuals afflicted with such diseases (Alamoudi et al., 

2020; Campisi et al., 2007; Jaffe et al., 1990; Proctor et al., 2005). For researchers studying 

archaeological populations which likely suffered from chronic health conditions, special focus 

must be placed on how these diseases might have delayed the development of ind ividuals so that 

the proper adjustments can be made during the creation of age estimates.  

 Although my research states that obesity, as represented through BMI, does not affect 

dental development in a meaningful capacity, there should be future research into examining 

how other aspects of health could possibly impact dental development. Several past studies have 

recorded that obesity does affect dental development (Salazar, 2021; Garn et al., 1965; Nicholas 

et al., 2018), but it is possible that my sample size was too small to properly detect this issue. My 
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research did not examine the relationship between dental development and being underweight; 

but being underweight could cause a delay in dental development. While some research suggests 

being underweight does affect dental development (Hedavati & Khalafinejad, 2014; Kumar et 

al., 2013), additional research can only help to clear up this confusion, especially as it might be 

due more to malnutrition rather than just being under a healthy weight.  

 The possibility of malnutrition slowing dental development also merits more attention. 

The existing literature shows mixed results, with some research suggesting that it has no effect 

(Elamin & Liversidge, 2013) and other studies claiming that it leads to a delay in dental 

development (Alvarez & Navia, 1989). Malnutrition status was not available in this study; 

therefore, I call for other anthropologists to determine if dental development is resistant to 

malnutrition, or if the process may be delayed due to the lack of essential vitamins and minerals 

that accompany a status of being malnourished. Another avenue of examination is the amounts 

of visceral adipose tissue and subcutaneous adipose tissue and how the presence and amount of 

such tissues could affect dental development, which this thesis did not examine.  

 Beyond looking at health and weight factors and their effects on dental development, 

future research needs to further examine the idea of secular change and its relationship with 

dental development. Although the results of my thesis suggest that there is no evidence of secular 

change between my two sample groups, there was a lack of clarification in the overall year of 

birth difference between the two samples. Future researchers should collect data on larger 

samples with clearly stated years of birth with a minimum age difference of fifty years to begin 

determining if the generation of one’s birth affects dental development. The few studies done on 

the subject have at minimum a fifty-year age gap, so I believe that would be a safe minimum for 

any future study (Sasso et al., 2013; Vucic et al., 2014). I expect that researchers will find the 
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most obvious evidence between sample groups with a difference of around 200 years, where diet 

and medicine drastically differed compared to modern living, but research needs to be conducted 

to support this hypothesis.  

 The process of creating age estimates is incredibly important to biological 

anthropologists, archaeologists, and medical professionals relying on accurate age estimates to 

make proper identifications. This thesis, and the work of numerous other researchers, have made 

it clear that using dental development to create age estimates is possible and highly accurate. A 

plethora of methods exist which use dental development to create age estimates, and this thesis 

tested three of them; 1. The London Dental Atlas (Alqahtani et al., 2010), 2. Ubelaker’s dental 

charts (1978), 3. The Moorrees Dental Chart (Moorrees et al., 1963a & 1963b). Ultimately I 

found that the London Dental Atlas is the most accurate, and found that factors such as BMI and 

secular change have relatively little influence on natural dental development. Lastly, future 

research should identify other factors which could influence dental age estimates to make age 

estimates as accurate as possible. Identifying these factors and learning exactly how they might 

affect dental development will allow for the most accurate age estimates possible to be obtained, 

even with said factors affecting natural dental development.  
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Table A.1. Cohen’s Kappa values for permanent maxillary teeth Group 1 recollection 

Individual Tooth Stage Group 1 Cohen’s Kappa Score 

Maxillary RM3 0.47 

Maxillary RM2 0.33 

Maxillary RM1 0.69 

Maxillary RPM2 0.55 

Maxillary RPM1 0.40 

Maxillary RC1 0.40 

Maxillary RI2 0.47 

Maxillary RI1 0.76 

Maxillary LI1 0.89 

Maxillary LI2 0.69 

Maxillary LC1 0.69 

Maxillary LPM1 0.69 

Maxillary LPM2 0.69 

Maxillary LM1 0.76 

Maxillary LM2 0.21 

Maxillary LM3 0.47 

 

Table A.2. Cohen’s Kappa values for permanent mandibular teeth Group 1 recollection 

Individual Tooth Stage Group 1 Cohen’s Kappa Score 

Mandibular RM3 0.08 

Mandibular RM2 0.89 

Mandibular RM1 0.89 

Mandibular RPM2 0.83 

Mandibular RPM1 0.62 

Mandibular RC1 0.47 

Mandibular RI2 0.62 

Mandibular RI1 0.89 

Mandibular LI1 0.89 

Mandibular LI2 0.83 

Mandibular LC1 0.62 

Mandibular LPM1 0.89 

Mandibular LPM2 0.89 

Mandibular LM1 0.76 

Mandibular LM2 0.83 

Mandibular LM3 0.33 

 

Table A.3. Cohen’s Kappa values for deciduous maxillary teeth Group 1 recollection 

Individual Tooth Stage Group 1 Cohen’s Kappa Score 

Maxillary rm2 0.95 

Maxillary rm1 0.89 
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Maxillary rc1 0.89 

Maxillary ri2 1 

Maxillary ri1 1 

Maxillary li1 1 

Maxillary li2 1 

Maxillary lc1 0.83 

Maxillary lm1 1 

Maxillary lm2 0.95 

 

Table A.4. Cohen’s Kappa values for deciduous mandibular teeth Group 1 recollection 

Individual Tooth Stage Group 1 Cohen’s Kappa Score 

Mandibular rm2 0.83 

Mandibular rm1 0.89 

Mandibular rc1 0.95 

Mandibular ri2 1 

Mandibular ri1 1 

Mandibular li1 1 

Mandibular li2 1 

Mandibular lc1 0.95 

Mandibular lm1 0.95 

Mandibular lm2 0.89 

 

Table A.5. Cohen’s Kappa values for permanent maxillary teeth Group 2 recollection 

Individual Tooth Stage Group 2 Cohen’s Kappa Score 

Maxillary RM3 0.69 

Maxillary RM2 0.89 

Maxillary RM1 0.89 

Maxillary RPM2 0.83 

Maxillary RPM1 0.95 

Maxillary RC1 0.76 

Maxillary RI2 0.76 

Maxillary RI1 0.83 

Maxillary LI1 0.83 

Maxillary LI2 0.69 

Maxillary LC1 0.76 

Maxillary LPM1 0.95 

Maxillary LPM2 0.89 

Maxillary LM1 0.95 

Maxillary LM2 0.83 

Maxillary LM3 0.69 
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Table A.6. Cohen’s Kappa values for permanent mandibular teeth Group 2 recollection 

Individual Tooth Stage Group 2 Cohen’s Kappa Score 

Mandibular RM3 0.69 

Mandibular RM2 1 

Mandibular RM1 0.95 

Mandibular RPM2 0.89 

Mandibular RPM1 0.89 

Mandibular RC1 0.89 

Mandibular RI2 0.62 

Mandibular RI1 0.83 

Mandibular LI1 0.83 

Mandibular LI2 0.62 

Mandibular LC1 0.89 

Mandibular LPM1 0.89 

Mandibular LPM2 0.89 

Mandibular LM1 0.89 

Mandibular LM2 1 

Mandibular LM3 0.62 

 

Table A.7. Cohen’s Kappa values for deciduous maxillary teeth Group 2 recollection 

Individual Tooth Stage Group 2 Cohen’s Kappa Score 

Maxillary rm2 0.95 

Maxillary rm1 0.76 

Maxillary rc1 0.95 

Maxillary ri2 0.830.82 

Maxillary ri1 0.83 

Maxillary li1 0.95 

Maxillary li2 0.95 

Maxillary lc1 0.95 

Maxillary lm1 0.83 

Maxillary lm2 0.95 

 

Table A.8. Cohen’s Kappa values for deciduous mandibular teeth Group 2 recollection 

Individual Tooth Stage Group 2 Cohen’s Kappa Score 

Mandibular rm2 0.95 

Mandibular rm1 0.76 

Mandibular rc1 0.95 

Mandibular ri2 0.83 

Mandibular ri1 0.69 

Mandibular li1 0.76 

Mandibular li2 0.89 

Mandibular lc1 0.95 
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Mandibular lm1 0.83 

Mandibular lm2 0.89 

 

Table A.9. Chi-Squared and Fisher’s Exact p-value test results for the maxillary lateral incisors 

7.5-year-olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 R ½ 1 1 2 1.333 1 

UI2 Other 0 2 2 P-value   

Total 1 3 4 0.248   

        

8.5-year-olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 R ¾ 1 1 2 1.333 1 

UI2 Other 0 2 2 P-value   

Total 1 3 4 0.248   

        

9.5 -year-olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 Rc 4 1 5 4.41 0.08 

UI2 Other 1 5 6 P-value   

Total 5 6 11 0.04   

        

10.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 A ½ 2 1 3 1.2 1 

UI2 Other 3 0 3 P-value   

Total 5 1 6 0.273   

        

11.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 Ac 4 3 7 0.0524 1 

UI2 Other 2 2 4 P-value   

Total 6 5 11 0.819   

        

12.5-year-
olds  Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 Ac 7 2 9 0.1481 1 

UI2 Other 0 1 1 P-value   
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Total 7 3 10 0.7   

        

13.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UI2 Ac 2 6 8 NA NA 

UI2 Other 0 0 0 P-value   

Total 2 6 8 NA   

 

Table A.10. Chi-Squared and Fisher’s Exact p-value test results for the maxillary canines 

7.5-year-olds Sample 1 Sample 2 Total 

Fisher's 

exact p-

value   

UC R 1/4 1 2 3 1   

UC Other 0 1 1     

Total 1 3 4     

        

8.5-year-olds Sample 1 Sample 2 Total 

Fisher's 

exact p-

value   

UC R ¼ 1 1 2 1   

UC Other 0 2 2     

Total 1 3 4     

        

9.5-year-olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC R ½ 3 3 6 0.07 1 

UC Other 4 3 7 P-value   

Total 7 6 13 0.797   

        

10.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC R 3/4 2 1 3 1.5556 0.429 

UC Other 4 0 4 P-value   

Total 6 1 7 0.21   

        

11.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC R 3/4 4 1 5 1.6555 0.293 

UC Other 3 4 7 P-value   

Total 7 5 12 0.198   
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12.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC Rc 5 2 7 0.0164 1 

UC Other 3 1 4 P-value   

Total 8 3 11 0.898   

        

13.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC Rc 1 1 2 0.889 0.464 

UC Other 1 5 6 P-value   

Total 2 6 8 0.346   

        

14.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC A 1/2 2 0 2 1.33 1 

UC Other 1 1 2 P-value   

Total 3 1 4 0.248   

        

15.5-year-

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC Ac 8 6 14 1.2245 0.467 

UC Other 0 1 1 P-value   

Total 8 7 15 0.268   

        

16.5-year-
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UC Ac 6 9 15 NA   

UC Other 0 0 0 P-value P-value 

Total 6 9 15 NA 1 

 

Table A.11. Chi-Squared and Fisher’s Exact p-value test results for the maxillary third molar 

8.5 year olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Ci 0 1 1 0.4444 1 

UM3 Other 1 2 3 P-value   

Total 1 3 4 0.51   
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9.5 year olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Coc 1 1 2 0.0141 1 

UM3 Other 6 5 11 P-value   

Total 7 6 13 0.906   

        

10.5 year 

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Coc 1 1 2 2.9167 0.286 

UM3 Other 5 0 5 P-value   

Total 6 1 7 0.088   

        

11.5 year 

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Cr 1/2 4 0 4 4.287 0.081 

UM3 Other 3 5 8 P-value   

Total 7 5 12 0.04   

        

12.5 year 

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Cr 3/4 2 1 3 0.0764 1 

UM3 Other 6 2 8 P-value   

Total 8 3 11 0.782   

        

13.5 year 
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Cr 3/4 1 0 1 3.4286 0.25 

UM3 Other 1 6 7 P-value   

Total 2 6 8 0.064   

        

14.5 year 
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 R 1/4 0 1 1 4 0.25 

UM3 Other 3 0 3 P-value   

Total 3 1 4 0.046   

        

15.5 year 
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 
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UM3 R 1/4 1 1 2 0.0103 1 

UM3 Other 7 6 13 P-value   

Total 8 7 15 0.919   

        

16.5 year 

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 R 1/2 3 1 4 2.7841 0.235 

UM3 Other 3 8 11 P-value   

Total 6 9 15 0.095   

        

17.5 year 

olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 R 1/2 1 2 3 0.0227 1 

UM3 Other 2 5 7 P-value   

Total 3 7 10 0.88   

        

18.5 year 
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 R 3/4 1 1 2 2.4306 0.275 

UM3 Other 1 11 12 P-value   

Total 2 12 14 0.119   

        

19.5 year 
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 Rc 0 3 3 0.5485 1 

UM3 Other 3 16 19 P-value   

Total 3 19 22 0.459   

        

20.5 year 
olds Sample 1 Sample 2 Total Chi Squared 

Fisher's 

exact p-

value 

UM3 A 1/2 0 0 0 NA NA 

UM3 Other 1 10 11 P-value   

Total 1 10 11 NA   
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Figure A.1. Tooth stage chart of Group 1 individuals (Females) 

Maxilla Mandible 

 

                                              Tooth Formation Stage Tooth Formation Stage 

Age Number of 

Individuals 

Tooth Min. Median Max. Tooth Min. Median Max. 

7.5 
years 0 i1    i1    

  i2    i2    

  c'    c,    

  m1    m1    

  m2    m2    

  I1    I1    

  I2    I2    

  C'    C,    

  P1    P1    

  P2    P2    

  M1    M1    

  M2    M2    

  M3    M3    

8.5 
years 0 i2    i2    

  c'    c,    

  m1    m1    

  m2    m2    

  I1    I1    

  I2    I2    

  C'    C,    

  P1    P1    

  P2    P2    

  M1    M1    

  M2    M2    

  M3    M3    

9.5 

years 4 c' 

Res 

1/4 Res ½ - c, 

Res 

1/4 Res ½ - 

  m1 

Res 
1/2 Res ½ - m1 

Res 
1/2 Res ¾ - 

  m2 

Res 

1/4 Res ½ - m2 

Res 

1/4 Res ½ - 

  I1 Rc Rc Ac I1 Ac Ac Ac 

  I2 

R 
3/4 Rc Rc I2 Rc A ½ A ½ 

  C' 

R 

1/2 

R 1/2-R 

¾ 

R 

3/4  C, 

R 

1/2 R ½ R ¾ 
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  P1 

R 
1/4 R ½ 

R 
1/2  P1 

R 
1/4 R ½ R ¾ 

  P2 Ri R ½ 

R 

1/2  P2 Ri R ¼ R ¾ 

  M1 

A 
1/2 Ac Ac M1 Rc Rc-A ½ A ½ 

  M2 Ri R ¼ 

R 
1/4  M2 Ri R ¼ R ½ 

  M3 - - Coc M3 - - Cco 

10.5 
years 2 c' 

Res 
3/4 Res ¾ - c, - - - 

  m1 - - - m1 - - - 

  m2 

Res 
1/2 

Res 

1/2-Res 
¾ - m2 

Res 
1/2 Res ½ - 

  I1 

A 
1/2 

A 1/2-
Ac Ac I1 

A 
1/2 

A 1/2-
Ac Ac 

  I2 Rc Rc-A ½ 

A 

1/2  I2 

A 

1/2 

A 1/2-

Ac Ac 

  C' 
R 
1/2 

R 1/2-R 
¾ 

R 
3/4  C, 

R 
1/2 

R 1/2-R 
¾ R ¾ 

  P1 

R 

1/2 

R 1/2-R 

¾ 

R 

3/4  P1 

R 

1/2 

R 1/2-R 

¾ R ¾ 

  P2 

R 
1/4 

R 1/4- 
R ¾ 

R 
3/4  P2 

R 
1/4 

R 1/4- 
R ¾ R ¾ 

  M1 

A 

1/2 

A 1/2-

Ac Ac M1 

A 

1/2 

A 1/2-

Ac Ac 

  M2 

R 
1/2 R ½ 

R 
1/2  M2 

R 
1/4 

R 1/4-R 
½ R ½ 

  M3 - - - M3 Cco 

Cr 1/2- 

Cr ¾ Cr ¾ 

11.5 
years 7 c' 

Res 
1/2 Res ¾ - c, - - - 

  m1 - - - m1 

Res 

3/4 - - 

  m2 

Res 
1/2 - - m2 

Res 
1/4 Res ¾ - 

  I1 

A 
1/2 Ac Ac I1 Ac Ac Ac 

  I2 Rc A ½ Ac I2 Ac Ac Ac 

  C' 
R 
1/2 R 3/4  Rc C, 

R 
3/4 

R 3/4-
Rc A ½ 

  P1 

R 
1/2 R ¾ A ½ P1 

R 
1/2 

R 3/4-
Rc A ½ 

  P2 

R 
1/2 

R 1/2-R 
¾ A ½ P2 

R 
1/2 R ¾ Rc 
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  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

R 
1/2 R ½ R ¾ M2 

R 
1/2 R ½ R ¾ 

  M3 

Cr 

1/2 Cr ½ Cr ¾ M3 Coc Cr ½ Cr ½ 

12.5 
years 6 c' 

Res 
1/2 Res ¾ - c, - - - 

  m1 - - - m1 - - - 

  m2 - - - m2 - - - 

  I1 Ac Ac Ac I1 Ac Ac Ac 

  I2 Ac Ac Ac I2 Ac Ac Ac 

  C' Rc Rc A ½ C, Rc A ½ A ½ 

  P1 Rc A ½ Ac P1 Rc A ½ Ac 

  P2 Rc Rc Ac P2 Rc Rc A ½ 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 Rc Rc Rc M2 

R 
3/4 Rc Rc 

  M3 

Cr 

1/2 Cr ¾ Crc M3 Coc 

Cr 1/2- 

Cr ¾ Crc 

13.5 
years 2 I1 Ac Ac Ac I1 Ac Ac Ac 

  I2 Ac Ac Ac I2 Ac Ac Ac 

  C' Rc Rc 

A 
1/2  C, Rc Rc-A ½ A ½ 

  P1 Rc A ½ Ac P1 

R 
3/4 R ¾ A ½ 

  P2 Rc Rc-A ½ Ac P2 Rc Rc Rc 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

R 

3/4 R ¾ Rc M2 

R 

1/2 

R 3/4-

Rc Rc 

  M3 

Cr 
1/2 

Cr 1/2-
Cr ¾ 

Cr 
3/4  M3 

Cr 
1/2 Cr ½ Cr ½ 

14.5 
years 1 C' Ac Ac Ac C, Ac Ac Ac 

  P1 Ac Ac Ac P1 Ac Ac Ac 

  P2 Ac Ac Ac P2 Ac Ac Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

A 
1/2 A ½ 

A 
1/2  M2 

A 
1/2 A ½ A ½ 

  M3 Ri Ri Ri M3 Ri Ri Ri 

15.5 

years 3 C' Ac Ac Ac C, Ac Ac Ac 

  P1 Ac Ac Ac P1 Ac Ac Ac 

  P2 Ac Ac Ac P2 Ac Ac Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 
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  M2 Ac Ac Ac M2 

A 
1/2 Ac Ac 

  M3 

R 

1/2 R ½ 

R 

1/2  M3 

R 

1/2 R ½ R ½ 

16.5 
years 3 C' Ac Ac Ac C, Ac Ac Ac 

  M2 Ac Ac Ac M2 Ac Ac Ac 

  M3 

R 

1/4 R 1/4  

R 

1/2  M3 

R 

1/4 R ¼ R ¼ 

17.5 
years 2 M2 Ac Ac Ac M2 Ac Ac Ac 

  M3 

R 
1/4 

R 1/4-R 
½ 

R 
1/2  M3 Ri R ¼ R ¼ 

18.5 
years 1 M3 

R 
1/2 R 1/2  

R 
1/2  M3 

R 
1/2 R ½ R ½ 

19.5 
years 1 M3 (NA) (NA) (NA) M3 

R 
1/4 R ¼ R ¼ 

20.5 

years 1 M3 

R 

1/2 R 1/2  

R 

1/2  M3 (NA) (NA) (NA) 

21.5 
years 1 M3 

A 
1/2 A 1/2  

A 
1/2  M3 (NA) (NA) (NA) 
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Figure A.2. Tooth stage chart of Group 1 individuals (Males) 

Maxilla Mandible 

 

                                              Tooth Formation Stage Tooth Formation Stage 

Age Number of 

Individuals 

Tooth Min. Median Max. Tooth Min. Median Max. 

7.5 
years 1 i1 - - - i1 - - - 

  i2 - - - i2 - - - 

  c' - - - c, Ac Ac Ac 

  m1 
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Res 

1/2 m1 

Res 

1/2 Res ½ Res ½ 
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1/2 R 1/2  
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3/4 R ¾ R ¾ 

  C' 

R 

1/4 R 1/4  

R 

1/4  C, Ri Ri-R ¼ R ¼ 

  P1 Ri Ri Ri P1 Ri Ri-R ¼ R ¼ 

  P2 Ri Ri Ri P2 Ri Ri Ri 

  M1 Rc Rc Rc M1 Rc Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 

  M3 - - - M3 - - - 

8.5 
years 1 i2 - - - i2 - - - 

  c' 
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1/4 Res 1/4 

Res 
1/4 c, (NA) (NA) (NA) 

  m1 (NA) (NA) (NA) m1 
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  m2 

Res 
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Res 
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  I1 Rc Rc Rc I1 Rc Rc Rc 

  I2 
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  C' 

R 

1/4 R 1/4  

R 
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R 
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  P1 Ri Ri Ri P1 

R 
1/4 R ¼ R ¼ 

  P2 Ri Ri Ri P2 

R 

1/4 R ¼ R 1/4 

  M1 Rc Rc Rc M1 

R 
3/4 

R 3/4-
Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 
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  M3 - - - M3 - - - 

9.5 
years 3 c' 

Res 
1/2 Res 1/2  - c, 

Res 
1/2 - - 

  m1 

Res 

3/4 Res 3/4  - m1 

Res 

3/4 Res ¾ - 

  m2 

Res 
1/2 Res 1/2  - m2 

Res 
1/4 Res ½ - 

  I1 

A 

1/2 

A 1/2-

Ac Ac I1 

A 

1/2 Ac Ac 

  I2 Rc 

Rc-A 
1/2  

A 
1/2 I2 Rc A ½ Ac 

  C' 
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1/2 R ½ R ¾ 

  P1 

R 
1/2 R 1/2  Rc P1 

R 
1/2 R ½ R ½ 

  P2 

R 
1/2 R 1/2  

R 
1/2  P2 

R 
1/2 R ½ R ½ 

  M1 Ac Ac Ac M1 Rc A ½ Ac 

  M2 

R 
1/4 R 1/2  

R 
1/2  M2 

R 
1/2 R ½ R ½ 

  M3 - - Ci M3 - Cco Cco 

10.5 
years 4 c' 

Res 
1/2 Res ¾ - c, 

Res 
1/4 Res ¾ - 

  m1 

Res 

1/2 - - m1 

Res 

1/2 Res ½ - 

  m2 

Res 
1/4 Res ½ - m2 

Res 
1/4 Res ½ - 

  I1 Rc Rc Ac I1 Ac Ac Ac 

  I2 Rc Rc A ½ I2 

A 

1/2 Ac Ac 
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R 
1/2 R ½ R ¾ C, 

R 
1/2 R ½ Rc 

  P1 

R 

1/4 R ½ R ¾ P1 

R 

1/2 R ½ Rc 

  P2 

R 
1/4 R ½ R ½ P2 

R 
1/4 R ½ R ½ 

  M1 Ac Ac Ac M1 

A 

1/2 A ½ Ac 

  M2 

R 
1/4 R ¼ R ½ M2 

R 
1/4 

R 1/4-R 
½ R ¾ 

  M3 - 

Coc-Cr 

1/2 Cr ½ M3 - Cco Cr ¾ 

11.5 
years 3 c' 

Res 
3/4 Res 3/4  - c, - - - 

  m1 - - - m1 

Res 

3/4 - - 
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  m2 

Res 
3/4 - - m2 

Res 
1/4 - - 

  I1 Ac Ac Ac I1 Ac Ac Ac 

  I2 Rc A 1/2  Ac I2 Ac Ac Ac 

  C' 

R 

1/2 Rc Rc C, 

R 

3/4 

R 3/4-

Rc A ½ 

  P1 

R 
1/2 R 3/4  Rc P1 

R 
3/4 R ¾ A ½ 

  P2 

R 

1/2 R 3/4   Rc P2 

R 

1/2 R ¾ Rc 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

R 
1/2 R 1/2  Rc M2 
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1/2 R ½ Rc 

  M3 Cco Coc  

Cr 

1/2  M3 Cco Cco Cr ½ 

12.5 
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3/4 - - c, 

Res 
3/4 - - 

  m1 - - - m1 

Res 

3/4 - - 

  m2 

Res 
1/2 - - m2 

Res 
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  I1 Ac Ac Ac I1 Ac Ac Ac 
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R 

1/2 Rc A ½ 
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  P2 
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1/2 R 3/4  Rc P2 

R 
1/4 R ¾ Rc 
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1/2 Ac Ac 

  M2 
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1/2 R 1/2  

R 
3/4  M2 

R 
1/2 R ½ Rc 

  M3 

Cr 

1/2 

Cr 1/2-

Cr 3/4 

Cr 

3/4  M3 Cco 

Coc-Cr 

½ Cr ¾ 

13.5 
years 0 I1 - - - I1 - - - 

  I2 - - - I2 - - - 

  C' - - - C, - - - 

  P1 - - - P1 - - - 

  P2 - - - P2 - - - 

  M1 - - - M1 - - - 

  M2 - - - M2 - - - 

  M3 - - - M3 - - - 
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14.5 
years 2 C' Rc A 1/2  

A 
1/2  C, 

A 
1/2 A ½ A ½ 

  P1 

A 

1/2 Ac Ac P1 

A 

1/2 A ½ Ac 

  P2 Rc A 1/2  Ac P2 Rc Rc-A ½ A 1/2 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 

A 
1/2 A 1/2  

A 
1/2  M2 Rc Rc Rc 

  M3 Crc Crc-Ri Ri M3 Crc Crc-Ri Ri 
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years 5 C' Ac Ac Ac C, Ac Ac Ac 

  P1 Ac Ac Ac P1 Ac Ac Ac 

  P2 Ac Ac Ac P2 Ac Ac Ac 

  M1 Ac Ac Ac M1 Ac Ac Ac 

  M2 
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1/2 Ac Ac M2 
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1/2 Ac Ac 

  M3 
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3/4 R 1/4  
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R 

1/2 R ½ R 1/2 
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  M2 Ac Ac Ac M2 Ac Ac Ac 
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1/2  M3 

R 

1/2 R ½ R 1/2 
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1/4  M3 
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1/4 

R 1/4-R 
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years 1 M3 
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3/4  M3 

R 
1/2 R ½ R 1/2 

19.5 

years 2 M3 

R 

1/4  

R 1/4-

R 1/2 

R 

1/2  M3 Ri R ½ R 1/2 

20.5 
years 0 M3 - - - M3 - - - 

21.5 

years 1 M3 

R 

3/4  R 3/4 

R 

3/4  M3 (NA) (NA) (NA) 
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Figure A.3. Tooth stage chart of Group 2 individuals (Females) 

Maxilla Mandible 

 

   Tooth Formation Stage  Tooth Formation Stage 

Age Number of 

Individuals 

Tooth Min. Median Max. Tooth Min. Median Max. 
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R 
1/2 R 3/4 
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Cr 

1/2 

  I2 - - - I2 Ci Cco 
Cr 
1/2 

  C' Ci Ci Coc C, Ci Ci Coc 

  M1 Cco Cco Cco M1 Cco Cco Coc 

1 year 12 i1 
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3/4 Rc A 1/2 i1 

R 

3/4 Rc 

A 

1/2 
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Cr 
1/2 
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1/2 
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  m1 Rc Rc Rc m1 
R 
3/4 R 3/4-Rc Rc 

  m2 

R 

1/4 R ½ R 1/2 m2 

R 

1/2 R 1/2 R ½ 

  I1 
Cr 
1/2 

Cr 1/2-
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Cr 
1/2 

Cr 1/2-Cr 
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  M1 Rc Rc Rc M1 

A 

1/2 A 1/2 

A 

1/2 
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years 3 i1 Ac Ac Ac i1 Ac Ac Ac 

  i2 

A 

1/2 A ½ A 1/2 i2 

A 

1/2 Ac Ac 

  c' Rc Rc Rc c, Rc Rc Rc 

  m1 Rc Rc Rc m1 Rc Rc Ac 
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3/4 Rc Rc m2 
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3/4 Rc 
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1/2 
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Cr 
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Cr 
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  C' 
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Cr 
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  C' 
Cr 
1/2 Cr ¾ Crc C, 

Cr 
1/2 Cr 3/4 

Cr 
3/4 

  P1 Coc Cr ½ Cr 1/2 P1 Coc Cr 1/2 

Cr 

1/2 

  P2 - Cco Coc P2 - Ci-Cco Coc 

  M1 Crc Ri R 1/4 M1 Crc Crc-Ri 
R 

1/4 

  M2 - Cco Coc M2 - Ci-Cco Cco 

4.5 

years 6 i1 Ac Ac Ac i1 Ac Res 1/4 

Res 

1/2 

  i2 Ac Ac Ac i2 Ac Ac-Res 1/4 
Res 
1/4 

  c' 

A 

1/2 Ac Ac c, 

A 

1/2 Ac Ac 

  m1 Ac Ac Ac m1 Ac Ac Ac 

  m2 Ac Ac Ac m2 Ac Ac Ac 

  I1 Crc Crc R 1/4 I1 Ri Ri 
R 

1/4 

  I2 

Cr 
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1/4 
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3/4 Crc Crc 

  P1 
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3/4 Ac 
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  c' Ac Ac Ac c, Ac Ac Ac 

  m1 Ac Ac Ac m1 Ac Ac Ac 
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R 
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R 

1/2 
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Cr 

3/4 Crc Ri P1 

Cr 

3/4 Crc Ri 
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R 
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3/4 
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  M1 - - - M1 - - - 

  M2 - - - M2 - - - 

  M3 - - - M3 - - - 

9.5 
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Figure A.4. Tooth stage chart of Group 2 individuals (Male) 

Maxilla Mandible 

 

   Tooth Formation Stage  Tooth Formation Stage 

Age Number of 

Individuals 

Tooth Min. Median Max. Tooth Min. Median Max. 
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3/4 i1 

R 
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R 
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  c' 
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  m1 R 1/4 R ½ 

R 

1/2 m1 

R 

1/4 R 1/4 R ¼ 

  m2 
Cr 
3/4 Crc Crc m2 

Cr 
3/4 Cr 3/4 Crc 

  I1 Cco Coc Coc I1 Cco Coc Coc 

  I2 - - - I2 Ci Ci Ci 

  C' Ci Ci Ci C, Ci Ci Coc 

  M1 Cco Cco Cco M1 Cco Cco Cco 

1 year 6 i1 R 3/4 R 3/4-Rc Rc i1 

R 

1/2 Rc A ½ 

  i2 R 1/2 R ¾ Rc i2 
R 

1/2 R 3/4 Rc 

  c' R 1/4 R ½ 

R 

3/4 c, Ri R 1/2 R ¾ 

  m1 R 3/4 R ¾ Rc m1 
R 

1/2 R 3/4 Rc 

  m2 R 1/4 R ¼ 

R 

1/2 m2 Ri R 1/4 R ½ 

  I1 
Cr 
1/2 Cr ½ 

Cr 
1/2 I1 

Cr 
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  I2 - Cco Coc I2 

Cr 

1/2 Cr 1/2 Cr ½ 

  C' Coc Coc 
Cr 
1/2 C, Coc Coc Cr ½ 

  M1 Coc Coc 

Cr 

1/2 M1 Coc Coc Cr ½ 

1.5 
years 8 i1 Rc Rc Ac i1 Rc Rc-A 1/2 Ac 

  i2 R 3/4 Rc Ac i2 
R 

3/4 Rc Ac 

  c' R 1/2 
R 1/2-R 

3/4 
R 

3/4 c, 
R 

1/2 R 3/4 R ¾ 
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1/4 R 1/2 R ¾ 

  I1 
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Cr 
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Cr 
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Cr 
1/2 Cr 1/2 Cr ¾ 
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Cr 1/2-Cr 

3/4 Crc 
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  c' R 3/4 Rc Ac c, 
R 

3/4 Rc A ½ 

  m1 Rc Ac Ac m1 Rc Rc-Ac Ac 

  m2 R 3/4 Rc Ac m2 
R 

3/4 Rc A ½ 

  I1 
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1/2 Cr ¾ Ri I1 
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1/2 Cr 3/4 Crc 
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Cr 
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  C' 
Cr 
1/2 Cr ½ 

Cr 
3/4 C, Coc Cr 1/2 Cr ¾ 

  P1 Ci Cco Coc P1 Ci Cco Cr ½ 

  P2 - - Cco P2 - - Cco 

  M1 
Cr 
1/2 Crc Crc M1 

Cr 
1/2 Crc Ri 

  M2 - - Cco M2 - - Cco 
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years 7 i1 
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  i2 Rc Ac Ac i2 Rc Ac 
Res 
½ 
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Cr 
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  C' 
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Cr 
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Cr 
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  M1 
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3/4 Crc 
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  M2 - Cco Coc M2 - Ci Coc 
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  m1 Ac Ac Ac m1 Ac Ac Ac 
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R 
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  I2 Crc Crc Ri I2 Ri Ri Ri 
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Cr 
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R 
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  M2 Coc 
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3/4 Crc M2 Coc Cr 1/2 Crc 
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  i2 

Res 
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  c' 
Res 
1/4 Res ¼ 

Res 
1/4 c, Ac Ac Ac 

  m1 
Res 
1/4 Res ¼ 

Res 
1/4 m1 

Res 
1/4 Res 1/4 

Res 
¼ 

  m2 Ac Ac Ac m2 Ac Ac Ac 

  I1 R 1/4 
R 1/4-R 

1/2 
R 

1/2 I1 
R 

1/2 R 1/2 R ½ 
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R 

1/4 I2 
R 

1/4 R 1/4 
R 

1/4 

  C' Crc Crc-Ri Ri C, Ri Ri Ri 

  P1 Crc Crc Crc P1 Crc Crc-Ri Ri 

  P2 
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3/4 

Cr 3/4-
Crc Crc P2 

Cr 
1/2 Crc Crc 

  M1 R 3/4 Rc Rc M1 

R 

3/4 R 3/4-Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 

7.5 
years 2 i1 

Res 
3/4 Res 3/4/ - - i1 - - - 

  i2 
Res 
1/2 Res 1/2/ - - i2 

Res 
1/4 Res 1/4/ - - 

  c' Ac Ac Ac c, Ac Ac 
Res 
¼ 

  m1 
Res 
1/4 Res ¼ 
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1/4 m1 

Res 
1/4 Res 1/4 
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¼ 

  m2 Ac Ac Ac m2 Ac Ac Ac 

  I1 R 1/4 R ¼ Rc I1 
R 

1/2 R 1/2-A 1/2 A ½ 

  I2 R 1/4 
R 1/4-R 

3/4 
R 

3/4 I2 
R 

1/4 R 1/4-Rc Rc 

  C' Ri Ri-R ¼ 

R 

1/4 C, Ri Ri-R 1/4 R ¼ 

  P1 Ri Ri 
R 

1/4 P1 
R 

1/4 R 1/4 R ¼ 

  P2 Ri Ri Ri P2 Ri Ri Ri 

  M1 Rc Rc Rc M1 Rc Rc Rc 

  M2 Crc Crc Crc M2 Crc Crc Crc 

  M3 - - - M3 - - - 

8.5 
years 3 i2 - - - i2 - - - 

  c' 

Res 

1/4 Res ¼ - c, 

Res 
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  m1 
Res 
1/4 Res ¼ 

Res 
1/2 m1 

Res 
1/4 Res 3/4 - 

  m2 Ac Ac 

Res 

1/4 m2 Ac Res 1/4 - 

  I1 R 3/4 Rc Rc I1 Rc A 1/2 A ½ 

  I2 R 3/4 Rc Rc I2 Rc Rc A ½ 

  C' R 1/4 R ½ 
R 

1/2 C, 
R 

1/2 R 1/2 R ½ 

  P1 R 1/4 R ½ 

R 

1/2 P1 

R 

1/2 R 1/2 R ½ 

  P2 R 1/4 R ¼ 
R 

1/2 P2 
R 

1/4 R 1/4 R ½ 

  M1 Rc Rc 

A 

1/2 M1 Rc Rc A ½ 

  M2 R 1/4 R ¼ 
R 

1/4 M2 Ri R 1/4 R ½ 

  M3 Ci Ci-Cco 
Cr 
1/2 M3 - Ci 

Cr 
1/2 

9.5 
years 4 c' Ac 

Res 1/4/ 
Res 1/2 

Res 
3/4 c, 

Res 
1/4 Res 3/4 

Res 
¾ 

  m1 Ac Res ¼ 
Res 
1/4 m1 

Res 
1/4 Res 1/4  

Res 
¼ 

  m2 Ac Ac 

Res 

3/4 m2 Ac Res 1/4 

Res 

¾ 

  I1 Rc Rc-A ½ Ac I1 Rc A 1/2 Ac 
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R 3/4-A 

1/2 Ac I2 
R 

3/4 Rc-A 1/2 Ac 

  C' R 1/2 R ½ 

R 
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R 

1/4 R 1/2 Rc 

  P1 R 1/4 R ½ Rc P1 
R 
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R 

3/4 P2 Ri R 1/2 R ¾ 

  M1 Rc A ½ Ac M1 Rc Rc-A 1/2 Ac 
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R 
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R 
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  M3 - 

Cco-Cr 

1/2 

Cr 

3/4 M3 Ci Cco-Cr 3/4 Cr ¾ 
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years 0 c' - - - c, - - - 
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  I1 - - - I1 - - - 

  I2 - - - I2 - - - 

  C' - - - C, - - - 
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  P1 - - - P1 - - - 

  P2 - - - P2 - - - 

  M1 - - - M1 - - - 

  M2 - - - M2 - - - 

  M3 - - - M3 - - - 

11.5 
years 2 c' - - - c, - - - 

  m1 - - - m1 - - - 

  m2 - - - m2 
Res 
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A 
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A 
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  C' R 3/4 R 3/4-Rc 
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R 
3/4 R 3/4-Rc 

A 
1/2 

  P1 Rc Rc Rc P1 

R 

3/4 R 3/4-Rc Rc 

  P2 R 3/4 Rc Rc P2 
R 

3/4 R 3/4-Rc Rc 

  M1 Ac Ac Ac M1 

A 
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R 
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  m1 - - - m1 - - - 

  m2 - - - m2 
Res 
1/2 Res 3/4 - 

  I1 

A 

1/2 A 1/2-Ac Ac I1 Ac Ac Ac 

  I2 
A 

1/2 Ac Ac I2 Ac Ac Ac 

  C' Rc Rc Rc C, Rc Rc-A 1/2 
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R 
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Cr 
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  P1 
A 

1/2  A ½ 
A 
1/2  P1 

A 
1/2 A 1/2 

A 
1/2  

  P2 Rc Rc Rc P2 Rc Rc-A 1/2  
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  M3 R 3/4  R 3/4  Rc  M3 
R 

3/4  R 3/4  Rc 
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R 

3/4 R 3/4-Rc  Rc 
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years 7 M3 R 1/2 Rc- Ac  Ac M3 

R 
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19.5 
years 9 M3 Rc Ac  Ac M3 

R 
1/2 A 1/2- Ac  Ac 

20.5 

years 3 M3 Ac Ac Ac M3 Ac Ac Ac 
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