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ABSTRACT 
 

One task of a forensic anthropologist is to assist law enforcement in the 

identification of unknown human skeletal remains by building a biological profile. Age-at-

death estimations are an informative aspect of biological profiles as they help law 

enforcement narrow down potential victim identifications. However, age-at-death 

estimation continues to be a challenge within forensic anthropology due to the 

uncertainty regarding method selection and the production of a final estimate for law 

enforcement.  

The purpose of this research is to identify the age-reporting strategies that 

provide the most accurate and reliable (low inaccuracy and low bias) age-at-death 

estimations when evaluated by total sample, age-cohort (20-39; 40-59; 60-79), and sex. 

The age-reporting strategies in this study were derived from six age-at-death estimation 

methods and tested on 58 adult individuals (31 males and 27 females) from the William 

M. Bass Donated Skeletal Collection, at the University of Tennessee, Knoxville. An 

experience-based approach where the observer produced a final estimation using the 

data collected and their expert judgment was included to assess the appropriateness of 

experience-based estimations in medico-legal contexts. Two-way repeated measures 

ANOVAs were conducted to determine if there were significant differences in reliability 

between the age-reporting strategies.     

The results show that the most accurate and reliable age-reporting strategy 

varied if the sample was evaluated as a whole, by age, or by sex. The most accurate 

and reliable strategy for the total sample was the experience-based approach. When 
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the sample was divided by age Suchey-Brooks pubic symphysis performed the best for 

the 20-39 age-cohort, the experience-based approach for the 40-59 age-cohort, and 

Buckberry-Chamberlain auricular surface for the 60-79 age-cohort. Finally, when 

separated by sex, Hartnett pubic symphysis performed the best for males and the 

experienced-based approach performed the best for females.  

While none of the age-reporting strategies evaluated in this study were 

consistently the most accurate and reliable for all of the sample categories, the 

experience-based approach performed well in each category. This research helps shed 

light on the performance of different age-reporting strategies and provides further 

support to the reliance on multiple aging indicators and professional judgment in 

developing a final age-at-death estimation. 
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CHAPTER ONE  

INTRODUCTION  

 
One primary task of a forensic anthropologist is to assist law enforcement in the 

identification of unknown human skeletal remains by building a biological profile through 

the estimation of sex, age, ancestry, stature, and pathology. Age-at-death estimation is 

a critical part of the biological profile but continues to be a challenge within anthropology 

due to the uncertainty regarding method selection and the production of a final age-at-

death estimation.    

The Daubert v. Merrell Dow Pharmaceuticals (1993) ruling established that a 

scientific theory or technique, being presented in federal court, should be judged on 

whether or not it has been validated, has been subject to peer review and publication, 

has a known error rate, has established standards, and has gained acceptance within 

the relevant scientific field. Positive identifications of unknown skeletal remains are often 

made through DNA, dental records, or through the comparison of antemortem and 

postmortem data (Parsons 2017). In instances when a positive identification cannot be 

obtained, presumptive identifications may be constructed through contextual and 

circumstantial evidence (Parsons 2017; Wiesema et al. 2009). If a case goes to trial 

with a presumptive identification then the methodologies used to construct the biological 

profile are subject to the Daubert criteria (Wiesema et al. 2009)  

Age estimations derived from individual aging methods can meet the Daubert 

criteria, but often provide wide and often unhelpful age ranges. Reporting an age range 

that does not include the decedent's actual age-at death can prevent a positive 
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identification and reporting one that is too broad does not help narrow down the victim 

pool. While many studies have tested the accuracy and reliability of different aging 

methods, there is still a need for further investigation of how to systematically produce 

and report accurate age-at-death estimations, especially if information from multiple 

aging methods/ phases are being considered when developing a final age estimation 

(Baccino et al. 1999; Martrille et al. 2007; Merritt 2013; Saunders et al. 1992).  

A major concern within forensic anthropology is how to arrive at a final age 

estimation to report to law enforcement in forensic cases. Should practitioners report a 

range from a single aging method, or should they report age using a combination of 

methods? How do you arrive at a final age estimation that is both accurate and reliable? 

While many scholars recommend using the results from multiple aging methods or age 

indicators when coming to a final age estimation (Baccino et al. 1999; Brooks and 

Suchey 1990; Lovejoy et al. 1985a; Merritt 2013; Parsons 2017; Saunders et al. 1992; 

Ubelaker 2010); others have found that statistically sound, multifactorial approaches do 

not perform significantly better than employing a single method (Martrille et al. 2007; 

Nawrocki 2010; Saunders et al. 1992; Schmitt et al. 2002). The last published standards 

for aging developed by the Scientific Working Group for Forensic Anthropology 

(SWGANTH) states that the best practice is to include all available information for a final 

age estimation and reporting results based on “expert judgement”(SWGANTH 2013). 

More recently, SWGANTH has been subsumed under Organization of Scientific Area 

Committees (OSAC) for Forensic Science which is working to strengthen forensic 

standards, including those regarding skeletal age estimation(NIJ 2017). Unfortunately, 
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OSAC has yet to publish the approved standards for age-at-death estimation at this 

time.  

 Determining how to combine information from multiple methods is challenging 

because each aging method was developed using different statistical methodologies, 

which typically cannot be combined in a statistically valid manner (Garvin and 

Passalacqua 2012; Nawrocki 2010; Uhl and Nawrocki 2010). When final age estimates 

are derived using information from multiple methods, they are often difficult to interpret 

or are combined in a way that does not meet any of the recommendations of the 

Daubert ruling. Therefore, determining how to report age in a way that meets forensic 

standards and aids in positive identification is crucial.  

Important Nomenclature  

 There is nomenclature throughout this thesis that sounds similar but have distinct 

meanings. These terms are chronological age, skeletal age, age indicator, age range, 

final age estimation, and age-reporting strategies. Understanding the definition of each 

of these terminologies and being able to distinguish them is crucial for moving forward 

in this thesis. The definitions of each are provided below and remain consistent 

throughout this work.  

(1) Chronological Age: The age of an individual measured in years from birth until 

death.  

(2) Skeletal Age: The description of an individual’s age based on the development or 

degeneration of skeletal features. Skeletal age can be influenced by genetics, 

environment, nutrition, health, etc.  
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(3) Age indicator: a skeletal feature that holds predictive value for aging.  

(4) Age range: the most likely approximation of age given in a defined span of time. 

(5) Final age estimation: the age range that would be reported to law enforcement in 

a forensic context. The final age estimate may be derived from a single method 

or using information from multiple methods.  

(6) Age-reporting strategies: the different ways in which one or more age ranges can 

be reported to produce a final age estimation.  

Thesis Layout 

The main goals of this study are to identify the most accurate and reliable 

strategies for reporting age-at-death and to evaluate the appropriateness of using one’s 

professional judgement to produce a final age estimation. 

Following the introduction, Chapter Two provides an overview of the literature 

pertaining to the main themes of this research. The first half of Chapter Two establishes 

fundamentals of age-at-death estimation within forensic anthropology by providing a 

discussion of the history of age estimation within the field, giving an overview of the 

age-at-death estimation methods relevant to this study, and exploring the potential 

sources of error related to age estimation. The latter half of Chapter Two shifts towards 

the practical applications of forensic aging by presenting an overview of current 

practices in skeletal aging and reviewing studies aimed at comparing different aging 

methods. The final component of Chapter Two details the three research hypotheses 

driving this study.  
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Chapter Three outlines the materials and methods used to test the hypotheses 

presented in Chapter Two, provides a detailed explanation of each age-reporting 

strategy, and discusses the intra- and interobserver components of this research.  

Chapter Four presents the result from the larger study and the intra- and 

interobserver studies and Chapter Five provides a discussion of all findings. 

 Finally, Chapter Six provides concluding thoughts, a discussion of project 

limitations, and future research directions.  
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CHAPTER TWO  

LITERATURE REVIEW 

Overview of Skeletal Age Estimation and Aging Methods  

 
Age estimation of adult skeletons has been a key area of study within forensic 

anthropology since its inception as a discipline. From the earliest studies of age 

estimation to modern day approaches, researchers have noted the challenges that 

come with estimating age from skeletal indicators (Buckberry and Chamberlain 2002; 

Garvin and Passalacqua 2012; Işcan et al. 1984a; Lovejoy et al. 1985b; Martrille et al. 

2007; Merritt 2013). Thomas Dwight is considered to be the father of forensic 

anthropology in the United States, and is one of the first individuals to meaningfully 

discuss age estimation in a forensic context (Ubelaker 2010). Dwight not only calls 

attention to the vast amount of variation in the skeleton due to age, especially during the 

“mature” and “senile” stages of life, but also asserts that age cannot be estimated with a 

high degree of accuracy due to individual skeletal variation (Dwight 1878). Dwight’s 

book, The Identification of the Human Skeleton: a Medico-legal Study (1878) was 

particularly significant for the field of forensic anthropology because it prompted the 

development of aging methods aimed at understanding skeletal variation.  

As individuals age, there is a decline in the amount of tissue produced in the 

musculoskeletal system, a thinning of the cellular matrix of the tissues, and decrease 

function of tissue cells leading to overall skeletal degeneration, particularly at joints 

(Freemont and Hoyland 2007; Lovejoy et al. 1985b; Todd 1920). Joints are areas within 

the skeleton where bones articulate with one another via cartilage or ligaments. There 
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are a variety of joints within the body that are categorized by their functional role in 

movement and stabilization. The amount of  joint movement is dependent on the 

surface area and shape of the articular surfaces of the two joining bones as well as the 

ligaments binding them together (White et al. 2012).  

Broadly, joints can be divided up into three categories: synovial, cartilaginous, 

and fibrous (White et al. 2012). Synovial joints are free-moving joints characterized by a 

joint capsule and synovial fluid which creates a friction-free environment. Synovial joints 

tend to have a high degree of movement as is seen in the shoulder and knee. 

Cartilaginous joints are connected with cartilage which restricts their movement. The 

sternal rib ends and pubic symphysis are both examples of different cartilaginous joints. 

Finally, fibrous joints restrict movement even further than cartilaginous joints as these 

are either bound by strong fibrous membranes or ligaments. Cranial sutures are an 

example of interlocking fibrous joints that exhibit little to no movement. 

 When developing aging methods anthropologists have focused on joints that are 

less affected by daily activities. Therefore, many aging methods have largely been 

restricted to areas of the skeleton such as the pubic symphysis, sternal rib ends, iliac 

auricular surface, and cranial sutures. These joints have been shown to display a 

sequence of morphological changes tightly associated with age (Işcan et al. 1984a; 

Işcan et al. 1984b; Işcan et al. 1985; Lovejoy et al. 1985b; Meindl and Lovejoy 1985; 

Todd 1920). 

In the 20th century, several researchers identified the pubic symphysis as a 

reliable skeletal age indicator and subsequently published age estimation methods 
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based on observed pubic changes (Krogman 1939; McKern and Stewart 1957; Stewart 

1957; Todd 1920; Todd 1930). These scholars have described the pubic symphyses of 

younger individuals as marked by “furrows and ridges.” The degeneration process is 

recognized by the development a rim around the pubic symphysis and eventually 

breakdown of the symphysial face through time. Early pubic symphysis methods, such 

as those developed by Todd and McKern and Stewart, are not widely used in forensic 

casework today due to their development on skeletal samples not representative of 

modern forensic populations. However, their descriptions of age-related changes of the 

pubic symphysis has persisted and informed current aging methods. It was also during 

the early 20th century that anthropologists focused on cranial suture closure in 

developing age-estimation methods (Todd and Lyon 1924; Todd and Lyon 1925). 

Cranial suture aging relies on the recognition of the stages of suture obliteration. The 

first aging methods were important because they established the fundamentals of 

skeletal aging and were invaluable for describing key considerations of age estimation 

that persist today. These considerations include the notions that method performance 

may vary by age group (Baccino et al. 1999; Martrille et al. 2007; Merritt 2013), 

population and sex differences may influence estimations (Franklin 2010; Nawrocki 

2010; SWGANTH 2013), and sample composition is important in developing methods 

and deciding which methods to use in age estimation (Nawrocki 2010). 

The late 20th century brought an expansion of aging methodologies focused on 

diverse regions within the skeleton including the sternal ends of ribs and the iliac 

auricular surface of the pelvis (Işcan et al. 1984a; Işcan et al. 1984b; Işcan et al. 1985; 
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Lovejoy et al. 1985b). Like the pubic symphysis, these areas are recognized for their 

consistent morphological changes associated with age. For example, the sternal rib end 

starts out flat with billows, forms a pit with a rim, and eventually becomes irregular with 

age (Işcan et al. 1984a; Işcan et al. 1985). The auricular surface is often evaluated for 

its physical appearance as well as its texture. In youth, the auricular surface is billowed 

with fine granularity. Over time, the auricular surface becomes irregular and dense, 

eventually breaking down completely (Lovejoy et al. 1985b). The first methods 

developed for sternal rib ends and the iliac auricular surface are still utilized, and their 

descriptions have been adapted in revised methods focusing on these regions.  

Pubic Symphysis Aging 

Todd Pubic Symphysis 
 

As discussed, the age-related morphological changes of the pubic symphysis 

have been recognized since the late 19th and early 20th centuries (Todd 1920). Wingate 

Todd was the first scholar to systematically describe the gross changes the pubis 

undergoes with age. In the development of his first pubic symphysis method, Todd 

observed 306 white, adult male os coxae to describe age related changes. Ten phases 

of the aging pubis were defined from his initial research. In 1930, Todd expanded his 

study of the pubic symphysis to include males and females of both African and 

European ancestry (Todd 1930). The skeletal material used in both studies was a 

medical sample with associated demographic records that Todd and his colleague Carl 

Hamann curated and kept at the Anatomical Laboratory in Ohio (Todd 1920). This 
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collection is now known as the Hamann-Todd collection and is comprised of over 3,000 

skeletons that were accessioned between 1912 and 1938. 

Pubic symphyses of young individuals are marked by “ridges and furrows”, lack a 

margin around the symphyseal face, do not have a clear delineation of the superior and 

inferior borders of the face, and do not have a defined dorsal or ventral rampart (Todd 

1920). During the “post-adolescent” phases (20-24 years old) the margin begins to form 

around the pubic symphysis. In later phases (25-39 years old), the ridges and furrows 

become less apparent and the margin around the pubic symphysis is more distinct due 

to greater definition of the superior and inferior margin and development of the ventral 

and dorsal ramparts. There is still no rim around the margin. Todd notes that it is also 

possible for bony outgrowths to appear during this time. Todd’s eighth phase (39-44 

years old) marks the completion of the outline around the symphyseal face and the 

complete smoothing of the ridge and furrow system. The last two phases (45+ years 

old) are marked by degeneration of the pubic symphysis starting with a breakdown of 

the rim around the pubic symphysis. The later phases are also characterized by lipping 

on the ventral and dorsal rampart, erosion of the symphyseal face, erratic osteophytic 

outgrowths (Todd 1920).  

While Todd’s original aging system is rarely used in forensic contexts today, his 

descriptions of age-related changes to the pubic symphysis and the general timeline 

have been adapted and utilized in the development of subsequent pubic symphysis 

aging methods. 
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Suchey-Brooks Pubic Symphysis 
 

The pubic symphysis method developed by Suchey, Brooks, and Katz (1990; 

1986; 1988) is a six-phase system that describes the age-related changes to the pubic 

symphysis of the pelvis. This method is a modification of the Todd (1920; 1930) pubic 

symphysis aging method described in the previous section. Essentially, Suchey and 

colleagues reduced the number of phases from ten to six and simplified the definitions 

developed by Todd. In addition to descriptions of each phase, casts are available that 

represent the “early” and “late” stages of each phase. The authors also provide 

separate male and female standards, as well as a mean age, the standard deviation, 

and a 95% range, for each phase. Brooks and Suchey’s (1990) modified method was 

developed using an autopsy sample collected from the Los Angeles Office of the Chief 

Medical Examiner, making it the first method to be developed on a modern forensic 

population. The sample includes a large number of modern males (n=739) and females 

(n=273) whose ages-at-death range from 14-99 years old, with majority of the 

individuals comprising the early decades of life. The Suchey-Brooks sample was also 

inclusive of individuals with diverse ancestral backgrounds.  

Hartnett Pubic Symphysis 
 

The pubic symphysis aging method developed by Hartnett (2010a) is a revision 

of the Suchey-Brooks(1990) method and aims to increase the accuracy and precision of 

pubic symphysis aging. As with the Suchey-Brooks method, the Hartnett pubic 

symphysis method was mainly derived from an autopsy sample. Male (n=419) and 

female (n=211) pubic bones were collected during autopsy at the Maricopa County 
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Forensic Science Center or from the Barrow Neurological Institute in Phoenix, Arizona 

in the early 2000s. The sample consists of individuals from different ancestral 

backgrounds and whose ages-at-death range from 18-99 years old. Unlike the Suchey-

Brooks sample, the Hartnett sample has a higher proportion of older individuals. 

The major difference. between the Suchey-Brooks pubic symphysis method and 

the Hartnett pubic symphysis method is the increase from six to seven phases. 

Hartnett’s sample includes a larger proportion of older individuals than Suchey-Brooks’, 

so she added the additional phase to better capture morphological changes associated 

with later decades of life. Hartnett argues that the addition of a seventh phase helps 

avoid a non-descriptive category of 50+ years, which is the range for phase six of the 

Suchey-Brooks method. Hartnett’s pubic symphysis method also takes into 

consideration the texture and weight of the bone for phase assignment. As with the 

Suchey-Brooks method, Hartnett provides sex-specific phases, mean age, standard 

deviation, and an age range. Unlike Suchey-Brooks, the age ranges provided by the 

Hartnett method were determined based on where 100% of the data fell rather than a 

96% range. Additionally, Hartnett does not provide supplementary visual materials such 

as casts.  

Auricular Surface Aging  

Iliac auricular surface aging is conducted by evaluating different portions of the 

iliac joint surface as well as the area surrounding it. The iliac joint surface itself is 

divided into two major aspects; the superior demiface and the inferior demiface, which 

come together at the apex (Lovejoy et al. 1985b). In addition to the joint surface, the 
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area just superior and posterior to the iliac auricular surface (retroauricular area) is also 

evaluated. The auricular surface is aged based on morphological attributes (billowing, 

striae, porosity, osteophytic growths) as well as its texture (granularity and density) 

(Lovejoy et al. 1985b).  

In general, the auricular surface can be broken divided into four broad categories 

of age related changes, “young adult phase,” “mid adult phase,” “early senescent 

phase,” and “breakdown” (Lovejoy et al. 1985b). The young adult phase is 

characterized by distinct transverse organization, billowing, course granularity and lack 

of retroauricular bone growth. In the mid adult phase there is a loss of billowing, the 

surface texture is more fine-grained, and there is slight bony buildup in the retroauricular 

area. Early senescence is marked by a distinct change in surface granularity, increased 

porosity and density, and morphological changes at the apex. Finally, the breakdown 

stage is characterized by destruction of the subchondral bone accompanied by 

extensive porosity, irregularity, and bony growths in the retroauricular area.   

Lovejoy Auricular Surface  
 

The description of auricular surface aging provided above is drawn from the 

method developed by Lovejoy, Meindl, Pryzbeck, and Mensforth (1985b). The Lovejoy 

method was developed using individuals from three different sample populations; the 

Libben archaeological population housed at Kent State University (n=250), the Hamann-

Todd collection at the Cleveland Museum of Natural History (n=500), and identified 

forensic cases from the Cuyahoga County Coroner’s office (n=14). For their method, 

Lovejoy et al. define eight phases based on chronological changes of the auricular 
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surface and retroauricular area. The eight phases provide 5-10 year age intervals, with 

the exception of phase 8, which is simply 60+ years. In addition to the descriptions of 

each phase, the authors provide black and white photos for reference. The authors do 

not provide any statistical information such as standard deviations or confidence 

intervals. Scholars have found that the method consistently underestimates the ages of 

older individuals and overestimates the ages of younger individuals (Bedford ME 1993; 

Murray and Murray 1991; Saunders et al. 1992).  

Buckberry-Chamberlain Auricular Surface  
 

Buckberry and Chamberlain (2002) evaluated and revised the Lovejoy (Lovejoy 

et al. 1985b) method due to its consistent use within forensic anthropology despite its 

optimistically small age ranges. The authors translated the categories described by 

Lovejoy et al. (1985b) into numerical scores based on degrees of expression. For 

example, porosity is scored on a 1-3 scale with score 1 indicating no porosity, 2 

indicating porosity on only one demiface, and score 3 indicating porosity on both 

demifaces. Once each individual component score is added up into a composite score it 

is translated into an auricular surface stage. There are seven age stages, and each 

have corresponding statistical information such as mean age, standard deviation, 

median age, and an age range. Buckberry and Chamberlain tested this new auricular 

surface scoring system for observer reliability and correlation to age. Due to the high 

observer comparability and high correlations to age, the component system was then 

tested on a skeletal sample (n=180) from Christ Church, Spitalfields London. The 

Spitalfields collection includes over 900 individuals, with associated perish records, 
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dating from 1759-1859 AD. The authors also applied the Suchey-Brooks pubic 

symphysis method to the Spitalfields sample and found that their new auricular surface 

system had a higher correlation with age than Suchey-Brooks. 

Sternal Rib End Aging  

Age estimation using ribs typically involves observing the morphological changes 

the fourth rib end undergoes through time. These changes broadly involve an increase 

in pit depth, shape changes to the rib pit and rim, and bone quality changes (Işcan et al. 

1984a; Işcan et al. 1984b; Işcan et al. 1985). 

Sternal rib ends of young adults typically have flat, billowing surface, a regular 

rim, and a dense, smooth bone texture (Işcan et al. 1984a; Işcan et al. 1984b; Işcan et 

al. 1985). Over time, the pit deepens and the cross section of the pit takes on a “V” 

shape which eventually widens into a “U” shape. As the pit deepens, the rim 

surrounding the sternal rib end also changes. At first the rim is rounded and smooth but 

will become scalloped in appearance. Eventually, the rim becomes sharp and irregular 

with the cartilage around the sternal rib end ossifying in some instances. Finally, the 

overall quality of the rib as well as the quality of bone within the pit deteriorates through 

time. In youth the bone is smooth, dense, and strong, but with age the bone becomes 

thin and brittle and exhibits porosity within the pit and on the outer cortical layer (Işcan 

et al. 1984a; Işcan et al. 1984b; Işcan et al. 1985). 
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Işcan Rib   
 

The sternal rib method developed by Işcan, Loth, and Wright (1984a; 1984b; 

1985) is a macroscopic evaluation of the sternal end of the fourth rib. The morphological 

qualities being evaluated include pit formation, pit depth and shape, wall configurations, 

and bone texture and quality of the bone as a whole. While Işcan’s (1984b) first method 

for sternal end aging was a component-based system, his subsequent methods were 

phase-based and are the ones included within this study (Işcan et al. 1984a; Işcan et al. 

1985). Işcan and colleagues developed their sternal rib end methods using an autopsy 

sample from the Broward County Medical Examiner’s Office in Fort Lauderdale, Florida. 

Separate standards were developed for males and females. In both methods, only white 

individuals with known demographic information were selected. The male sample 

included ribs from 118 individuals ranging in age from 17-85 years and the female 

sample included ribs from 86 individuals ranging in age from 14-90 years. The average 

age of individuals included was 41 years for the males and 48 years for the females, 

with the majority of the individuals between 20-40 years old.  

 The Işcan sternal rib end method involves the evaluation of the right, fourth rib 

and includes nine phases ranging from 0-8, with 0 containing more youthful qualities 

and 8 more degenerative qualities. The general process of age-related changes to the 

rib can be referenced in the previous section. Again, there are sex-specific descriptions 

for each phase. The statistical information associated with each phase includes a mean, 

standard deviation, standard error, 95% confidence interval, and an age range. Casts 
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and photographs illustrating variations within each phase are also available to use along 

with the written descriptions.  

Hartnett Rib   
 

The Hartnett (2010b) rib method is a modification of the Işcan (1984a; 1984b) 

method and is aimed at increasing the accuracy and precision of rib aging. The sample 

Hartnett used in the development of the sternal rib end is the same sample she used to 

develop the modified pubic symphysis method. Male (n=419) and female (n=211) fourth 

ribs were collected during autopsy at the Maricopa County Forensic Science Center or 

from the Barrow Neurological Institute in Phoenix, Arizona in the early 2000s. To 

reiterate, the sample consists of individuals from different ancestral backgrounds and 

whose ages-at-death range from 18-99 years old.  

One of the major differences between the two rib methods is that Hartnett 

(2010b) reduces the number of phases from eight to seven. Additionally, more 

emphasis is placed on the bone weight and quality for phase assignment in the later 

decades of life. Other minor changes include clarifying language of phase descriptions 

and adjusting the age ranges and means per phase to reflect the phase composition of 

Hartnett’s sample. Hartnett provides descriptive statistics for both males and females 

that include the mean, standard deviation, and age range based on 100% of individuals. 

Unlike Işcan, Hartnett does not provide supplementary visual aids for phase 

assignment. 
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Error in Aging 

In addition to establishing methods, aging studies have helped anthropologists 

become more aware of the variation that different skeletal indicators can display as a 

result of the aging process. Moreover, aging studies have contributed to a greater 

consciousness of the potential sources of error when estimating age-at-death. 

Understanding the error involved in age estimation is necessary when developing new 

aging methods and for validating current methods. Nawrocki (2010) discusses many 

sources of error that anthropologists face with age estimation, including non-age related 

skeletal variation, the error caused by transformative processes of skeletal aging, and 

the “trajectory effect.” Non-age related skeletal variation is the observable differences in 

skeletal indicators that are not accounted for by age. Variation not associated with age 

can be a result of the individual’s sex, ancestral background, activity level, disease 

history, etc. In some instances, non-age related variation can be controlled for in the 

development of aging methods which can help reduce the overall error of the 

methodology. The transformative process of skeletal aging refers to the process of 

transcribing the appearance of skeletal indicators into a chronological age range. The 

trajectory effect of aging is the concept that the variation in skeletal indicators will 

increase with chronological age, and subsequently, associated error intervals will also 

increase (Figure 1). This increase in error with age is because there is not a one-to-one 

correlation between chronological age and skeletal age. As per the trajectory effect, as 

one ages, the less correlated skeletal age and chronological age become. Familiarity 

with this phenomenon is pertinent for reducing error associated with age-at-death 
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estimation. While small final age rages might be appropriate for younger individuals, the 

trajectory effect illustrates the inappropriateness of providing narrow age estimate for 

individuals of more advanced age.  

As previously mentioned, skeletal age estimation relies upon recording perceived 

skeletal age, based on visual observation, and translating it into a chronological age 

range. Since skeletal indicators and chronological age are not perfectly correlated with 

one another due to individual life histories, there is error inherently involved in this 

process. It is difficult to control all of the variables that affect skeletal morphology, 

including sex and population differences, activity level, disease, etc. Even if these 

variables could be controlled, their actual effect on the aging process is difficult to 

assess (Nawrocki 2010). Further complicating age estimation is that skeletal regions do 

not always age consistently with respect to each other (Franklin 2010; Nawrocki 2010). 

Because different areas of the skeleton are not always analogous in their degeneration 

process, Nawrocki (2010) states that no single method can account for more than 50% 

of variability associated with aging. Because individual aging methods are limited in 

their ability to capture the age-related variation observed in isolated skeletal regions, 

anthropologists may try to combine results from multiple methods and/or used their 

expert judgement to arrive at a final estimation. This is problematic because age 

estimations arrived in this way have the potential to not meet the evidentiary 

admissibility guidelines set forth by the Daubert ruling. 
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Figure 1: Trajectory effect in age estimation (Nawrocki 2010). 
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When anthropologists attempt to combine information from multiple aging 

indicators and methods, they introduce more error into the age estimation process. 

While multifactorial approaches that utilize principal component analysis have been 

shown to moderately increase accuracy of age estimation (Lovejoy et al. 1985a; 

Martrille et al. 2007; Nawrocki 2010; Saunders et al. 1992), they do not perform 

significantly better than single indicators or simply averaging the results of each aging 

indicator observed (Martrille et al. 2007; Nawrocki 2010; Saunders et al. 1992). 

Additionally, multifactorial approaches, which involve attributing different weights to 

calculated point estimates via principal component analysis (PCA), are arduous and 

statistically difficult to employ (Martrille et al. 2007; Saunders et al. 1992). Nawrocki 

(2010) suggests that a better approach might be to rely on the skeletal indicator with the 

lowest error rate and use it exclusively. This suggestion should be evaluated and tested 

for its accuracy and reliability compared to other age-reporting strategies within 

anthropology. If using the best skeletal indicator with lowest error rate is the most 

accurate and reliable way to arrive at a final age estimation, then this should be the 

standard for reporting age within forensic anthropology. However, if the accuracy of 

methods is contingent on large age intervals, this may not be the most pragmatic 

approach in a forensic setting.  

Current Practices in Skeletal Aging 

Due to the large body of literature concerning age estimation, Garvin and 

Passalacqua (2012) administered a survey to 145 members of the Physical 

Anthropology section of the American Association of Forensic Sciences to gain an 
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understanding of common practices in age estimation. The major goals of their survey 

were to assess how anthropologists make decisions regarding which skeletal region to 

evaluate, which method(s) to use, how to report statistical information, and how 

information from different methods were being translated into a final age estimation. 

The results of Garvin and Passalacqua’s survey revealed that the pubic 

symphysis is the most preferred region to evaluate for age estimation, followed by the 

sternal rib ends and the auricular surface (Garvin and Passalacqua 2012). In contrast, 

respondents least preferred evaluating cranial suture and dental wear for assessing 

age. Participants were also asked to identify the specific methods that they typically 

used for estimating age. Unsurprisingly, the favored methods reflected the preferred 

skeletal regions: Suchey-Brooks (1990) (pubic symphysis), İşcan (1984b; 1985) (sternal 

rib ends), and Lovejoy et al. (1985b) (auricular surface). Garvin and Passalacqua also 

note that anthropologists prefer to use the studies developed in 1980s-1990s because 

they are often included within edited volumes, are the most commonly used methods, 

and do not require learning new/different methodologies (Garvin and Passalacqua 

2012). These results are further supported by Parsons (2017) who examined the 

accuracy of the biological profile in casework across three different Medical Examiner’s 

offices.  

When reporting the results from a single method, the preferred strategy is using 

the full age range provided by the original study (Garvin and Passalacqua 2012). There 

is variation in how age ranges are developed among aging studies. For example, Katz 

and Suchey (1986) utilize a 95% range; Hartnett (2010a; 2010b) developed ranges on 
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the basis of where 100% of where her data fell; and Lovejoy et al. (1985b) arbitrarily 

chose to report 5-year age ranges.  

An experience-based aging approach was the next most utilized age-reporting 

strategy, especially when a skeletal indicator does not fit nicely into one of the described 

phases because it displays characteristics from multiple phases (Garvin and 

Passalacqua 2012). In these instances, all but one respondent reported considering 

descriptive information from multiple phases within a single method. The survey showed 

that there was no consensus regarding how to combine information from multiple 

phases. While some participants responded that they reported the overlap of the 

phases, others indicated that they reported the entire range of multiple phases or would 

use their expertise to produce a narrower age range. Finally, when asked how they 

combine information from different skeletal regions or methods, respondents gave 

variable responses, but many indicated that experience was a deciding factor in their 

final determination of a final age estimation (Garvin and Passalacqua 2012). Survey 

respondents expressed concern towards the subjectivity and statistical invalidity of the 

experience-based age estimations. Because experience is relied upon to narrow ranges 

and/or provide final age estimations, it is important for studies to evaluate estimations 

derived from experience for accuracy and reliability.  

Garvin and Passalacqua’s (2012) survey is important because it sheds light on 

current practices and problems affecting age-at-death estimations. The survey 

highlights the most commonly evaluated skeletal regions, the most relied upon 

methods, and the overall lack of standardization, particularly when combining 
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information from multiple methods. Understanding which age-reporting strategies 

produce the most accurate and reliable age estimations is fundamental for informing 

decisions regarding method selection and improving aging results. 

While multifactorial approaches to age estimation, such as transition analysis 

(Milner and Boldsen 2012), have helped alleviate some of the statistical challenges of 

combining multiple indicators for age estimation, only a few respondents of Garvin and 

Passalacqua’s survey reported using transition analysis or other Bayesian approaches. 

Additionally, some of the aging literature demonstrate that multifactorial approaches do 

not fare significantly better than single indicators (Martrille et al. 2007; Saunders et al. 

1992). Milner and colleagues (2016) are currently working on a more comprehensive 

aging program which aims to allow anthropologists to combine different aging indicators 

in a statistically valid manner. Until this new program is released and implemented 

broadly, its contribution to skeletal age estimations remains unclear.  

To understand how current methodologies can affect age estimations, several 

anthropologists have conducted comparative studies. The goals of these studies are to 

assess which skeletal regions and methods perform the best with respect to accuracy 

and reliability (inaccuracy and reliability). Additionally, the studies comparing multiple 

aging methods explore strategies that combine information (Baccino et al. 1999; 

Martrille et al. 2007; Merritt 2013; Saunders et al. 1992). 

Studies Comparing Aging Methods 

Studies aimed at comparing different aging methods typically evaluate method 

performance by their accuracy and reliability (Garvin and Passalacqua 2012; Martrille et 
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al. 2007; Merritt 2013; Miranker 2016; Saunders et al. 1992). Accuracy is the 

assignment of an individual to a category that includes their age-at-death. (Garvin and 

Passalacqua 2012; Merritt 2013; Miranker 2016). Overall method accuracy is calculated 

by assessing the number of individuals whose ages are included within their assigned 

age range. For example, if 10 out of 10 individuals’ ages-at-death fall somewhere within 

the age range of the phase ascribed by the researcher, then the accuracy of the method 

is 100%. Accuracy does not take into account whether the individual could fit into 

multiple phases described by the method. Therefore, methods that have very large age 

ranges and/or phases with overlapping ranges tend to be more “accurate.”  

Reliability assesses how far an estimate is from the actual age and whether a 

method has the tendency to over- or underestimate certain cohorts. Reliability is 

determined by calculating inaccuracy and bias (Merritt 2013). Inaccuracy is defined as 

the absolute distance of the actual age from the mean of the range the individual was 

ascribed (Merritt 2013; Nawrocki 2010). Inaccuracy does not take into consideration 

over- or underestimation, but rather total distance from the mean. Conversely, bias is 

defined as the tendency of a method to under/overestimate an individual’s actual age 

(Merritt 2013). Methods are often considered reliable if they have low inaccuracies and 

bias scores approaching zero.  

In order to better understand the performance of aging methods on samples 

outside of those used to develop the method, Saunders et al. (1992) tested four 

traditional aging methods and one multifactorial aging approach on individuals within an 

archaeological sample. Saunders and colleagues sample size ranged between 27-49 
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individuals depending on preservation. The individuals were excavated from the St. 

Thomas Anglican church in Belleville, Ontario, which was in use from 1821-1874. The 

researchers only included individuals with known ages. The selected methods for their 

study include the Suchey, Brooks, and Katz (1986; 1988) pubic symphysis, Lovejoy 

(1985b) auricular surface, Meindl and Lovejoy (1985) ectocranial suture, and İşcan, 

Loth, and Wright (1984a; Işcan et al. 1984b; 1985) sternal rib end. In addition to these 

four aging methods, the authors employed a multifactorial aging approach which they 

modeled after a previous study conducted by Lovejoy and colleagues (1985a). For this 

multifactorial approach, all aging indicators observed are applied independently and 

used to generate an intercorrelation matrix which is then subject to a principle 

components analysis (PCA) (Saunders et al. 1992). The final age estimate is calculated 

using the weighted averages of each skeletal indicator. Saunders and colleagues used 

the reported means for each method and calculated means for the Lovejoy method 

(1985b) which only provides 5-10 year ranges for each phase. A simple average was 

also calculated and compared to the multifactorial approach to see if one approach has 

greater aging potential over the other.  

The value of each individual age indicator was assessed based on the difference 

between predicted and actual age and bias of each method, which is defined above as 

reliability. The results of the study led the authors to assert that no skeletal indicator of 

age is likely to encompass all of the variation of chronological age, and reliance on a 

single method for age estimation is cautioned (Saunders et al. 1992). The findings of 

this study also indicate that the multifactorial approach did not predict age much better 
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than a simple mathematical average of the estimates derived from each method. 

Regardless of the poor performance of the multifactorial method, the authors 

recommend that anthropologists continue to utilize all available information and rely on 

their “professional judgment” to develop a final age estimation (Saunders et al. 1992). 

Again, while age estimations derived using one’s professional experience are 

problematic within the contexts of Daubert, they should not be discounted if they are 

both accurate and reliable. 

Like Saunders (1992), Baccino and colleagues (1999) evaluated individual aging 

methods for their accuracy and reliability. The skeletal elements for their study were 

collected at autopsy from 19 European individuals (15 males and 4 females) ranging in 

age from 19-54 years. The methods included the study were Lamendin (1992) single 

rooted tooth, İşcan (1984a; 1985) sternal rib ends, Suchey-Brooks (1986) pubic 

symphysis, and the Kerley (1978) microscopic cortical bone thickness. In addition to 

evaluating individual aging methods, Baccino et al. (1999) were interested in evaluating 

age-reporting strategies that consider the results of multiple methods and age 

indicators, which are referred to as “comprehensive methods” by the authors.  

Baccino and colleagues (Baccino et al. 2014; Baccino et al. 1999) were the first 

to implement a strategy for systematically selecting an aging method based on 

preliminarily age assessment of the skeleton. This strategy for method selection is 

known as the two-step procedure (TSP). The TSP carries two assumptions: (1) no 

single aging method is appropriate for the entire lifespan and (2) methods developed 

using age cohorts similar to the unknown skeleton will produce more accurate age 
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estimations (Baccino et al. 2014; Baccino et al. 1999). For the Baccino et al. (1999) 

study, the TSP helped the researches choose between the Suchey-Brooks and 

Lamendin method since Suchey-Brooks is more accurate for young individuals and 

Lamendin is more accurate for older individuals. If the unknown skeleton fell within the 

first three phases of the Suchey-Brooks method then the Suchey-Brooks age range was 

reported as the final age estimate, but if the individual fell within phases four-six of the 

Suchey-Brooks method, Lamendin method was reported as the final age estimate 

(Baccino et al. 1999).  

In addition to the TSP, the researchers also produced age estimations using a 

“global approach” (Baccino et al. 1999). Essentially, the researchers were able to 

include or exclude the results of individual methods and rely on their professional 

experience to produce the age estimation they deemed most appropriate. Two 

observers conducted each method mentioned above and interobserver error was 

calculated for observer comparability, bias, and accuracy. 

The results of the Baccino et al. (1999) study revealed that the TSP had the best 

overall observer comparability, the Lamendin method had the highest correlation of bias 

scores, and the global method had the smallest mean inaccuracy difference.  

The Baccino et al. (1999) study showed that the standard errors were lower for 

all comprehensive methods than for single methods. Additionally, the study revealed 

that strategies of age estimation that consider the results of multiple methods produce 

better estimations than those relying on single methods, which supports the findings of 

Saunders and colleagues (1992). It is important to note that the sample size for the 
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Baccino et al. study was small (n=19) meaning the results could be an artifact of sample 

bias. Further comparisons of age estimates derived from individual ranges and those 

derived from the results of multiple methods are necessary to determine if one is 

actually superior to the other.  

Martrille and colleagues (2007) also tested skeletal aging methods for their 

accuracy and reliability and employed a multifactorial approach to combine aging 

indicators. The goal of their study was to determine if single aging methods are more 

reliable than a combination of methods for estimating age. The four methods included 

within the study were Suchey, Brooks, and Katz (1986; 1988) (Suchey-Brooks) pubic 

symphysis, Loveyjoy (1985b) auricular surface, the Lamendin (1992) single rooted 

tooth, and the İşcan (1984a; 1984b; 1985) fourth rib. The study assesses the inaccuracy 

and bias for each age indicator. Similarly to Saunders et al. (1992), PCA was used in 

order to combine the four methods. The sample for the Martrille et al. (2007) study 

consisted of 218 black and white individuals (115 males and 103 females) ranging in 

age from 25-90 years old from the Terry collection. The Terry collection is comprised of 

over 1,700 individuals who were born between 1828 and 1943. The researchers 

analyzed results for the entire sample and then by ancestry, sex, and age cohort (25-40; 

41-60; 60+). 

When broken down by age, Suchey-Brooks was more accurate for young adults 

and İşcan for older adults. For the combined sample, Suchey-Brooks and İşcan 

methods were more accurate than the Lamendin and auricular surface methods. 

Additionally, the results revealed that PCA provided the best overall age estimation with 
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regards to mean inaccuracy. However, like Saunders et al. (1992), Martrille et al. (2007) 

found that the multifactorial method did not perform significantly better than the 

individual methods. The results were similar when the sample was subdivided ancestry 

and sex. Their research also support the two-step procedure described by Baccino and 

colleagues (1999). The authors suggest that the preliminary assessment of skeletal 

indicators to inform which method to use for aging will yield the most accurate results. 

Again, the suggestion of preliminary assessment of a skeletal indicator gives validity to 

the notion that aging methods constructed using age cohorts that are similar to that of 

the unidentified remains will reduce the error of the final the age estimation (Baccino et 

al. 2014; Martrille et al. 2007; Merritt 2013). 

Finally, Merritt (2013) examined different age estimation methods, but focused on 

comparing five original aging methods to six new or revised methods. The original 

methods examined were Kunos et al. (1999) first rib, İşcan, Loth and Wright (1985) 

sternal fourth rib, Lovejoy (1985b) auricular surface, Todd (1920) pubic symphysis, and 

Suchey-Brook (1990) pubic symphysis. The new and revised methods were Digangi et 

al.(2009) first rib, Hartnett (2010a; 2010b) pubic symphysis and fourth rib methods, 

Passalacqua (2009) sacrum, Buckberry and Chamberlain (2002) auricular surface, and 

Rougé-Maillart et al. (2007) acetabulum and auricular surface. The sample for Merritt’s 

study included 20 European Males between the ages of 29-85 years old from the 

University of Toronto J.C.B Grant Collection. The J.C.B Grant Collection consists of 202 

adult skeletons that were received by the anatomy department from 1920s-1950s. All 
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individuals have associated records with their names, sex, age-at-death, and cause of 

death. 

The accuracy and reliability of each method were compared to one another. The 

results of the study revealed that new and revised methods tend to produce more 

accurate age estimations with lower biases, overall. Like Saunders and colleagues 

(1992), Merritt also assessed methods by age interval and found that original methods 

performed better for younger individuals and newer/revised methods were more 

accurate for older individuals. This is unsurprising given that original methods were 

developed on samples comprising younger individuals and new methods are often 

developed on samples comprising older individuals.   

 Along the lines of Baccino’s (2014; 1999) two-step procedure, and addressing 

Martrille’s (2007) suggestion to make a preliminary assessment of age before choosing 

aging methods, Merritt (2013) suggests considering the relative age of the skeleton and 

using original methods if the skeleton is likely younger (<40 years old) and revised 

methods if it is likely older (>40 years old). The sample composition for Merritt’s study 

was also biased, as the number of individuals was limited to 20 European males, most 

over the age of 60.  

Age estimation research has focused on testing the accuracy and reliability of 

current aging methodologies and exploring ways to combine the results from different 

methods and skeletal indicators to produce a final age estimation. While a variety of 

age-reporting strategies have been suggested, they have not been systematically tested 

for their accuracy, reliability, and practicality in a forensic setting. 
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Hypotheses   

As evident by the literature, there are differing viewpoints regarding which age-

reporting strategies are most appropriate to arrive at a final age estimation. When 

relying on a single aging method to produce a final age estimation, one could simply 

report the age range provided. However, if multiple methods or indicators are relied 

upon for estimating age it is often difficult to decide which of the method’s ranges would 

be best to report. Nawrocki (2010) suggests that it is statistically best to rely on the 

indicator with the lowest standard error when choosing between age ranges. This may 

be helpful for determining which age range to report when there are multiple methods 

and indictors, or multiple methods and one age-indicator being evaluated. Alternatively, 

several researchers (Baccino et al. 2014; Baccino et al. 1999; Martrille et al. 2007; 

Merritt 2013). suggest using a two-step strategy where the most appropriate method is 

determined based on a preliminary assessment of skeletal morphology. Finally, some 

anthropologists favor comprehensive age-reporting strategies such as the overlap of 

multiple ranges or using professional judgement to combine information from multiple 

methods/indicators (Baccino et al. 2014; Garvin and Passalacqua 2012; Lovejoy et al. 

1985a; Saunders et al. 1992).  

This study aims to assess age-reporting strategies for their ability to produce 

accurate and reliable final age estimations. Age-reporting strategy accuracy and 

reliability will be assessed for the total sample, by age-cohort, and by sex. Therefore, 

there are three hypotheses for this study:  
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(1) Final age estimations derived using one’s experience will be the most 

accurate and reliable overall. 

(2) The most accurate and reliable age-reporting strategy will differ when the 

sample is divided by age.  

  2a. The two-step strategies will result in the most accurate and reliable 

final age-estimations for the young and old age cohort.  

(3) The most accurate and reliable age-reporting strategy will differ when the 

sample is divided by sex.  

3a. Final age-estimations derived from sex-specific methods will be more 

accurate and reliable than those derived from non sex-specific methods 

when the sample is evaluated by sex.  
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CHAPTER THREE  

MATERIALS AND METHODS 

Sample 

The sample for this study includes 58 adult individuals (31 males and 27 

females) from the William M. Bass Donated Skeletal Collection, at the University of 

Tennessee, Knoxville. The Bass Skeletal Collection contains nearly 1,500 skeletons of 

individuals born after 1900 and with known demographic information. Table 1 provides a 

summary of the sample demographics for this study. The ages-at-death range from 21-

79 years old, with roughly 10 individuals representing each decade of life. The Bass 

Collection has an underrepresentation of individuals in the younger age categories, and 

many of the young adults within the collection exhibit trauma making them unobservable 

for this study. The second decade of life was delineated as the lower cutoff for this study 

because it is during this time that skeletal maturation is completed and reliance on 

growth and development markers is no longer feasible. The upper age limit was 79-

years-old due to the challenge of procuring adequate representation of the eighth, ninth, 

and tenth decades of life. Only individuals of European ancestry were included within 

this study to avoid low sample sizes. Excluding the 20-30 age group, sex was equally 

distributed for each decade. The sample was selected from a list of donors that fit the 

age criteria listed above. Other than the 20-30 age group, five males and five females 

were randomly selected for each age group. All the individuals that fit the criteria in the 

20-30 age group were included in this study.  
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sTable 1: Sample demographics. 

Age Group Females Males Total 
20-30 2 6 8 

31-39 5 5 10 

40-49 5 5 10 

50-59 5 5 10 

60-69 5 5 10 

70-79 5 5 10 

Total 27 31 58 
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Age Estimation Methods 

Six adult age estimation methods (three original methods and three revised 

methods) were independently conducted following the original publication descriptions. 

The original methods included in this study are Suchey-Brooks (1990), pubic symphysis 

(SBPS); Lovejoy (1985b) auricular surface (LJAS); and İşcan (1984a; 1985) fourth rib 

(ISR). The revised methods are Hartnett (2010a) pubic symphysis (HNPS); Buckberry-

Chamberlain (2002) auricular surface (BCAS) and Hartnett (2010b) (2010b) fourth rib 

(HNR). A summary of each method can be found in Table 2.   

All of the methods in this study are phase-based except for Buckberry-

Chamberlain, which is a component-based method. Both phase and component-based 

aging methods involve the evaluation of several different bony morphological traits on a 

skeletal indicator. The major difference between the two systems is that phase based 

methods group several traits together in broad phases that occur throughout the aging 

process, while component methods allow the observer to score traits independently 

from one another (Shirley and Ramirez Montes 2015). Phase-based methods operate 

under the assumption that age-related changes alter the overall appearance of the 

indicator, while component-based methods assume that different traits have 

independent correlations to age. 

Method Implementation  

Because the results of one method has the potential to bias the results of 

another, only one method at a time was applied to all individuals in the sample before 

moving on to the next method.  
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Table 2: Age estimation methods utilized in this study. 

Skeletal 
Indicator 

Method Method 
Abbreviation 

Original/Revised 
 

Phase/ 
component 

Pubic 
symphysis 

Suchey-Brooks 
(1990)  

SBPS Original 
 

Phase 

Pubic  
symphysis 

Hartnett 
(2010a) 

HNPS Revised Phase 

Auricular 
surface 

Lovejoy 
(1985b) 

LJAS Original Phase 

Auricular 
surface 

Buckberry-
Chamberlain 
(2002) 

BCAS Revised Component 

Sternal rib 
end 

İşcan  
(1984a; 1985) 

ISR Original Phase 

Sternal rib 
end 

Hartnett 
(2010b) 

HNR Revised Phase 
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Donor ages were hidden from the researcher until the completion of data collection. 

Each skeletal element was assigned to a phase or score, according to the method being 

utilized. The left os coxa and fourth rib from each individual was examined, unless the 

element from the left side was missing, pathological, or fragmented, in which case, the 

right element was examined. If the fourth rib was not observable for either side, but the 

third or fifth rib was, then this rib was used for age estimation. A study by Yoder and 

colleagues (2001) found that there is not a significant difference between the scores of 

right and left ribs 3-9. Therefore, the substitution of the right rib four with left rib four and 

the potential substitution of rib four with three or five was justified. Casts were 

referenced when conducting the methods for which they were available. Data collection 

sheets on which all notes and age ranges were recorded were developed for each 

method. At the end of data collection, all the sheets were reassociated by individual and 

all the data were transcribed into an Excel sheet.  

Age Reporting Strategies 

Sixteen final age estimations were derived through age-reporting strategies 

(method range, lowest error, two-step, overlap, and experience) (Figure 2). Each final 

age estimation was informed by the ranges of the six age-at-death methods conducted 

for this study. A brief overview of each age-reporting strategy is provided here, but each 

strategy is elaborated upon in the subsequent sections.   

First, an age estimate based on the phase/score derived from each method was 

recorded. Thus, six ranges were provided, one for each method.  
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Figure 2: Final age estimations derived from age-reporting strategies. 
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Next, the range with the lowest standard error when considering all methods together 

was recorded. Then the range with the lowest error by skeletal region was identified for 

each individual. Four ranges were produced using the lowest error strategy. Next, 

estimations were derived using a two-step strategy where a preliminary assessment of 

each skeletal indicator was conducted to determine which method results would be 

recorded. The two-step was conducted between the two methods for each skeletal 

region. If the individual was assigned to a lower phase using an original method, than 

that method’s results were recorded, but if the individual was assigned to a higher 

phase using an original method, than the revised method’s score was recorded. Using 

the two-step strategy three ranges were provided for each individual. 

Finally, due to the propensity of forensic anthropologists to include data from 

multiple methods in their final age estimations, two comprehensive strategies for 

reporting age were executed: overlap approach and an experience-based approach. 

While no one approach for combining data from multiple methods was preferred among 

respondents in Garvin and Passalacqua’s (2012) study, overlap of results and 

experience-based estimations were among the top responses given and why these 

approaches, in particular, were included in this study.  

For the overlap approach, the investigator chose a range based on the overlap of 

the six ranges derived from the aging methods included in this study. Additionally, an 

estimation was produced using the overlap of the three methods derived from the two-

step strategy. The experience-based approach was a subjectively derived range based 

on the data from all methods and the observer’s professional experience. For the 
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experience-based approach, the researcher had the ability to delineate any range they 

felt appropriate for the individual given the results of the aging methods and their 

understanding of human variation. Table 3 displays a list of the age-estimation 

strategies and their abbreviations. The individual method abbreviations are provided in 

Table 2 and are not included here. As mentioned, further descriptions of each age-

reporting strategy are provided in the following sections.  

Lowest Standard Error  
 

After reporting the full range for each method, a single method for each individual 

was chosen based on the method/phase with the lowest standard error, following 

Nawrocki's (2010) advice. Of the six aging methods included in this study, only Işcan’s 

(1984a; 1984b; 1985) rib methods provide the standard error value for each phase. 

Therefore, standard error was calculated for the remaining methods using the formula: 

!"# = !
√&

 

where SE= standard error, S=standard deviation, and n=sample size. The standard 

error calculations for the six methods are found in Table 4. Lovejoy (1985b) did not 

provide enough information to calculate standard error and was not an option for this 

portion of the study. The phase with the lowest standard error when taking all methods 

into consideration was identified for each individual and the resulting range was 

recorded.  
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Table 3: Age-estimation strategies and abbreviations.  

Strategy Abbreviation  
Lowest Error-All methods Leall 
Lowest Error- Ribs LER 
Lowest Error- Pubic Symphysis LEPS 
Lowest Error- Auricular Surface LEAS 
Two-Step- Ribs TSR 
Two-Step- Pubic Symphysis TSPS 
Two-Step- Auricular Surface TSAS 
Overlap  Overlap  
Overlap: Two-Step TSOL 
Experience Experience  
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Table 4: standard error of each method phase. 

Phase SBPS-Males SBPS -Females HNPS- Males HNPS- Females LJAS BCAS 
1 0.2 0.38 0.52 0.59 - 0.88 
2 0.42 0.71 0.5 1.06 - 2.74 
3 0.91 1.22 1.11 1.02 - 2.79 
4 0.72 1.75 1.01 1.03 - 2.56 
5 0.9 2.2 0.89 0.7 - 1.62 
6 0.87 1.74 1.38 1.24 - 1.86 
7 - - 0.95 0.99 - 3.67 
8 - - - - - - 

Phase ISR-Males ISR-Females HNR-Males HNR-Females   
1 0.25 - 0.32 0.63   
2 0.59 0.68 0.38 0.44   
3 0.85 0.74 0.71 0.68   
4 1.11 1.46 0.43 0.67   
5 1.93 2.96 0.4 0.59   
6 2.71 3.52 0.45 0.8   
7 2.31 2.81 0.76 0.82   
8 2.97 2.66 - -   



 

 
 

44 

In addition, individual skeletal regions were evaluated separately, and an age estimate 

was recorded based on the method with the lowest standard error for each region. 

When determining the method with the lowest error for auricular surface, Buckberry-

Chamberlain was the only option since it was impossible to calculate standard error for 

the Lovejoy method. 

Two-Step Strategy 
 

Several researchers have identified a two-step stagey as a reasonable way to 

estimate age because it takes into consideration the development of original methods 

on younger sample populations and revised methods on older sample populations 

(Baccino et al. 1999; Martrille et al. 2007; Merritt 2013). The two-step strategy described 

by Martrille (2007) and Merritt (2013) involves making a preliminary assessment of the 

skeleton before choosing which method results to report as a final age range. If the 

skeletal indicators suggest the individual is “young” analysis should continue using 

original methods. Conversely, if the morphology indicates that it is an older individual, 

further analysis should include revised methods (Martrille et al. 2007; Merritt 2013). 

Following Merritt’s (2013) study, forty years of age was used to differentiate young from 

old. For example, if the initial analysis with the Suchey-Brooks pubic symphysis method 

placed an individual within phases I-III, then the result from Suchey-Brooks was 

recorded; however, if the age estimate was within Suchey-Brooks phases IV-VI, then 

the Hartnett estimation was recorded. For both the auricular surface and ribs, phase 

four of the original studies was specified as the cutoff between young and old as that 

cutoff roughly corresponds to forty years of age for those methods. 
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Overlap Approach  
 

To incorporate all the data provided from different methods, practitioners often 

report an age estimate where methods overlap (Garvin and Passalacqua 2012). For this 

study, two overlap strategies were employed: (1) overlap of all six age ranges (2) 

overlap of the three age ranges derived from the two-step strategy. For each strategy, 

the ranges of the six aging methods were “mapped” on a piece of paper, as depicted in 

Figure 3. The region where all, or most, of the ranges overlapped was visually identified 

and recorded as the overlap age estimation. For continuity, the start and end of the 

overlap age estimations include existing points from the ranges derived from the aging 

methods.  

Experience-based approach 
 

The experienced-based approach for this study is the same as the global 

approach that is outlined in Baccino’s (1999) study. As such, the examiner was able to 

utilize any and all notes and results derived from the other aging methods and re-

examine skeletal structures to develop a comprehensive age estimate. As with applying 

the individual aging methods, the observer developed their experienced-base range 

blindly. The experience-based approach was a completely subjective approach as the 

observer did not have any parameters when constructing the age range for each 

individual.  
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Figure 3: Example of how overlap ranges were determined. 
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Statistical Methodologies 

A paired-samples t-test was conducted to determine if there was a significant 

difference between estimated age and actual age for all age-reporting strategies used in 

this study, including those derived from the six aging methods. In order to compare 

mean estimated age to mean actual age, the mean of the final age estimation was 

used. The null hypothesis of the paired-samples t-test is that the mean difference 

between estimated age and actual age is equal to zero. The null hypothesis assumes 

that any observable differences that are present are due to random variation. The 

alternative hypothesis is that the mean difference between the paired samples is not 

equal to zero and that something besides random variation is contributing to the 

difference. Samples were considered significantly different if the p-value, included in the 

results of the t-test, was less than 0.05.  

All age-reporting strategies were evaluated for their accuracy and reliability. 

Accuracy and reliability were calculated for the sample as a whole, by age cohort, and 

by sex. In order to increase the sample size for the age assessment, age cohorts were 

expanded from six, ~10-year ranges to three, ~20-year ranges. The three age-cohorts 

represent “young” (20-39), “middle-age” (40-59), and “old-age” (60-79) individuals in the 

sample. The accuracy of an age-reporting strategy was calculated by assessing the 

number of individuals who were correctly assigned to a range that included their age-at-

death. Accuracy was calculated as follows:  

!""#$%"&(%) =
#,-$$."/
#0-/%1  
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The thresholds for accuracy and reliability were arbitrarily delineated for this 

study due to the lack of standards for these measures. The goal of this study was to 

identify thresholds that would be rigorous enough to distinguish the best performing 

age-reporting strategies, but not too restrictive that none of the strategies met the 

standards. Therefore, a final age-reporting strategy was considered accurate if 80% of 

the individuals in the sample were correctly assigned to a range that included their age-

at-death. An 80% threshold ensured that the vast majority of individuals were correctly 

assigned to a range that included their age. Reliability was calculated by evaluating the 

inaccuracy and bias of each age estimation, as described by Meindl and colleagues 

(1985). Inaccuracy assesses the absolute difference of estimated age and actual age 

without considering under-/over-estimation and is calculated using the following 

equation: 

 

Σ[.4/56%/.7	%9. − %"/#%1	%9.]
<  

where inaccuracy is the sum of the absolute value of estimated age minus the actual 

age divided by the number of individuals within the sample.  

Bias is the mean over- or under-prediction of the individual’s age and is calculated using 

the following equation: 

∑(estimated	age	 − 	actual	age)	
<  
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where bias is the sum of estimated age minus actual age divided by the number of 

individuals within the sample. If the bias score is positive, then the age-reporting 

strategy overestimated age. If the bias score is negative, the age-reporting strategy 

underestimated age.  

An age-reporting strategy was considered reliable if it had a low inaccuracy score 

and a bias score close to zero. Again, the thresholds for reliability were arbitrarily 

assigned. For this study, low inaccuracy was a mean difference of less than 10 years 

and minimal bias was a mean difference of greater than -1 year but less than 1 year. 

Age is often discussed within ten-year increments; therefore, one decade was used as 

the standard threshold for inaccuracy in this study. The bias threshold was particularly 

rigorous to exclude age-reporting strategies with gross systematic errors in either 

direction. All calculations for inaccuracy and bias were conducted in Excel. The 

inaccuracies and biases of the age-reporting strategies were further explored through a 

two-way repeated measures ANOVA in SPSS version 24 (IBM 2016). A repeated 

measures ANOVA is used to compare two or more group means where the participants 

are the same in each group (Girden 1992). For this study, there are two between-

subject factors (sex and age-cohort) and 16 within-subject factors (the age-reporting 

strategies). Because all age-reporting strategies were applied to the same 58 

individuals, a two-way repeated measures ANOVA was used to compare the age-

reporting strategies for the total sample, by age-cohort, and by sex. To ensure that the 

assumptions of ANOVA tests were met, normality tests and tests of homogeneity of 

variance were conducted. 
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Four two-way repeated measures ANOVAs were conducted for this study. One 

ANOVA assessed the differences in bias of the age-reporting strategies with age-cohort 

as the between-subject factor, one assessed the differences in inaccuracy with age-

cohort as the between-subject factor, one assessed bias with sex as the between-

subject factor, and the last ANOVA assessed inaccuracy with sex as the between-

subject factor. If the ANOVA was significant for any of the within and between-subject 

factors, pairwise comparison tables with a Bonferroni adjustment were referenced to 

see where the differences were. Finally, if the ANOVA showed a significant interaction 

between the within and between-subject factor, the data were split by the factor of 

interest (sex or age cohort), and a univariate ANOVA was conducted to better 

understand the interaction.  

The null hypothesis for repeated measures ANOVA is that the mean of the 

variable being tested is the same for all groups (Emden 2008). The alternative 

hypothesis is that the mean of the variable being tested is not the same for all groups. 

For this study, the variables being tested are bias and inaccuracy. The F statistic was 

reported for each ANOVA conducted. The F statistic is the variance ratio produced by 

the ANOVA comparisons and signifies whether the effects of the experimental 

treatments are greater than the chance residual variation (Emden 2008). If the F value 

is less than 1.00, it indicates that the effects of the experimental treatment is less than 

the variation that would occur by chance.  



 

 
 

51 

Interobserver Error 

Thirteen observers participated in an interobserver study for this research. Four 

undergraduate students, five graduate students, and four professional anthropologists 

were tasked with estimating age for two randomly selected skeletons from the original 

sample. The prerequisite for participation in the interobserver study was successful 

completion of an introduction to forensic anthropology class. All participants were 

provided with a packet containing the data collection forms used in this study and each 

had access to a binder containing the original publications of the aging methods being 

conducted. 

The observers provided eight final age estimations: one for each of the six 

methods, one derived using the overlap approach, and one derived using the 

experienced-based approach. Observer and age-reporting strategy accuracy were 

assessed in the interobserver error study. Observer accuracy is how well individual 

observers were able to estimate the age of the skeletons using the different age-

reporting strategies. For example, if an observer was only able to estimate age 

accurately using four of the eight strategies, then that observer’s accuracy was 50%. 

Age-reporting strategy accuracy, in contrasts, assesses the percentage of people who 

accurately estimated age using each strategy. For example, if all 13 of the observers 

estimated age correctly with Suchey-Brooks, then this strategy was considered 100% 

accurate.    
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 Observer experience on age estimation was also evaluated by comparing the 

three groups using a Chi-Square analysis in SPSS. Chi-Square tests are helpful for 

determining if there is an association between variables (Emden 2008).  

Cronbach’s alpha reliability coefficient was used to determine interobserver 

reliability. Cronbach’s alpha is typically used to test reliability of survey questions, 

particularly how well the questions measure the variable of interest (Bonett and Wright 

2015). Here, Cronbach’s alpha is used to test observer consistency in assigning phases 

for each method. For example, if all observers selected Suchey-Brooks phase IV for 

skeleton one, this would demonstrate high reliability between observers. The formula for 

Cronbach’s alpha is as follows:  

I =
Ν ∙ "̅

M̅ + (Ν − 1) ∙ "̅ 

Where N=the number of items, "̅= the average covariance between item-pairs, and M̅= 

the average variance. Cronbach’s alpha was calculated in SPSS version 24.0 (IBM 

2016). Cronbach’s alpha is measured on a scale from 0-1, with one indicating perfect 

reliability. A Cronbach’s alpha score of 0.7-0.8 indicates acceptable agreement, 0.8-09 

indicates good agreement, and greater than 0.9 signifies excellent observer agreement 

(Goforth 2015).  

Intraobserver Error 

Ten skeletons were randomly chosen from the original sample to address 

intraobserver error. Included in the intraobserver sample were four females and six 

males whose ages-at-death ranged from 35-71 years old with a mean of 52 years old. 
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Each method was conducted as previously described and final age estimations were 

derived with the age-reporting strategies. The previously recorded data were compared 

to the new data using a paired-samples t-test in SPSS. Paired-samples t-test was 

selected since a subsample of the original sample was reevaluated using the same 

methodology (Emden 2008). Age ranges derived from the six methods were compared 

separately from the age ranges derived from the other ten age-reporting strategies. The 

results for both the methods and strategies were initially pooled and then individual 

methods/strategies were compared to each another.  
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CHAPTER FOUR  
RESULTS 

 
The goal of this study is to determine which age-reporting strategies produce the 

most accurate and reliable age-at-death estimations. The final age estimations derived 

from the age-reporting strategies were compared to each other and to the actual age of 

the skeleton. Accuracy and reliability were assessed for the total sample, by age-cohort, 

and by sex.  

T-test Results Comparing Actual Age to Estimated Age  

The results from the paired-samples t-test comparing actual age and estimated 

age are found in Table 5. There are significant differences in the mean values between 

actual age and estimated age for Lovejoy (LJAS) (t=4.107, df=57, p<0.05) Buckberry-

Chamberlain (BCAS) (t=-3.485, df=57, p<0.05) and Least Error Auricular Surface 

(LEAS) (t=-3.485, df=57, p<0.05). Because only BCAS contributed to LEAS estimations, 

their results are identical and will be discussed together.  

Table 6 shows the accuracy and reliability of the six skeletal aging methods by 

age cohort, sex, and total sample and Table 7 shows the accuracy and reliability of ten 

additional age-reporting strategies by age cohort, sex, and total sample. Because each 

estimation produced using the six aging methods is also considered an age-reporting 

strategy, they are included in the analyses comparing results of the different age-

reporting strategies.  
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Table 5: Paired-samples t-test comparing actual and estimated age. Significant values are highlighted.  

Paired Samples Test 

 

Paired Differences 

t df Sig. (2-tailed) Mean SD 

Std. 
Error 
Mean 

95% Confidence Interval 
of the Difference 

Lower Upper 
Pair 1 Age - ISR 1.2500 11.6590 1.5309 -1.8156 4.3156 .817 57 .418 
Pair 2 Age - HNR -2.7328 12.4405 1.6335 -6.0038 .5383 -1.673 57 .100 
Pair 3 Age - SBPS 2.0000 15.4056 2.0229 -2.0507 6.0507 .989 57 .327 
Pair 4 Age - LJAS 7.6810 14.2425 1.8701 3.9362 11.4259 4.107 57 .000 
Pair 5 Age - BCAS -6.4397 14.0728 1.8479 -10.1399 -2.7394 -3.485 57 .001 
Pair 6 Age - LEall -1.1810 11.1145 1.4594 -4.1034 1.7414 -.809 57 .422 
Pair 7 Age - LER -2.7672 12.8838 1.6917 -6.1549 .6204 -1.636 57 .107 
Pair 8 Age - LEPS -.6552 13.7883 1.8105 -4.2806 2.9703 -.362 57 .719 
Pair 9 Age - LEAS -6.4397 14.0728 1.8479 -10.1399 -2.7394 -3.485 57 .001 
Pair 10 Age - TSR -.4138 12.5164 1.6435 -3.7048 2.8772 -.252 57 .802 
Pair 11 Age - TSPS -1.2586 14.3812 1.8883 -5.0400 2.5227 -.667 57 .508 
Pair 12 Age - TSAS -2.6638 14.9556 1.9638 -6.5962 1.2686 -1.356 57 .180 
Pair 13 Age - TSOL -.0086 10.1914 1.3382 -2.6883 2.6711 -.006 57 .995 
Pair 14 Age - 

overlap 
.1552 10.4748 1.3754 -2.5990 2.9094 .113 57 .911 

Pair 15 Age -
experience 

.6293 8.2921 1.0888 -1.5510 2.8096 .578 57 .566 

Pair 16 Age - HNPS -2.0690 12.3702 1.6243 -5.3215 1.1836 -1.274 57 .208 
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Table 6: Method accuracy and reliability (inaccuracy and bias).  

 

           İşcan 
Ribs 

Hartnett 
Ribs 

Suchey-
Brooks 
Pubic 
Symphysis 

Hartnett 
pubic 
symphysis 

Lovejoy 
Auricular  
Surface 

Buckberry-
Chamberlain 
Auricular 
Surface 

20-39 
N=18 
Accuracy 
Inaccuracy 
Bias 

 
 
77.8% 
7.00 
2.06 

 
 
38.9% 
8.92 
6.53 

 
 
88.9% 
8.81 
0.47 

 
 
66.7% 
9.53 
8.36 

 
 
22.2% 
8.89 
5.33 

 
 
77.8% 
19.00 
16.06 

40-59 
N=20 
Accuracy 
Inaccuracy 
Bias 

 
 
70% 
10.08 
1.68 

 
 
35% 
10.78 
2.73 

 
 
95% 
14.10 
7.35 

 
 
80% 
11.25 
4.60 

 
 
25% 
7.95 
-6.15 

 
 
85% 
12.07 
9.48 

60-79 
N=20 
Accuracy 
Inaccuracy 
Bias 

 
 
90% 
10.00 
-7.15 

 
 
50% 
9.18 
-0.68 

 
 
70% 
15.58 
10.68 

 
 
85% 
9.28 
-6.13 

 
 
15% 
20.93 
-20.93 

 
 
100% 
7.85 
-5.25 

Males 
N=31 
Accuracy 
Inaccuracy 
Bias 

 
 
77.4% 
8.10 
-4.97 

 
 
41.9% 
9.82 
4.08 

 
 
74.2% 
12.50 
4.02 

 
 
80.7% 
10.58 
-1.03 

 
 
29.0% 
12.58 
-5.54 

 
 
83.9% 
13.18 
9.24 

Females 
N=27 
Accuracy 
Inaccuracy 
Bias 

 
 
81.5% 
10.24 
3.02 

 
 
40.7% 
9.44 
1.19 

 
 
96.3% 
13.50 
9.06 

 
 
74.1% 
9.41 
5.63 

 
 
11.1% 
12.87 
-10.13 

 
 
92.59% 
12.30 
3.30 

Total 
N=58 
Accuracy 
Inaccuracy 
Bias  

 
 
 
79.3% 
9.10 
-1.25 
 

 
 
 
41.4% 
9.65 
2.73 

 
 
 
84.4% 
12.97 
6.36 

 
 
 
77.6% 
10.03 
2.07 

 
 
 
20.7% 
13.75 
-8.72 

 
 
 
87.9% 
12.77 
6.44 



 

 

 
57 

 

 

           Lowest 

Error 

All 

Lowest 

Error 

Ribs 

Lowest 

Error 

Pubic 

Symphysis 

Lowest 

Error 

Auricular 

Surface 

Two-

step 

Ribs 

Two-Step 

Pubic 

Symphysis 

Two-step 

Auricular 

Surface 

Overlap 

 

Overlap 

Two-step 

Experience 

20-39 
N=18 

Accuracy 

Inaccuracy 

Bias 

 

 

44.4% 

7.36 

4.92 

 

 

38.9% 

9.83 

7.56 

 

 

83.3% 

8.44 

8.22 

 

 

77.8% 

19.00 

16.06 

 

 

66.7% 

6.61 

0.33 

 

 

77.8% 

10.19 

9.36 

 

 

55.6% 

14.56 

11.00 

 

 

83.3% 

5.72 

4.00 

 

 

72.2% 

6.64 

4.03 

 

 

77.8% 

5.42 

4.58 

40-59 
N=20 

Accuracy 

Inaccuracy 

Bias 

 

 

35% 

8.70 

1.80 

 

 

30% 

10.20 

3.30 

 

 

80% 

10.68 

3.98 

 

 

85% 

12.08 

9.48 

 

 

30% 

10.53 

2.98 

 

 

75% 

12.20 

3.55 

 

 

60% 

14.43 

4.48 

 

 

65% 

8.05 

0.05 

 

 

85% 

6.28 

1.78 

 

 

85% 

5.63 

-0.08 

60-79 
N=20 

Accuracy 

Inaccuracy 

Bias 

 

 

40% 

10.70 

-2.80 

 

 

45% 

9.98 

-2.08 

 

 

80% 

12.08 

-9.48 

 

 

100% 

7.85 

-5.25 

 

 

45% 

9.98 

-2.08 

 

 

80% 

11.48 

-8.33 

 

 

95% 

8.95 

-6.65 

 

 

50% 

10.45 

-4.10 

 

 

65% 

9.68 

-5.38 

 

 

75% 

7.28 

-5.88 

Males 
N=31 

Accuracy 

Inaccuracy 

Bias 

 

 

41.9% 

8.58 

1.84 

 

 

42% 

10.02 

3.37 

 

 

87.1% 

10.82 

-3.47 

 

 

83.9% 

13.18 

9.24 

 

 

48.4% 

9.45 

0.58 

 

 

77.42% 

12.68 

-2.87 

 

 

61.29% 

13.5 

4.82 

 

 

61.30% 

8.86 

-4.68 

 

 

71.0% 

8.42 

-0.61 

 

 

71.0% 

7.19 

-0.84 

Females  
N=27 

Accuracy 

Inaccuracy 

Bias 

 

 

37.0% 

9.43 

0.43 

 

 

33.3% 

10.0 

2.07 

 

 

74.1% 

10.06 

5.39 

 

 

92.6% 

12.30 

3.30 

 

 

44.4% 

8.74 

0.22 

 

 

77.8% 

9.78 

6.0 

 

 

81.5% 

11.52 

0.19 

 

 

70.4% 

7.35 

0.20 

 

 

77.78% 

6.57 

0.72 

 

 

88.9% 

4.91 

-0.39 

Total (N=58) 
Accuracy 

Inaccuracy 

Bias  

 

39.7% 

8.97 

1.18 

 

37.9% 

10.01 

2.77 

 

81.0% 

10.47 

0.66 

 

87.9% 

12.77 

6.44 

 

46.6% 

9.12 

0.41 

 

77.6% 

11.33 

1.26 

 

70.7% 

12.58 

2.66 

 

65.5% 

8.16 

-0.16 

 

74.1% 

7.56 

0.01 

 

79.5% 

6.13 

-0.63 

Table 7: Age-reporting strategy accuracy and reliability (inaccuracy and bias). 
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Total Sample Results 

When considering the total sample (n=58), the most accurate age estimations 

are produced using Buckberry-Chamberlain (BCAS)/ Least Error Auricular Surface 

(LEAS) (87.9%), Suchey-Brooks (SBPS) (84.5%), Least Error Pubic Symphysis (LEPS) 

(81.03%) and experience (79.5%). The least accurate age ranges are those produced 

using Lovejoy (LJAS) (20.7%), Least Error Rib (LER) (37.93%) and Least Error-All 

(Leall) (39.7%). The accuracies of the other age-reporting strategies range from 41.4%-

79.3%.  

Figure 4 is a chart of the mean biases of each age-reporting strategy for the total 

sample. The age-reporting strategies with the lowest mean biases (!̅ ≥ −1, !̅ ≤ 1) are 

Overlap: Two-Step (TSOL) (0.01 years), overlap (-0.16 years), Two-Step Rib (TSR) 

(0.41 years), experience (-0.63 years), and LEPS (0.66 years). The strategies with the 

highest biases are LJAS (-8.72 years), BCAS/ LEAS (6.67 years). LJAS, SBPS, İşcan 

Rib (ISR), experience, and overlap tend to underestimate age and all other strategies 

tend to overestimate age.  

The two-way repeated measures ANOVA comparing the mean biases of each 

age-reporting strategy had one between-subject factor (age cohort) and one within-

subject factor (age-reporting strategies). The between-subject factor contained three 

levels (young, middle, and old) and the within-subject factor had 16 levels, one 

representing each age-reporting strategy in this study. The results (Table 8) indicate 

that there is a significant difference in mean bias between at least two age-reporting 

strategies [F(15, 348.46)=7.41, p<0.01] and that there is a significant difference in bias  
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Figure 4: Mean bias of each age-reporting strategy for total sample. 
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Table 8: Results of the two-way ANOVA comparing age-reporting strategy biases with age-

cohort as the between-subject factor. 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 
Intercept 1 49.321 6.065 .017 
reporting_strategies 15 348.457 7.409 .000 
agegroup 2 49.321 28.139 .000 
reporting_strategies * 
agegroup 

30 348.457 4.380 .000 

a. Dependent Variable: bias. 
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between at least two age-cohorts [F(2, 49.32)=28.14, p<0.01]. Additionally, the ANOVA 

shows that there is a significant interaction between the reporting strategies and age-

group [F(30, 348.46)=4.38, p<0.01].  

LJAS has the greatest amount of bias (Table 6) and the results of the post-hoc 

test show that it is significantly different (p<0.01) than all other strategies excluding ISR 

(p=0.09). BCAS/ LEAS has significantly different (p<0.05) bias scores than the 

experience-based approach, ISR, LJAS, overlap, and TSOL age-reporting strategies. 

The overlap age-reporting strategy only has significantly different (p<0.01) bias scores 

from LJAS.  

The pairwise comparison table (Table 9) indicates that there is a significant 

difference (p<0.05) in the bias scores between the young and old cohort and between 

the middle and old cohort. There is not a significant difference (p=0.10) between the 

bias scores of the young and middle-age cohorts. Because the results show a 

significant difference in the bias scores between age groups (Table 9) and a significant 

interaction between reporting-strategies and age-cohort [F(30, 348.46)=4.39, p<0.01] 

(Table 8), the data were split by age groupings and a univariate ANOVA was 

conducted. The results from univariate ANOVA (Table 10) shows that there is a 

significant difference between in the mean biases of at least two of the age-reporting 

strategies for all three age cohorts. Figure 5 displays the mean biases of each age-

reporting strategy by age-cohort. 
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Pairwise Comparisonsa 

(I) age 
group 

(J) age 
group 

Mean 
Difference 

(I-J) 
Std. 
Error df Sig.c 

95% Confidence 
Interval for 
Differencec 

Lower 
Bound 

Upper 
Bound 

Young Middle age 3.618 1.639 49.321 .096 -.444 7.679 
Old age 11.894* 1.639 49.321 .000 7.833 15.956 

Middle 
age 

Young  -3.618 1.639 49.321 .096 -7.679 .444 
Old age 8.277* 1.595 49.321 .000 4.323 12.230 

Old age young -11.894* 1.639 49.321 .000 -15.956 -7.833 
Middle age -8.277* 1.595 49.321 .000 -12.230 -4.323 

Based on estimated marginal means 
*. The mean difference is significant at the .05 level. 
a. Dependent Variable: bias. 
c. Adjustment for multiple comparisons: Bonferroni. 

Table 9: Differences in age-reporting strategy mean bias between the different age-cohorts. 
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Table 10: Results of univariate ANOVA comparing biases of age-reporting strategies by age-

cohort. 

Tests of Between-Subjects Effects 
Dependent Variable:   bias   
Age 
group Source 

Type III Sum 
of Squares df 

Mean 
Square F Sig. 

young Corrected Model 5960.513a 15 397.368 3.397 .000 
Intercept 13332.084 1 13332.084 113.976 .000 
reporting_strategi
es 

5960.513 15 397.368 3.397 .000 

Error 31816.653 272 116.973   
Total 51109.250 288    
Corrected Total 37777.166 287    

middle-
age 

Corrected Model 4299.049b 15 286.603 1.910 .022 
Intercept 3248.063 1 3248.063 21.644 .000 
reporting_strategi
es 

4299.049 15 286.603 1.910 .022 

Error 45621.138 304 150.070   
Total 53168.250 320    
Corrected Total 49920.187 319    

old-age Corrected Model 11627.397c 15 775.160 6.315 .000 
Intercept 8292.628 1 8292.628 67.557 .000 
reporting_strategi
es 

11627.397 15 775.160 6.315 .000 

Error 37315.975 304 122.750   
Total 57236.000 320    
Corrected Total 48943.372 319    

a. R Squared = .158 (Adjusted R Squared = .111) 
b. R Squared = .086 (Adjusted R Squared = .041) 
c. R Squared = .238 (Adjusted R Squared = .200) 
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Figure 5: Age-reporting strategy mean bias by age cohort. 
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The results of the ANOVA comparing bias with sex as the between-subject factor 

shows that there are no significant differences in the bias results between the sexes but 

that there is a significant interaction between age-reporting strategies and sex (Table 

11). Figure 6 displays the mean bias of each age-reporting strategy by sex. Because 

there is a significant interaction between sex and age-reporting strategy, the data were 

split by sex and a univariate ANOVA was conducted. The results of the ANOVA 

comparing biases of age-reporting strategies by sex (Table 12) shows that there is a 

significant difference in the mean bias of age-reporting strategies for both males 

F(1,15)=3.50, p<0.05 and females F(1,15)=3.38, p<0.05.  

The mean inaccuracies of all age-reporting strategies for the total sample are 

represented in Figure 7. The strategies with the lowest mean inaccuracies (!̅ <10 years) 

are experience-based approach (6.13 years), TSOL (7.56 years), overlap (8.16 years), 

Leall (8.97 years), ISR (9.09 years), Two-Step Rib (TSR) (9.12 years), and Hartnett Rib 

(HNR) (9.65 years). The strategy with the highest amount of inaccuracy is LJAS (13.75 

years). All other method inaccuracies range between 10.03-12.78 years. None of the 

age-reporting strategies meet all the criteria for accuracy and reliability for the total 

sample, however, the experience-based approach meets both criteria for reliability 

(inaccuracy and bias) and is only 0.5% away from meeting the criteria for accuracy.  

The results of the two-way ANOVA comparing age-reporting strategy 

inaccuracies with age-cohort as the between-subject factor (Table 13) show that there is 

a significant difference [F(15, 347.44)=5.09, p<0.01] in the mean inaccuracy between at 

least two age-reporting strategies, but not between the three age-cohorts  
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Table 11: Results of the two-way ANOVA comparing age-reporting strategy biases with sex as 

the between-subject factor. 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 
Intercept 1 56.012 2.195 .144 
reporting_strategies 15 431.072 7.045 .000 
SEX 1 56.012 .160 .691 
reporting_strategies * SEX 15 431.072 4.202 .000 

a. Dependent Variable: bias. 
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Figure 6: Age-reporting strategy mean bias by sex. 
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Table 12: Results of univariate ANOVA comparing biases of age-reporting strategies by sex. 

Tests of Between-Subjects Effects 
Dependent Variable:   bias   

SEX Source 
Type III Sum 
of Squares df 

Mean 
Square F Sig. 

male Corrected Model 9302.966a 15 620.198 3.499 .000 
Intercept 581.389 1 581.389 3.280 .071 
reporting_strategie
s 

9302.966 15 620.198 3.499 .000 

Error 85086.145 480 177.263   
Total 94970.500 496    
Corrected Total 94389.111 495    

female Corrected Model 7066.461b 15 471.097 3.382 .000 
Intercept 1530.021 1 1530.021 10.984 .001 
reporting_strategie
s 

7066.461 15 471.097 3.382 .000 

Error 57946.519 416 139.295   
Total 66543.000 432    
Corrected Total 65012.979 431    

a. R Squared = .099 (Adjusted R Squared = .070) 
b. R Squared = .109 (Adjusted R Squared = .077) 
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Figure 7: Mean inaccuracies of each age-reporting strategy for total sample. 
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Table 13: Results of the two-way ANOVA comparing age-reporting strategy inaccuracies with 

age-cohort as the between-subject factor. 

Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 
Intercept 1 41.387 615.460 .000 
reporting_strategies 15 347.437 5.093 .000 
agegroup 2 41.387 .440 .647 
reporting_strategies * 
agegroup 

30 347.437 4.161 .000 

a. Dependent Variable: inaccuracy. 
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[F(2, 41.39)=0.44, p=0.65]. The results also indicate that there is a significant interaction 

[F(30, 347.44)= 4.16, p<0.01] between the age-reporting strategies and age-cohorts. 

The pairwise comparison table for the total sample shows that the inaccuracies of the 

experience-based approach are significantly different (p<0.05) than the inaccuracies of 

BCAS/LEAS, LJAS, SBPS, TSAS, and TSPS. The TSOL strategy has significantly 

different (p<0.05) inaccuracies from BCAS/LEAS, SBPS, and TSAS. Finally, the overlap 

age-reporting strategy is significantly different (p<0.05) from BCAS/LEAS, and SBPS. 

Table 14 shows the comparison of inaccuracies by age-cohort. There are no 

significant differences (p=1.00) between any of the three age-cohorts. However, due to 

the significant interaction of age-reporting strategies and age-cohort, the data were split 

by age group and a univariate ANOVA was conducted to understand the nature of this 

interaction. The results of the univariate ANOVA (Table 15) show that there is a 

significant difference between age-reporting strategy inaccuracies for all age-cohorts. 

Figure 8 illustrates the mean inaccuracies of each age-reporting strategy by age-cohort. 

A pairwise comparison table was used to determine the differences between age-

reporting strategy inaccuracies by age-cohort.  

Finally, the results of a two-way ANOVA comparing inaccuracies with sex as the 

between-subject factor (Table 16) shows that there is not a significant difference in the 

inaccuracies between the sexes [F(1, 42.59)=0.74, p=0.39] nor a significant interaction 

[F(15, 347.99)=0.45, p=0.96]. Because the ANOVA comparing inaccuracies by sex did 

not yield significant results, no further tests were conducted. Figure 9 shows the mean 

inaccuracies of each age-reporting strategy by sex. 
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Table 14: Differences in age-reporting strategy mean inaccuracy between the different age-

cohorts. 

Pairwise Comparisonsa 

(I) 
agegroup (J) agegroup 

Mean 
Differen
ce (I-J) 

Std. 
Error df Sig.b 

95% Confidence Interval 
for Differenceb 

Lower Bound 
Upper 
Bound 

young middle-age -.566 1.021 41.387 1.000 -3.114 1.982 
old-age -.955 1.021 41.387 1.000 -3.503 1.593 

middle-
age 

young .566 1.021 41.387 1.000 -1.982 3.114 
old-age -.389 .994 41.387 1.000 -2.869 2.091 

old-age young .955 1.021 41.387 1.000 -1.593 3.503 
middle-age .389 .994 41.387 1.000 -2.091 2.869 

Based on estimated marginal means 
a. Dependent Variable: inaccuracy. 
b. Adjustment for multiple comparisons: Bonferroni. 
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Table 15: Results of univariate ANOVA comparing inaccuracies of age-reporting strategies by 

age-cohort. 

Tests of Between-Subjects Effects 
Dependent Variable:   inaccuracy   

Age 
group Source 

Type III 
Sum of 

Squares df 
Mean 

Square F Sig. 
young Corrected Model 4793.506a 15 319.567 4.583 .000 

Intercept 27348.758 1 27348.758 392.201 .000 
reporting_strategies 4793.506 15 319.567 4.583 .000 
Error 18966.986 272 69.732   
Total 51109.250 288    
Corrected Total 23760.492 287    

middle-
age 

Corrected Model 1878.924b 15 125.262 2.205 .006 
Intercept 34020.938 1 34020.938 598.919 .000 
reporting_strategies 1878.924 15 125.262 2.205 .006 
Error 17268.388 304 56.804   
Total 53168.250 320    
Corrected Total 19147.312 319    

old-age Corrected Model 3377.125c 15 225.142 3.974 .000 
Intercept 36636.800 1 36636.800 646.704 .000 
reporting_strategies 3377.125 15 225.142 3.974 .000 
Error 17222.075 304 56.652   
Total 57236.000 320    
Corrected Total 20599.200 319    

a. R Squared = .202 (Adjusted R Squared = .158) 
b. R Squared = .098 (Adjusted R Squared = .054) 
c. R Squared = .164 (Adjusted R Squared = .123) 

 



 

 
 

74 

 
Figure 8: Mean inaccuracies of age-reporting strategies by age cohort. 
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Table 16: Results of the two-way ANOVA comparing age-reporting strategy inaccuracies with 

sex as the between-subject factor. 

Type III Tests of Fixed Effectsa 

Source 
Numerator 

df 
Denominato

r df F Sig. 
Intercept 1 42.588 655.246 .000 
reporting_strategies 15 347.992 4.321 .000 
SEX 1 42.588 .744 .393 
reporting_strategies * 
SEX 

15 347.992 .451 .962 

a. Dependent Variable: inaccuracy. 
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Figure 9: Mean inaccuracies of age-reporting strategies by sex. 
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Results by age-cohort 

The age-cohorts in this study are defined as young (20-39 years old), middle-age 

(40-59 years old), and old-age (60-79 years old). All accuracy and reliability (inaccuracy 

and bias) scores by age-cohort are found in Tables 5 and 6. If the ANOVA results 

indicated that there are differences in the mean bias or inaccuracies of age-reporting 

strategies based on age-cohort, the pairwise comparison chart was consulted to see 

where the differences are.   

Young (20-39 years old) Cohort Results 
 

The age-reporting strategies that resulted in the most accurate estimations for 

the young cohort (n=18) are Suchey-Brooks (SBPS) (88.9%), overlap (83.3%), and 

Least Error Pubic Symphysis (LEPS) (83.3%). The least accurate age-reporting 

strategies are Lovejoy (LJAS) (22.2%), Hartnett Rib (HNR) (38.9%), and Least Error Rib 

(LER) (38.9%). All other age-reporting strategies have accuracies ranging from 77.8%-

44.4%. 

Figure 10 displays the mean bias of each age-reporting strategy for the 20-39 

age cohort. The age-reporting strategies with minimal bias (!̅ ≥ −1, !̅ ≤ 1) are Two-

Step Rib (TSR) (0.33 years) and SBPS (0.47 years). The strategies with the most 

amounts of bias are Least Error Auricular Surface (LEAS) (16.06 years) and BCAS 

(16.06 years). Because the univariate ANOVA comparing biases of age-reporting 

strategies by age group yielded significant results for the young age-cohort (Table 10), 

the pairwise comparison table was referenced to see which strategies have significantly 

different biases from one another.   
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Figure 10: Mean bias of each age-reporting strategy for age cohort (20-39 years old). 
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The results show that both SBPS and TSR have significantly different (p<0.01) 

bias scores from BCAS/LEAS. BCAS /LEAS are also significantly different (p<0.05) than 

Işcan (ISR) with regards to bias. 

 Figure 11 illustrates the mean inaccuracy of each age-reporting strategy for the 

20-39 age cohort. The strategies with the lowest inaccuracies (!̅ <10 years) are 

experience (5.42 years), overlap (5.72 years), TSR (6.61 years), Overlap: Two-Step 

(TSOL) (6.64 years), ISR (7 years), Least Error- All (Leall) (7.36 years), LEPS (8.44 

years), SBPS (8.81 years), LJAS (8.89 years), HNR (8.92 years), Hartnett Pubic 

Symphysis (HNPS) (9.53 years), and LER (9.83 years). The strategies with the highest 

inaccuracies are BCAS/ LEAS (19 years). The other age-reporting strategy, Two Step 

Pubic Symphysis (TSPS), have an inaccuracy of 10.19 years for the young cohort. 

Again, the results of the univariate ANOVA indicateds that the inaccuracy scores 

of at least two strategies are significantly different for the young cohort (Table 15). The 

pairwise comparison table shows that BCAS/ LEAS has significantly different (p<0.05) 

inaccuracies from experience, HNR, ISR, LEPS, LJAS, overlap, SBPS, TSOL, and 

TSR. Only SBPS meets all the criteria for accuracy and reliability for the young age 

cohort. 

Middle-age (40-59 years old) Cohort Results  
 

The middle-age cohort included 20 individuals. The SBPS method is the most 

accurate age estimation for the middle-age cohort with 95% accuracy. Experience, 

TSOL, BCAS, and LEAS are 85% accurate and HNPS and LEPS are 80% accurate.  
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Figure 11: Age-reporting strategy inaccuracies for young cohort (20-39 years old). 
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The least accurate age-reporting strategy is LJAS with 25% accuracy followed by LER 

and TSR with 30% accuracy and Leall and HNR with 35% accuracy. All other strategies 

have accuracies ranging from 60%-75%. 

The mean bias of each strategy is shown in Figure 12. The strategies with the 

lowest biases (!̅ ≥ −1, !̅ ≤ 1) for the 40-59 age-cohort are the overlap (0.05 years) and 

experience (-0.08 years) strategies. The strategies with the highest mean biases are 

BCAS /LEAS (9.48 years). The univariate ANOVA (Table 9) comparing bias scores of 

by age-cohort shows that at least two strategies have significantly different biases. The 

pairwise comparison table revealed that only BCAS/LEAS has significantly different 

biases (p<0.05) from LJAS.  

Figure 13 displays the mean inaccuracies for each age-reporting strategy for the 

middle-age cohort. The age-reporting strategies with the lowest inaccuracies (!̅ <10 

years) for the middle-age cohort are experience (5.63 years), TSOL (6.28 years), and 

LJAS (7.95 years). The strategies with the highest inaccuracies for the middle-age 

cohort are TSAS (14.43 years) and SBPS (14.10 years). All other age-reporting 

strategies have inaccuracies ranging from 10.08-12.20 years. 

The results of the univariate ANOVA comparing age-reporting strategy 

inaccuracy by age-cohort (Table 15) indicates that there are significant differences 

between at least two strategies for the middle-age cohort. The pairwise comparison 

table revealed that the experience strategy has significantly different bias scores from 

TSAS (p<0.05) and SBPS (p=0.05). Only the experience-based approach meets the 

accuracy and reliability criteria for the middle-age cohort 
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Figure 12: Age-reporting strategy biases for middle-age cohort (40-59 years old). 



 

 
 

83 

 
Figure 13: Age-reporting strategy inaccuracies for middle-age cohort (40-59 years old). 
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Old-age (60-79 years old) Cohort Results  
 

The most accurate age-estimation strategies for the old-age cohort (n=20) are 

BCAS/ LEAS with 100% accuracy followed by TSAS (90%), HNPS (85%), LEPS (80%), 

and TSPS (80%). The least accurate method is LJAS with 15% accuracy. All other age-

reporting strategies have accuracies ranging from 40-75%.   

The mean bias scores for each age-reporting strategy for the old-age cohort are 

displayed in Figure14. The only age reporting strategy with a minimal bias (!̅ ≥ −1, !̅ ≤

1) is HNR (-0.68 years). The age-reporting strategy with the highest bias is LJAS (-

20.93 years). All age-reporting strategies excluding SBPS (10.68 years) tend to 

underestimate age for individuals in the 60-79 year age-cohort. The univariate ANOVA 

comparing bias scores of age-reporting strategies by age-cohort (Table 10) shows that 

at least two age-reporting strategy biases are significantly different. According to the 

pairwise comparison table, LJAS differed significantly (p<0.05) from all age-reporting 

strategies excluding LEPS. SBPS also has significantly different (p<0.05) biases from all 

age-reporting strategies except for HNR.   

The mean inaccuracy of each age-reporting strategy for the old-age cohort are 

represented in Figure 15. The age-reporting strategies with the lowest inaccuracy 

scores (!̅ <10 years) are experience (7.28 years), BCAS/ LEAS (7.85 years), TSAS 

(8.95 years), HNR (9.18 years), HNPS (9.28 years), TSOL (9.68 years). TSR (9.98 

years) and LER (9.98 years). The age-reporting strategy with the highest inaccuracy 

scores is LJAS (20.92 years). All other age-reporting strategies have inaccuracies 

ranging from 10-15.58 years. 
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Figure 14: Age-reporting strategy biases for old-age cohort (60-79 years old). 
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Figure 15: Age-reporting strategy inaccuracies for old-age cohort (60-79 years old). 
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The univariate ANOVA comparing inaccuracies of age-estimation strategies by age-

cohort (Table 15) indicates that there are differences between at least two strategies. 

The pairwise comparison table revealed that LJAS differed significantly (p<0.05) 

from all strategies except SBPS. No other age-reporting strategies differed significantly 

from one another with respects to inaccuracy. None of the age-reporting strategies meet 

both criteria for accuracy and reliability for the old-age cohort.  

Results by Sex 

All accuracy and reliability (inaccuracy and bias) scores for males and females 

are found in Tables 5 and 6. If the two-way ANOVAs with sex as the between-subject 

factor (Tables 11 and 16) indicates that there are differences in the mean bias or 

inaccuracies by sex, pairwise comparison tables were consulted to see where the 

differences are.  

Females  
The results show that the most accurate age-reporting strategies for females 

(n=27) are SBPS (96.3%), BCAS/ LEAS (92.6%), experience (88.9%), TSAS (81.5%) 

and ISR (81.5%). The least accurate age-reporting strategies for females is LJAS 

(11.1%). All other age-reporting strategies ranged in accuracy from 33.3%-70.4%.  

Figure 16 displays the mean bias for each age-reporting strategy for females. 

The age-reporting strategies with the lowest mean biases (!̅ ≥ −1, !̅ ≤ 1) are TSAS 

(0.19 years), overlap (0.20), TSR (0.22 years), experience (-0.39 years), Leall (0.43 

years) and TSOL (0.72). The age-reporting strategy with the largest mean bias is LJAS 

(-10.13 years). 
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Figure 16: Mean biases of age-reporting strategies for females. 
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The univariate ANOVA comparing biases of age-reporting by sex (Table 12) indicates 

that at least two age-reporting strategies differed significantly with regards to their bias 

scores for females. The pairwise comparison table showed that LJAS was significantly 

different (p<0.05) from BCAS, HNPS, ISR, LEAS, LEPS, LER, SBPS, and TSPS. 

The mean inaccuracies of age-reporting strategy for females are displayed in 

Figure 17. The age-reporting strategies with the lowest mean inaccuracies (!̅ <10 years) 

are experience (4.91 years), TSOL (6.58 years), overlap (7.35 years), TSR (8.74 years), 

HNPS (9.41 years), HNR (9.44 years), and TSPS (9.78 years). The age-reporting 

strategy with the highest inaccuracy was SBPS (13.5 years). All other strategies have 

inaccuracies ranging from 10-12.8 years. The results of the two-way repeated measures 

ANOVA comparing age-reporting strategy inaccuracies with sex as the between-subject 

factor (Table 16) indicates that there is not a significant difference in method 

inaccuracies between the sexes. Further, the ANOVA shows that there is not a 

significant interaction between sex and age-reporting strategies so no further analyses 

were conducted for sex. Only the experience-based approach meets all the criteria for 

accuracy and reliability for the female cohort.  

Males  
 

The most accurate age-reporting strategies for males (n=31) are LEPS (87.1%), 

BCAS (83.9%), LEAS (83.9%), HNPS (80.7%). The least accurate strategy is LJAS 

(29%). All other age-reporting strategies have accuracies ranging from 41.9%-79.3%.  
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Figure 17: Mean inaccuracies of age-reporting strategies for females. 
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Figure 18 displays the mean bias for each age-reporting strategy for males. The age-

reporting strategies with the least amount of bias (!̅ ≥ −1, !̅ ≤ 1) are overlap (0.47 

years), TSR (0.58 years), TSOL ( -0.61 years), and experience (-0.84 years). The age-

reporting strategies with the most amount of bias are BCAS/ LEAS with 9.2 years. The 

univariate ANOVA comparing biases of age-reporting by sex (Table 12) reveals that at 

least two age-reporting strategies have significantly bias scores for males. The pairwise 

comparison table shows that BCAS/ LEAS are significantly different (p<0.05) from ISR, 

LEPS, LJAS, and TSPS.  

The mean inaccuracies of each age-reporting strategy for males is found in 

Figure 19. The age-reporting strategies with the lowest mean inaccuracies (!̅ <10 years) 

for males are experience (7.19 years), ISR (8.01 years), TSOL (8.42 years), Leall (8.58 

years), overlap (8.86 years), TSR (9.45 years), and HNR (9.82 years). The strategy with 

the highest mean inaccuracy is TSAS (13.5 years). All other strategies have 

inaccuracies ranging from 10.02-13.18 years. None of the age-reporting strategies meet 

both the accuracy and reliability criteria for the male cohort 

Interobserver Error Results 

As previously mentioned, Cronbach’s alpha is a measure of reliability and is used 

in this study to determine the consistency of phase assignment between 13 observers. 

The results demonstrate that there is high observer agreement regarding phase 

assignment, )=.98. Additionally, the correlation matrix confirms that the responses of 

the 13 observers are highly correlated. 
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Figure 18: Mean biases of age-reporting strategies for males. 
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Figure 19: Mean inaccuracies of age-reporting strategies for males. 
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Observer accuracy (Table 17) as well as method accuracy (Table 18) were 

evaluated in the interobserver study. The actual age-at-death of Skeleton 1 was 21 

years old and Skeleton 2 was 67 years old. Observer accuracy ranges from 0-88% 

when estimating age of Skeleton 1 and from 13-88% when estimating age of Skeleton 

2.  

When estimating age of Skeleton 1, Suchey Brooks pubic symphysis (92%), 

Buckberry Chamberlain auricular surface (92%), and the experienced-based age 

estimates (85%) are the most accurate. The least accurate strategies are Lovejoy 

auricular surface (23%), and Hartnett rib (23%). For Skeleton 2, Hartnett pubic 

symphysis (92%) and BCAS (85%) resulted in the most accurate age estimations while 

SBPS (15%) and HNR (15%) resulted in the least accurate age estimations. When 

taking both skeletons into consideration, observers are least accurate when estimating 

age using the two rib methods and most accurate at estimating age using BCAS and 

HNPS. 

The association between observer experience and age estimation was also 

considered within this study. This relationship was assessed by conducting a Chi-

Square test and evaluating the results of the Cross-tabs table. Additionally, the 

proportion of attempted and correct responses were graphed using SPSS (Figures 20 

and 21). The Chi-Square for Skeleton 1 indicates that there is a significant association 

between accurate age estimations and observer experience level X2(2, N=102) =8.01, 

p<0.05. As such, each cohort was directly compared to each other using a follow-up 

Chi-Square.  
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Table 17: Interobserver study: Observer accuracy.  

Skeleton ID observer 1 observer 2 observer 3 observer 4 observer 5 

Skeleton 1 75% 88% 88% 63% 75% 

Skeleton 2 38% 38% 63% 50% 25% 

 observer 6 observer 7 observer 8 observer 9 
observer 
10 

Skeleton 1 50% 75% 50% 50% 0% 
Skeleton 2 75% 63% 13% 25% 88% 

 observer 11 observer 12 observer 13   

Skeleton 1 50% 63% 75%   

Skeleton 2 50% 75% 88%   
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Table 18: Interobserver study: Method accuracy.  

Skeleton ID ISR HNR SBPS HNPS 

Skeleton 1 31% 23% 92% 77% 

Skeleton 2 31% 15% 15% 92% 

 LJAS BCAS Overlap experience 

Skeleton 1 23% 92% 85% 69% 

Skeleton 2 62% 85% 69% 54% 
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Figure 20: Bar chart illustrating the role of experience on age estimation-Skeleton 1. 
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Figure 21: Bar chart illustrating the role of experience on age estimation-Skeleton 2. 
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These results show no association between correct responses and experience level 

when comparing the professionals and graduate students X2 (1, N=74) =4.00, p=0.75 

nor between graduate students and undergraduate students X2 (1, N=70) =1.61, 

p=0.33. However, there is a significant association between correct estimations and 

experience level when comparing professionals and undergraduate students X2 (1, 

N=60) =7.96, p<0.05.  

The Chi-Square for skeleton 2 revealed that there was no association between 

correct age estimation and experience level X2 (2, N=98) =0.21, p=.94. Additionally, the 

Crosstab table shows that overall accuracy of each cohort is similar 

(professionals=53.3%, graduate students=55.6%, and undergraduate students= 50%). 

While not significantly different, professionals and graduate students are proportionately 

more accurate at estimating age than undergraduate students for Skeleton 2 (Figure 

21). 

Intraobserver Error Results 

To assess internal reliability an intraobserver error study was conducted using a 

paired-samples t-test. The data from the initial observations will be referred to as 

Observation 1 and the data from the intraobserver sample will be referred to as 

Observation 2.    

There is not a significant difference in the means of the six aging methods 

between Observation 1 (M=53.63, SD=13.16) and Observation 2 (M=53.65, SD=13.05); 

t(59)=-0.02,p=0.99. The is a strong correlation between the two observations (r=0.80, 

p=0.00). Similarly, there is no significant difference in the scores of the ten additional 
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reporting strategies between Observation 1 (M=55.52, SD=13.61) and Observation 2 

(M=55.75, SD=13.35); t(99)=-0.24, p=0.81. There is also a strong positive correlation 

between the observations for these strategies (r=0.75, p=0.00).  

Comparing the individual methods from Observation 1 and Observation 2 

illustrates that none of the methods differed significantly (p>0.32). Additionally, five of 

the six methods display strong, positive correlations (r>.74, p<.02). Only the Hartnett rib 

method has a moderate correlation (r=.63, p=.05) between the two observations. The 

results are similar when comparing the ten other age-reporting strategies to one 

another. None of the age-reporting strategies are significantly different between 

Observation 1 and Observation 2 (p>.07). However, there are more differences in the 

correlations of age-reporting strategies between the two observations. LEA, LEPS, 

LEAS, TSPS, Overlap, TSOL and Experience all have strong, positive correlations 

(r>0.71, p<0.02). LER and TSR only have moderate, positive correlations between 

Observation 1 and Observation 2 (r=0.63, p=0.05). The TSAS strategy has a weak, 

positive correlation between the two observations (r=0.41, p=0.24). 
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CHAPTER FIVE  
DISCUSSION 

This study assessed the accuracy and reliability of different age-reporting 

strategies. The age-reporting strategies included in this study were selected based on 

the current practices of forensic anthropologists (Garvin and Passalacqua 2012) and 

suggestions made by scholars within the field (Baccino et al. 1999; Merritt 2013; 

Nawrocki 2010). Sixteen final age estimations were derived from different age-reporting 

strategies. There are three main hypotheses for this study. Hypothesis 1 states that the 

experience-based approach will produce the most accurate and reliable age-at-death 

estimations overall. If this hypothesis is accepted, it supports using one’s professional 

judgement when producing final age estimations in a forensic setting. Hypothesis 2 

states that the most accurate and reliable age-reporting strategy will differ when the 

sample is divided by age. If there is a difference when divided by age, it is further 

hypothesized that the two-step strategies will be the most accurate and reliable for the 

young and old-age cohorts. If hypothesis 2 is accepted, there is support for choosing 

methods based on preliminary assessments of morphological age. Hypotheses 3 states 

that the most accurate and reliable age-reporting strategy will differ when the sample is 

divided by sex. If there is a difference based on sex it is hypothesized that estimations 

derived from sex-specific results will be the most accurate and reliable. Acceptance of 

hypothesis 3 would support choosing aging methods based on the sex of the skeleton.  

The results of this study reveal that only a few of the age-reporting strategies 

tested in this study were both accurate and reliable for any single sample category (total 

sample, young cohort, males, etc.) and none of the strategies were both accurate and 
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reliable for all categories. It is important to reiterate that the thresholds for accuracy and 

reliability used in this study were determined by the author. While the parameters set for 

this study were thought to be rather rigorous, 80% accuracy still leaves room for 20% of 

all cases to be estimated incorrectly. However, if 90% was set as the accuracy 

threshold, most of the strategies would not have met this standard for the sample used 

in this study. This indicates that age-reporting strategies must be further scrutinized for 

their ability to produce accurate estimations. Additionally, standards for comparing aging 

methods/ age-reporting strategies should be defined.  

Intraobserver Error 

 The results from the intraobserver study indicate that the observer was 

consistent in estimating age for the 10 skeletons during two separate observation 

periods. Further, none of the individual age-reporting strategies were significantly 

different between Observation 1 and Observation 2. These results support the ability of 

the researcher to consistently recognize and categorize age-related skeletal 

morphology. 

Performance by Total Sample  

Age estimations derived from the Buckberry-Chamberlain (BCAS)/Least Error 

Auricular Surface (LEAS), Suchey-Brooks (SBPS) and Least Error Pubic Symphysis 

(LEPS) were the most accurate estimations for the total sample followed by experience-

based strategy. BCAS/LEAS and SBPS were accurate but failed to meet either of the 

reliability criteria for this study. Additionally, BCAS and SBPS both provide age ranges 
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that averaged over 30 years. As previously discussed, methods that are accurate but 

unreliable due to large age ranges are not helpful in a forensic setting. The LEPS 

strategy was accurate and had minimal bias, but just missed the threshold for low 

inaccuracy (10.47 years). The experience-based approach was the only strategy to 

meet the accuracy and reliability criteria for the total sample. For the experience-based 

approach, the analyst was able to consider multiple lines of evidence including multiple 

method results and overall condition of the skeleton. This contributed to a greater 

approximation of age as more of the skeletal variation could be captured. Further, the 

experience-based approach inaccuracy was significantly different from BCAS/ LEAS, 

Lovejoy (LJAS), SBPS, Two-Step Auricular Surface (TSAS) and Two-Step Pubic 

Symphysis (TSPS) meaning it performed significantly better than these methods with 

respect to inaccuracy.  

 LJAS was the least accurate and least reliable age-reporting strategy for the total 

sample. It is not surprising that LJAS was not accurate as its ranges are small, about 5-

10 years each, and not overlapping (i.e. 25-29, 30-34, etc.). The restrictiveness of the 

age ranges leads to a greater chance of not including the decedents actual age of 

death. Additionally, the poor performance of reliability was also expected as many 

scholars have recognized the LJAS method for its propensity to overestimate the age of 

younger individuals and underestimate the age older individuals (Bedford ME 1993; 

Merritt 2013; Murray and Murray 1991; Osborne 2004; Saunders et al. 1992; Schmitt 

2004). This study supports the findings of previous studies as LJAS performed 

significantly worse than all methods except Işcan ribs (ISR) with regards to bias and 
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worse than experience with regards to inaccuracy. The results of this study support the 

argument that Lovejoy auricular surface is not an adequate method for estimating age 

of skeletal remains in a forensic context (Murray and Murray 1991; Osborne 2004). 

Even if the final age is not reported using the Lovejoy auricular surface result, inclusion 

in the evaluation of age can negatively impact the analysts final age estimation since it 

has the tendency to drastically underestimate age.  

 When estimating age without considering the relative age (young/old) or sex of a 

skeleton, Least Error Pubic Symphysis (LEPS) and the experience-based approach 

provided the most accurate and reliable age-at-death estimations and should be 

considered above all other age-reporting strategies in forensic contexts. Because LEPS 

provides a final range from an established aging method (SBPS or HNPS), the error can 

be calculated in the final report presented to law enforcement. Further, LEPS may be 

preferable in forensic investigations as it meets the Daubert (1993) standard and is 

more likely to hold up in a Daubert challenge than an age-estimation that was 

constructed from experience.  

Performance by Age Cohort 

The accuracy and reliability of age-reporting strategies varied by age-cohort in 

this study. SBPS was the most accurate and reliable age-reporting strategy for the 

young age-cohort. The superior performance Suchey-Brooks method is likely due to its 

development on a young sample cohort (1990). These results compare with those found 

by Martrille et al. (2007) who conclude that SBPS was the most accurate method for 

aging individuals in their young age-cohort (25-40 years old). Merritt (2013) also shows 
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that SBPS had the lowest bias scores and among the lowest inaccuracies for the young 

age-cohort (20-39 years old) in her study. However, the results of this study partially 

conflict with those obtained by Saunders et al. (1992). Saunders and colleagues found 

that SBPS performed poorly in all age categories excluding their 30-39 age range. 

While 30-39 corresponds to the young cohort in this study (20-39 years old) and is 

congruent with the results of this study, SBPS performed poorly in the 17-29 age 

category of the Saunders et al. study, which encompasses the first half of our young 

cohort, representing conflicting results. Other scholars have also recognized SBPS for 

its superior performance in estimating the age of young adults which has led to its 

inclusion, as the “young” option, in two-step strategies (Baccino et al. 1999; Martrille et 

al. 2007; Merritt 2013). This research evaluates the two-step approach by skeletal 

indicator. While the Two-Step Pubic Symphysis (TSPS) had high accuracy (83.3%) and 

low inaccuracy (8.44 years) for the young cohort, its bias was high (8.22 years). The 

high positive bias demonstrates that age-estimations derived from the TSPS tended to 

overestimate age. LEPS and overlap were also accurate for the young cohort but 

neither met the criteria for reliability. Conversely, the Two-Step Rib (TSR) was reliable 

for the young cohort but the accuracy was poor (66.7%). The least accurate strategy for 

the young cohort was LJAS and the least reliable strategies were BCAS/LEAS. Not only 

were BCAS/LEAS the least reliable strategies, their inaccuracy and bias scores were 

significantly worse than SBPS and TSR. It is also interesting to note that twelve of the 

sixteen age estimations had low inaccuracies for the young cohort. This provides further 
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evidence that there is a stronger correlation between chronological and skeletal age in 

the younger years of life, even into adulthood (Nawrocki 2010; Osborne 2004).  

 The experience-based approach performed the best for the middle-age cohort as 

its results were both accurate and reliable for individuals between 40-59 years old. As 

previously mentioned, individual aging indicators are limited in their ability to adequately 

capture the variation in skeletal indicators as one ages (Nawrocki 2010). Because 

experience-based estimations are generated using multiple lines of evidence, they are 

able to capture the skeletal variation of middle adulthood better than estimations that 

were derived from a single method’s results. The reliability results for the middle cohort 

showed that the experience-based inaccuracies were significantly lower than Two-Step 

Auricular Surface (TSAS) and SBPS. SBPS actually achieved the most accurate results 

for the middle-age cohort but had poor reliability. Additionally, the overlap approach was 

shown to be reliable but had poor accuracy. The overlap approach for this study 

involved constructing an age range that overlapped all six ranges produced by the aging 

methods. It is likely that this methodology produced poor accuracy results due to its 

inclusion of the LJAS range, which was significantly more inaccurate than all strategies. 

As with the young cohort, the least accurate strategy for the middle-age cohort was 

LJAS and the least reliable strategies were BCAS/LEAS.  

None of the age-reporting strategies were both accurate and reliable for the old-

age cohort. This finding supports the assertion that aging indicators become less 

accurate and reliable as chronological and skeletal age become less correlated 

(Nawrocki 2010). BCAS/LEAS met the criteria for accuracy (100%) and inaccuracy 



 

 
 

107 

(7.85 years) but not bias (-5.25 years). Therefore, BCAS is considered the most 

accurate and reliable strategy for the old-age cohort. These results correspond with 

Merritt (2013) results which showed that BCAS was the most accurate and reliable of all 

the methods for the 60+ age category. It should be noted that five of the six BCAS 

ranges extend into the sixth decade of life and average 50 years, which contributes to 

its accuracy.  

The results of this study also showed that age-reporting biases were significantly 

different between the old-age cohort and the other two age-cohorts in this study. This is 

likely due to the fact that most of the age-reporting strategies had a tendency to 

underestimate age for the old-age cohort and overestimate age for both the young and 

middle-age cohorts. LJAS was the least accurate and reliable strategy for the old-age 

cohort, with significantly worse bias scores than all methods excluding LEPS, and 

significantly higher inaccuracy scores than all methods except SBPS.  

A few trends were recognized when evaluating the age-reporting strategies by 

age-cohorts. Regardless of the age of the skeleton being evaluated, LJAS is more likely 

to provide an incorrect estimation than a correct estimation. Again, this calls into 

question the continued use of LJAS in forensic anthropology. The most accurate and 

reliable age-estimation strategies for the young and old-age cohorts were the results of 

an individual aging method but the most accurate and reliable age-estimation strategy 

for the middle-age cohort was the experience-based approach. This suggests that 

individual aging indicators alone may not be able to adequately capture the variation of 

the middle decades of life.  
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The purpose of a two-step strategy is to choose the method that is most 

appropriate for the skeleton being evaluated. If the skeleton is likely younger, then 

methods that were developed with a younger sample composition should be used and if 

the skeleton is likely older, methods developed with an older sample composition should 

be used. A surprising finding of this study was that the two-step approach did not 

provide the most accurate and reliable age estimations for the young and old-age 

cohorts. In this research, the two-step strategy was used to choose between two 

methods that were applied to the same skeletal indicator. This is different from previous 

studies which use the two-step strategy to choose between two methods applied to 

different skeletal indicators (Baccino et al. 2014; Baccino et al. 1999; Martrille et al. 

2007). Perhaps the two-step strategy would have been more successful in this study if it 

was used to choose between methods evaluating different skeletal indicators. Future 

studies should further explore the utility of two-step estimations.  

The hypothesis that the most accurate and reliable age estimations will vary 

when the sample is divided by age is partially accepted. Experience was the most 

accurate and reliable age-reporting strategy for the total sample and for the middle-age 

cohort, but not for the young and old-age cohorts. So, while the most accurate and 

reliable strategy was consistent between the total sample and the middle-age cohort, it 

differed between the total sample and the young and old-age cohorts. Because none of 

the two-step strategies were the most accurate and reliable for the young or old-age 

cohort, hypothesis 2a is rejected.  
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 Performance by Sex  

 The most accurate and reliable age-reporting strategies differed between males 

and females. The only age-reporting that was both accurate and reliable for the female 

cohort was the experience-based approach with 88.9% accuracy, 4.91 years 

inaccuracy, and -0.39 years bias. The Two-Step Auricular Surface (TSAS) also had a 

high accuracy (81.5%) and low bias (0.19 years) but did not meet the criteria for 

inaccuracy with 11.52 years. LJAS was the least accurate strategy and had the highest 

bias scores. SBPS was the strategy with the highest inaccuracy for females.  

 None of the age-reporting strategies were both accurate and reliable for males, 

however, the results from HNPS came close to meeting all the criteria for accuracy and 

reliability (accuracy=85%; inaccuracy= 10.58 years; bias= -1.03 years). Therefore, 

HNPS is considered the most accurate and reliable strategy for males. The Hartnett 

pubic symphysis method was developed on a sample that included over 400 males 

which may explain its ability to provide accurate and reliable estimations for the males in 

this study (Hartnett 2010a). Consistent with previous results, LJAS was the least 

accurate age-reporting strategy. BCAS/LEAS were the least reliable age-reporting 

strategies for males.  

 The hypothesis that the most accurate and reliable age-reporting strategy will 

differ by sex is partially accepted. While the most accurate and reliable age-reporting 

strategy differed between males and total sample, experience was the most accurate 

and reliable strategy for the total sample and for the female cohort. Additionally, 

hypothesis 3a is also partially accepted. Neither of the best performing strategies for 
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females (experience and TSAS) had estimations that were derived directly from sex-

specific methods. In contrast, the best performing strategy for males (HNPS) provides 

an age-estimation that was developed with sex-specific standards. It was unexpected 

that sex-specific methods did not provide the most accurate and reliable estimations for 

both males and females. Many scholars have argued that males undergo a more 

consistent and predictable trajectory of aging than females (Gilbert 1973; Gilbert and 

McKern 1973; Klepinger et al. 1992; Suchey 1979). Perhaps this consistency of aging 

contributed to the ability of the HNPS to better capture age-related changes in the male 

pubic symphysis. The stated goals of the Hartnett (2010a) study were to clarify 

confusing language and to improve upon age estimations derived from the pubic 

symphysis. The results of this study indicate that Hartnett was successful in meeting 

this goal, particularly for males. Because female pubic symphyses do not age as 

consistently as males, more variation has to be accounted for in method phases and 

descriptions. As with the old age cohort, the age estimation derived using experience 

provided the most accurate and reliable estimate for the female cohort. This suggests 

that experience plays a positive role with age estimation when a high degree of variation 

is expected within an aging indicator or from a specific sample category. 

Overall Trends  

 While none of the strategies were accurate for all sample categories, Buckberry-

Chamberlain (BCAS/ Least Error Auricular Surface (LEAS) were accurate for all except 

the young cohort. Merritt (2013) also found BCAS to be the most accurate of methods 
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she tested with 100% of all individuals being correctly aged with this method. Least 

Error Pubic Symphysis (LEPS) was accurate for all except the female cohort.  

While BCAS/LEAS had the highest accuracies across all sample categories, the 

paired samples t-test revealed that the average mean of these strategies were 

significantly different from the mean actual age of the skeletons. Further, these 

strategies had high inaccuracies and biases for all sample categories. This shows that 

the results from the BCAS aging method are accurate, but not reliable. As previously 

mentioned, accuracy is important in age-estimation so that the age of the individual is 

not erroneously excluded, however, wide age ranges reduce the probative value of age 

estimations. The average phase range for BCAS is 39 years with many of the ranges 

encompassing the majority of adulthood (e.g. 16-65 years old). Therefore, while the 

results from BCAS are likely to include a decedents actual age at death, they are not 

beneficial for narrowing down potential matches in a forensic context.  

Besides BCAS/LEAS, Lovejoy (LJAS) was the only other age-reporting strategy 

where mean estimated age was significantly different from the mean actual age of the 

skeletons. Further, the age estimations derived from LJAS were neither accurate nor 

reliable for any age categories. In fact, LJAS had the poorest accuracy results of all the 

strategies tested in this study, with correct estimations ranging from only 11.1%-29%. 

Comparable to these results, Martrille et al. (2007) found that LJAS was the least 

accurate of the methods they tested when all ages were pooled. Merritt (2013) also 

found that Lovejoy was one of the least correct original methods that she tested. While 

Saunders and colleagues (1992) obtained good accuracies with the Lovejoy method, 
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they found it to have high levels of bias and conclude that it becomes less reliable for 

individuals past the third decade of life. This study also found LJAS to have sizable 

levels of bias, underestimating age in all sample cohorts excluding the 20-39 age 

cohort.  

Age estimations that do not include the decedents age-at-death can greatly 

hinder the potential of positive identification. Not only was LJAS not accurate, it was 

also largely unreliable. Therefore, reporting an age-range based on the Lovejoy method 

in a forensic context is irresponsible as the estimation is likely to be incorrect. 

Similarly, to the accuracy results, none of the age-reporting strategies were 

reliable (i.e. low inaccuracy and bias scores) for all sample categories. The experience-

based approach did present low inaccuracy scores for all sample categories, but higher 

bias scores for the young and old-age cohorts. While the experience-based strategy did 

not meet the accuracy criteria (80%) for all of the sample categories, its accuracies 

were above 70% for all groups. These results are consistent with the results of the 

Baccino et al. (1999) study as the two observers both achieved high accuracies using 

the “global approach.” Additionally, Parsons (2017) found that age estimations 

documented in resolved case reports were 92% accurate and contributed this success 

to practitioners’ reliance on multiple methods. The experience-based strategy was also 

the most accurate and reliable for total sample with an accuracy of 79.5%, inaccuracy of 

6.13 years, and bias of -0.63. Therefore, the hypothesis that final age estimations 

derived from the experience-based approach will be the most accurate and reliable 

overall, is accepted.  
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Interobserver Error 

When assigning skeletal indicators to method phases, observers were highly 

consistent with one another as evident by the high Cronbach’s alpha rating and 

correlations. These results indicate that observers are responding similarly when 

choosing phases. Observer 10 had lower correlations than the rest of the observers, 

suggesting that this individual’s responses were less consistent with the other 

participants.  

 The accuracies of the age-reporting strategies differed between the two 

skeletons in the interobserver study. For the young, female individual (Skeleton 1), 

Suchey-Brooks (SBPS) was the most accurate strategy and Lovejoy (LJAS) and 

Hartnett rib (HNR) were the least accurate strategies. These results are similar to the 

results obtained in the larger study when comparing the age-reporting strategies by 

age-cohort. SBPS was the most accurate for the young cohort and LJAS was the least 

accurate. HNR also had low accuracies for the young cohort. In contrast, the 

intraobserver results for the young female are not similar to the results of the larger 

study when comparing the age-reporting strategies by sex. In the larger study, the most 

accurate strategy for females was the experience-based approach.  

 HNPS was the most accurate age-estimation strategy for the older, male 

individual (Skeleton 2) and SBPS and HNR were the least accurate. These results are 

not consistent with those obtained when comparing strategies by age-cohorts in the 

larger study. Rather, the most accurate strategy for the old-age cohort was Buckberry-

Chamberlain (BCAS) and the least accurate was LJAS.  
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The results of the interboserver study demonstrate that observers were more 

accurate estimating age using the pubic symphysis for both of the skeletons. Many of 

the participants indicated a greater familiarity with and preference for pubic symphysis 

aging methods which may have contributed to their success using these methods.  

As far as observer accuracy is concerned, performance ranged from 0-88% for 

Skeleton 1 and 13-88% for Skeleton 2. The majority of the observers (8/13) were more 

successful when estimating the age of Skeleton 1. Observers 8, 9, and 11 were the 

least successful with estimating the age of both skeletons. None of these observers 

were professionals and two were undergraduate students. The poor accuracy of these 

participants is likely due to inexperience with the age-at-death estimation methods 

included within this study and/or unfamiliarity with the human age variation. The greater 

accuracy with estimating the age of Skeleton 1 could be due to its age since younger 

individuals tend to have skeletal morphology more consistent with their chronological 

age (Nawrocki 2010).  

The result comparing the effects of observer experience indicates that 

professionals were more likely to estimate age correctly for Skeleton 1 than 

undergraduate students. Although the result comparing the graduate students to the 

other two groups were not significant, graduate students had method accuracies more 

similar to professionals, especially when estimating age of the younger individual. 

Therefore, professionals and graduate students were more successful at estimating age 

than undergraduate students for Skeleton 1. None of the experience-cohorts were 

significantly more likely than the others to estimate age correctly for Skeleton 2. 



 

 
 

115 

However, professionals and graduate students were generally more successful at 

estimating the age of Skeleton 2 than undergraduate students. The fact that 

professionals were significantly better at estimating the age of Skeleton 1 than 

undergraduate students lends support to the argument that experience plays a role in 

one’s ability to estimate age accurately.  
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CHAPTER SIX  
CONCLUSION 

This study assessed different age-reporting strategies for their accuracy and 

reliability. This research is valuable as it provides forensic anthropologist with insights 

regarding the efficacy of some of the strategies currently used to produce final age-at-

death estimations. The results of this study show that the most accurate and reliable 

age-reporting strategy varied if the sample was evaluated as a whole, by age, or by sex. 

While none of the strategies were consistently the most accurate and reliable for all of 

the sample categories, the experience-based approach performed well in each 

category. The experience-based strategy allowed the researcher to use the results of 

the individual aging methods and professional judgment to arrive at a final age 

estimation. While age estimations derived from experience do not meet the Daubert 

criteria they can provide better approximations of age since they are based on the 

results of multiple aging indicators. The purpose of a biological profile is to narrow down 

potential identifications for eventual positive identifications. In this effort, it is more 

important to provide an age-at-death estimation that takes into account the results from 

accurate and reliable methods as well as the analyst’s expert judgement.  

The results of this study also call into question the value of auricular surface age-

reporting strategies derived from Lovejoy and Buckberry-Chamberlain auricular surface 

methods. Both Lovejoy and Buckberry-Chamberlain provided age estimations that were 

significantly different than the actual age of the skeleton. Further, the estimations 

produced using the auricular surface ranges were either too large to provide 

exclusionary power in a forensic case or did not produce accurate age-at-death 
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estimations. It is recommended that auricular surface aging be avoided in forensic 

casework as it is more likely to do harm than good.  

 There are several limitations of this study that should be noted. First, only three 

age indicators were evaluated in this study, despite the availability of aging methods 

focused on other regions of the skeleton such as the teeth (Lamendin et al. 1992), 

cranial sutures (Meindl and Lovejoy 1985), acetabulum (San-Millan et al. 2017) and 

sacrum (Passalacqua 2009). Understanding the accuracy and reliability of reporting 

strategies that produced estimations from multiple areas of the skeleton is beneficial for 

deciding how to report age if certain elements are not recovered in a forensic situation. 

To address this, future studies evaluating reporting strategies should diversify and/or 

expand the number of methods included. Secondly, this study did not include transition 

analysis as an age-reporting strategy, despite its ability to combine aging indicators in a 

way that is statistically valid. Transition analysis was excluded from this study because it 

is not widely used in forensic practice (Garvin and Passalacqua 2012; Parsons 2017). 

However, it has been shown to perform well in validation studies (Milner and Boldsen 

2012) and has been included in the most updated version of the University of 

Tennessee’s Data Collection Procedures manual (2016). It is possible that transition 

analysis can provide accurate and reliable age estimations that also meet the Daubert 

standards. Finally, there were major limitations associated with the interobserver error 

component of this study, specifically the sample size of the skeletons and the 

experience-cohorts. Because only two skeletons were evaluated in the interobserver 

study, it is not appropriate to draw definitive conclusions regarding strategy accuracy by 
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sex and age-cohort. Additionally, the results assessing the effects observer experience 

level on age estimation should be considered cautiously as each experience-cohort was 

only represented by four or five observers. However, since the results showed that 

experience level may play a role in one’s ability to accurately estimate age-at-death, 

future research should specifically explore this assertion. 

Future studies evaluating age-reporting strategies for forensic contexts could 

involve a greater representation of age-at-death methods, different two-step strategies, 

and a stricter evaluation of the role of experience in producing final age estimations. 

Specifically, future research designs should incorporate methods that estimate age 

using indicators for the skull and teeth (Lamendin et al. 1992; Meindl and Lovejoy 

1985), include transition analysis as an aging method and age-reporting strategy (Milner 

and Boldsen 2012), and test variations of the two-step strategy described by Baccino 

and colleagues (2014; 1999). Finally, future research designs should include at least 

one junior and one senior observer in order to better assess how experience levels may 

affect age-at-death estimations.  

It is crucial to understand how to report age-at-death in a manner that is both 

accurate and reliable. This study was able to shed light on the performance of different 

age-reporting strategies and provide further support to the reliance on multiple aging 

indicators in developing a final age estimation. Ultimately, many factors contribute to 

how final age estimations are produced, all of which cannot be included within a single 

research design. Therefore, studies like this one can help with the pursuit of better age-

at-death estimations, and ultimately more identifications of unknown skeletal remains.  
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