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Abstract 

 

Metric methods of sex estimation are often less powerful than visual methods because 

linear measurements represent too may isometric measures of body size and lack sufficient 

allometric measures of body form (size and shape). This study uses geometric morphometrics to 

identify 17 landmarks that most effectively represent sex-based shape in right and left coxal 

bones (n = 394, f = 191, m = 203), these are: the anterior superior iliac spine; posterior superior 

iliac spine; posterior inferior iliac spine; iliac crest; apex of the auricular surface; greater sciatic 

notch; ischial spine; superior, inferior and distal points on ischial tuberosity; superior, inferior 

and midpoint on the symphyseal face; arcuate eminence; ischiopubic ramus; and posterosuperior 

and anterosuperior points on the acetabular rim. The first and second principal components (PCs) 

correctly predicted sex in 98.5% of cases; better than previous studies on whole coxal bone sex-

based shape.  

Linear measurements from Langley et al. (2016) that correspond with the 17-landmarks 

were used to generate a reliable discriminant function (DF) equation and logistic regression 

model (LRM) for sex estimation. The DF equation correctly predicted sex 99.7% of the time in 

cross-validation, the LRM correctly predicted sex in all individuals. Both equations accounted 

for allometric size, isometric size, and fluctuating asymmetry to help discern sex from other 

variants of shape. When tested on an independent population (n = 120; f = 60/60, m = 60/60), the 

DF equation correctly predicted sex with 99.2% accuracy (f = 191/191, 100%, m = 202/203, 

99.7%), and the LRM correctly predicted sex in all test specimens. 

Measurements and landmarks were further tested for use in fragmented coxal bones. The 

most successful DFs and LRMs accurately predicted sex between 98.7 ï 99.2% for 
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measurements representing coxal bones completeness between 50-25%. DF and LRM equations 

representing coxal bones no less than 25% complete predicted sex with similar accuracies (DF = 

99.0%; LRM = 99.2%) and correctly assigned 100% of the test population. These equations 

excelled at sex estimation because the measurements account for variations in sex, size 

(allometry and isometry) and fluctuating asymmetry. These DF and LRM equations are 

recommended for forensic applications. 
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Lay Summary 

 

Interpreting sex-based shape in the coxal bone (hip bone) not only involves uncovering 

measurements that best lead to correct estimates of sex in the human skeleton, but also involves 

including other sources of bone shape variation like differences in body size and asymmetry. 

True sex differences can be exposed when these variables of variation are accounted for in the 

method. Estimating sex with population inclusivity in mind is important in forensic and 

biological anthropological contexts where population affinity is unknown and population-

specific sex estimation methods are consequently rendered moot. This study also discovers that 

landmarks and measurements representing true sex differences are also maintained in equations 

designed for fragmented coxal bones. These methods are reliable 98.7ï 100% of the time and 

repeatable 98.3 ï 100% of the time.  
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Chapter 1: Introduction  

 

 In biological anthropology, sex estimation from the os coxa (hip bone) is accomplished in 

one of two ways: 1) by interpreting morphological characteristics, where non-metric sex traits 

are assessed for ñmalenessò and ñfemalenessò based on the strength or weakness of their 

expression, and is the standard in biological anthropology or 2) by metric methods, using 

discriminant functions or algebraic equations (Albanese, 2003; Arun et al., 2012; Baumgarten & 

Ousley, 2015; Buikstra & Ubelaker, 1994; BrŢģek, 2002; Klales et al., 2012; Phenice, 1969). 

Non-metric trait assessment is used most often to identify sex in archaeological skeletons of 

unknown population affinity and has one of the highest percentages of accurate sex prediction 

when interpretations are made by well-trained biological anthropologists (Buikstra & Ubelaker, 

1994; BrŢģek, 2002; Klales et al., 2012; Phenice, 1969). Osteometric methods, on the other hand, 

are more reliable across multiple observers, which makes them more desirable in forensic 

analyses of skeletal remains despite having slightly lower predictive power than non-metric traits 

(Albanese, 2003; Arun et al., 2012; Baumgarten & Ousley, 2015; BrŢģek, 2002). The problem 

with metric methods, however, is they largely depend on population specific measurements, 

which makes them incomparable to each other and difficult to standardize (Biwasaka et al., 

2012; MacLaughlin & Bruce, 1986; Listi, 2010). Osteometric methods of sex estimation are also 

more inclined to extract size variables from the coxal bone that are typically conflated with sex 

due to sex-based body size and adolescent growth differences (Coleman, 1969; Kurki, 2011, 

2013; Tague, 2000). Shape analysis, on the other hand, is a highly accurate technique that is 

gaining popularity in the field of biological anthropology but requires further exploration before 
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sex-based shape analysis can be applied to skeletons of both known and unknown population 

affinity and before landmark standardization can take effect. 

 Previous coxal bone shape analyses between geographically distinct human populations 

often explain within- or between-sex differences in the study sample as population variation 

(Anastasiou & Chamberlain, 2013; Betti et al., 2013; Bilfeld et al., 2012; Bytheway & Ross, 

2010; Gómez-Valdés et al., 2012; González et al., 2009; Pretorius et al., 2006; Steyn et al., 2004; 

Velemínská et al., 2013). However, when stature, body mass, and body breadth measurements 

are included in these analyses, using traditional Euclidean or linear osteometrics, these variables 

correlate with coxal bone shape and not with geographic location (Albanese et al., 2008; Fischer 

& Mitteroecker, 2015; Hierneaux, 1985; Kurki, 2011, 2013; Papaloucas et al., 2008; Ridgeway 

et al., 2008, Ridgeway et al., 2011). Stature, body mass, and body breadth variables correlate 

with sex in osteometric analyses of shape differences while geographic origin suggests a weak 

relationship between coxal bone shape and geographic origin. The relationship between coxal 

bone shape and geograpic origin is weaker than the relationshp between coxal bone shape and 

sex.  

 To investigate relationships between stature, body mass, and sex-based shape in the coxal 

bone, this study used geometric morphometric and multivariate statistical analyses to find true 

sex differences in the os coxa. This dissertation defines true sex differences as differences in the 

coxal bone that relate to obstetric function. Essentially, the goal of this research was to locate 

bodies that are biomechanically equipped to give birth regardless of population affiliation or 

geographic origin. This research had three main objectives: 1) to identify sex-based shapes in the 

coxal bone that best represent individuals who are biomechanically equipped to give birth and 

those who are not; 2) to test the landmarks representing true sex differences in the coxal bone 
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against linear measurements to develop a reliable and repeatable discriminant function equation 

to estimate sex; and 3) apply the above mentioned landmark and measurement data to develop 

discriminant function equations that are reliable and repeatable for sex estimation in fragmented 

coxal bones. This research dismantles the assumptions that population affinity contributes to sex 

differences and proposes an alternative population inclusive method to interpreting sex-based 

shape. The methods presented in this dissertation strategically captured multiple sources of 

skeletal variation to improved sex estimation methods in skeletal remains.    

 

1.1 Background and Theory 

1.1.1 Sex Estimation Methods 

 Sex estimation can be performed in many ways on different parts of the skeleton. This 

study is interested in sex estimation methods employed by the most sexually dimorphic bone in 

the human skeleton, the coxal bone. The numerous methods that estimate sex from the coxal 

bones fall into three general categories: visual (analysis of non-metric traits), osteometric, and 

geometric morphometric (shape analysis). Each method has an application that is important in 

biological anthropology, but they all tend to reproduce the same theoretical assumptions that 

limit their functionality; thus, they must be understood within the framework of population 

affiliation.    

 The visual method, in which non-metric sex traits are identified, compared, and 

interpreted as Male and Female, is a highly accurate method that can be applied universally to 

any skeletal collection, and currently is the standard by which undocumented archaeological 
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material is identified (Buikstra & Ubelaker, 1994; Walker, 2005; Wescott, 2015). However, the 

visual method has been criticized for being inaccurate between observers and difficult to master 

because it requires a high level of experience in recognizing traits within the spectrum of human 

variation (BrŢģek, 2002). On the other hand, the osteometric method of sex estimation is easier 

to duplicate between observers because it is formulaic (BrŢģek, 2002). Osteometric methods are 

also preferred over visual methods in forensic applications of sex estimation because the results 

can be reproduced accurately, consistently, and objectively (BrŢģek & Murail, 2006). The 

downside to osteometric sex assessments is they are generally not as accurate as visual methods. 

The accuracy of osteometric sex equations tends to decrease when applied to skeletal populations 

that differ geographically or temporally (Patriquin et al., 2003; Walker, 2005).  

 To improve the accuracy of osteometric sex equations, scholars have developed or 

suggested the development of population- and temporal-specific sex equations (MacLaughlin & 

Bruce, 1986; Patriquin et al, 2003; Small et al., 2012; Vercellotti et al., 2011; Walker, 2005). 

This has proved problematic since population affiliation in forensic and biological 

anthropological contexts is often unknown, thereby negating the practical usefulness of 

population-specific sex equations. Other authors have suggested that population specificity does 

not impact the statistical significance of sex determination in large sample sizes (Steyn & 

Patriquin, 2009) and that variation observed between populations is a consequence of stature or 

body mass variation rather than ancestral affiliation (Albanese et al., 2008). When studies 

account for differences in stature or body mass, osteometric methods tend to be more accurate 

and lose their correlation with population affiliation or geographic origin, making these 

osteometric methods widely applicable among different skeletal populations (Albanese et al, 

2008; Cabo et al., 2012; Kurki, 2011; Ridgeway et al., 2008; Ridgeway et al, 2011).  
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 Sex differences in the human skeleton can also be investigated via geometric 

morphometrics. Geometric morphometrics is the analysis of object shape and size represented by 

landmark coordinate data (Bookstein, 1991; Sholts et al., 2011; Zelditch et al, 2012). 

Multivariate statistical methods are used to detect patterns in object shape and size that 

contribute to similarities or differences between groups. Geometric morphometrics has been used 

to accurately estimate sex in both whole and partial coxal bones (Anastasiou & Chamberlain, 

2013; Betti et al, 2013; Bytheway & Ross, 2010; Gómez-Valdés et al., 2012; González, 2009; 

Pretorius et al., 2006; Wilson et al., 2015). Landmarks that represent shape can be selected to 

capture morphological variation of sex traits, such as the greater sciatic notch and sub-pubic 

contour, as well as variations in coxal bone length and thickness (Betti et al., 2013; Bilfeld et al., 

2012; Bytheway & Ross, 2010; Djorojevic et al, 2014; Gómez-Valdés et al., 2012; González et 

al., 2009; Pretorius et al., 2006; Steyn et al., 2004; Velemínská, et al 2013). Geometric 

morphometrics has the flexibility of incorporating the strengths of both visual and osteometric 

methods by capturing important morphological data that contribute to highly accurate sex 

estimations with a high level of objectivity like osteometric measurements (Bookstein, 1978; 

Corner et al., 1992; Zelditch et al., 2012). 

 

1.1.2 Biological Anthropology Theory 

 Despite the methodological diversity in which sex can be estimated in the human 

skeleton, a common theory unites them - skeletal sex can be interpreted in the same way that 

biological sex is interpreted: as static and insulated from external influences such as gendered 

norms and adaptation (see critiques in Geller, 2005, 2008; Meskell, 2000, 2007; Nordbladh & 
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Yates, 1990). There has been increasing sentiment among gender theorists and gender 

archaeology theorists regarding the true complexity of biological sex and how its use in 

biological anthropology has been oversimplified. Biological sex is the culmination of genital 

morphology, chromosomal karyotype, and hormonal makeup (Butler, 1993; Doyle & Paludi, 

1991; Fausto-Sterling, 2000; Geller, 2005; Gilchrist, 1999; Hollimon, 2011; Knudson & 

Stojanowski, 2008; Meckel, 2000; Sofaer, 2013; Stone & Walrath, 2006). Skeletal sex, on the 

other hand, is defined in this dissertation as the manifestation of coxal bone growth as directed 

by hormones, nutrition, and indirectly influenced by genitals and chromosomes.  

 Traditionally, biological anthropology assumes the direct correlation between skeletal sex 

and biological sex. This is not surprising since many of the chromosomal and hormonal 

stimulants that influence the development of secondary sex characteristics and body forms that 

signal sexually maturity are the same stimulants that trigger changes in the human skeleton to 

accommodate the sexually mature body form (Doyle & Paludi, 1991; Hollimon, 2011). Gender 

scholars challenge the idea of a binary biological sex by highlighting the complexity of 

chromosomal karyotype (XO, XXY, and XYY) and hormonal makeup (androgen insensitive 

males, gonadal dysgenesis) that produce biological sex (Butler, 1993; Doyle & Paludi, 1991; 

Fausto-Sterling, 2000; Geller, 2005, 2008; Nordbladh & Yates, 1990; Thomas, 2007). Gender 

scholars have also highlighted the social construction of sex as scienceôs attempt to distance it 

from gender (Butler, 1993; Doyle & Paludi, 1991; Fausto-Sterling, 2000; Geller, 2005, 2008). 

The process of ascribing sex at birth based on genital phenotype is an act of construction, 

particularly when it excludes other genital forms (Butler, 1993; Fausto-Sterling, 2000). In 

Western culture, non-typical genital forms are pathologized and ñcorrectedò based on a 

constructed medicalized wisdom of what is ñnormalò (as opposed to typical) and what is not 
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(Butler, 1990, 1993; Fausto-Sterling, 2000; Sitek et al., 2012). The heteronormative construction 

of sex that gender scholars such as Judith Butler, and Ann Fausto-Sterling, have illuminated is a 

post-modern feminist critique of the scientific assumptions regarding human biological sex.  

 Some biological anthropologists such as Pamela Geller, Jarl Nordbladh and Tim Yates  

have adopted these post-modern feminist critiques in their perception of the importance of sex in 

biological anthropology, although in a slightly different way. Sex estimation is often one of the 

first steps in an osteological analysis of archaeological human remains, along with determining 

age and ancestral affiliation (Agarwal, 2012; Buikstra & Ubelaker, 1994). However, in 

paleopathological or mortuary studies, identifying sex patterns in the assemblage prior to 

pathological analyses can bias or presuppose patterns of disease that might not be socially 

relevant (Agarwal, 2012; Stone & Walrath, 2006). Gender archaeology studies have already 

deemphasized the importance of sex estimation as the first step in an osteological profile in 

exchange for increasing the focus on understanding changes in the life course and identity among 

individuals in a society over time (Agarwal, 2012; Armelagos, 2003; Gilchrist, 1999, 2004; 

Joyce, 2005; Meskell, 2000). Although the importance of sex estimation as a mainstay of 

osteological description is declining in archaeology in favour of a more gendered approach to the 

interpretation of human organization, there is by no means a push to eliminate it altogether from 

the osteological tool kit. On the contrary, authors like Joanna Sofaer (2013) call for 

improvements to the predictive power of sex estimation so it can make interpretations of life 

courses more accurate (Meskell, 2000; Sofaer, 2013).   

  Because sex estimation is largely based on the interpretation of sex-traits that develop 

during adolescence, one could say that biological anthropologists are examining the side effect of 

biological sex that is being expressed in the skeleton, and are not examining biological sex 
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directly, as you would in molecular methods of sex determination that detect the chromosomal 

make up of individuals, or in in vivo studies that document primary sex characteristics (Coleman, 

1969). As hormones change with age, so too does skeletal morphology, making skeletal sex 

more fluid within an individual over his or her lifetime (Sitek et al., 2012). This idea that skeletal 

sex is more fluid than biological sex reflects the theories upheld by gender scholars. For 

example, among very young individuals, sex determination might not always be possible, but the 

likelihood of discerning sex increases with age along with sexual maturity (Wilson et al., 2015). 

As individuals reach adulthood, their skeletal sex differences become more apparent, however, a 

sex bias exists among very young adults and old adults (Walker, 1995, 2005; Weiss, 1971). Very 

young Male and Female adults (< 20 years old) tend to have more Female like skeletal sex 

morphologies, and as an individual reaches the age of 40 years, more Male-like morphologies 

develop (Walker, 1995). The gradual masculinization of sex traits with increasing age could 

explain why there is often a 12% sex bias in favour of males when using bioarchaeological 

methods of sex estimation (Weiss, 1971). It is this age-based change in skeletal sex that suggests 

that it is fundamentally different from biological sex and should receive renewed attention in 

bioarchaeological theory and method.   

 The way in which gender theory incorporates the fluidity and changeability of skeletal 

sex as it is manifested in the skeleton as we age, opens the doors for incorporating other 

theoretical similarities; specifically, that skeletal sex is constructed through methodological 

categorization. Given that the skeleton undergoes continuous change during life, impacting the 

interpretation of skeletal sex, a deeper scrutinization of the methods is warranted in order to 

improve the practice of sex estimation. One way to deepen the scrutinization of biological 

anthropological methods of sex estimation is to identify the assumptions made in the 
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interpretation of sex that could be confounding the predictive power of the sex estimation 

methods being used. The term skeletal sex will be used to highlight the argument outlined above 

and typical categories of sex such as Female and Male will be capitalized to identify them as 

constructed categories.  

 

1.1.3 Confounding Factors of Sex Estimation 

 When biological anthropologists investigate skeletal sex in the coxal bone using either 

visual, osteometric, or geometric morphometric methods, they are often comparing sexual 

dimorphism as a function of stature and body mass differences between Males and Females, as 

well as sexually distinctive shapes and non-metric traits (Betti, 2014; Cabo et al., 2012; Clark, 

2014; Kurki, 2013; MacLaughlin & Bruce, 1986; Ruff, 2002; Vercellotti et al., 2011). Size 

sexual dimorphism is the physiological consequence of Males having a longer adolescent growth 

period and a greater growth velocity compared to Females (Cabo et al., 2012; Hiernaux, 1985). 

As a result, allometric body proportions (body breadth) between Males and Females are 

differentiated and these differences are reflected in the coxal bone, with shorter individuals 

having shorter coxal bone heights (Kurki, 2011; Fischer & Mitteroecker, 2015). However, stature 

is also affected by nutritional variation, which can hinder adolescent growth (Vercellotti et al., 

2011; Zakrzewski, 2003). Within groups of shorter and taller individuals, the magnitude of 

sexual dimorphism between Males and Females is consistent, meaning if geometric size 

differences can be controlled for, all that would remain would be allometric differences related to 

development (Kurki, 2011).   
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  Body mass does not exhibit sexual dimorphic differences among populations from 

varying latitudes, but it does have a significant correlation with sex (Ruff, 2002). Body mass, as 

represented in biological anthropology, is the skeletal mass of an individual derived from the 

cross-sectional geometric size of long bones and cortical bone thickness (Cabo et al, 2012). 

Males and Females differ in body mass in much the same way as they differ in stature, with 

differing rates of skeletal growth and development leading to thicker, heavier bones among men 

and lighter, thinner bones among women. Like stature, nutritional variances can negatively 

impact an individualôs skeletal body mass; however, unlike stature, physical activity can 

maximize the skeletal body mass potential in an individual, while inactivity can minimize it 

(Cabo et al, 2012). Weight, self-reported by participants in the Body Donation Program, was 

observed as body mass.  

 Population differences, derived from climate adaptation, have inspired researchers to 

develop population-specific sex estimation techniques, particularly in osteometric methods of 

sex estimation (Macaluso, 2010; MacLaughlin & Bruce, 1986; Listi, 2010; Rosenberg, 2002; 

Steyn & Patriquin, 2009). Population variation is the basis for creating ancestral profiles that 

categorize individuals, however, studies on human population variation in the skeleton have 

identified more variation within population groups than between groups (Mays, 2010; Walker, 

2000; White & Folkens, 2005; Zakrzewski, 2011). Some authors suggest that when examining a 

large population (around 600 individuals), within-group variation ceases to display statistically 

significant patterns (Steyn & Patriquin, 2009). When osteometric analyses of sex factor in such 

variables as stature, body mass, or body breadth, within-sex and between-sex differences 

correlate with these variables rather than with population afiliation (Albanese et al., 2008; 
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Fischer & Mitteroecker, 2015; Hierneau, 1985; Kurki, 2011, 2013; Papaloucas et al., 2008; 

Ridgeway et al., 2008, Ridgeway et al., 2011).   

 In osteometric analyses allometric size differences of body size and body mass are 

frequently considered when trying to improve the predictive capability of sex estimation methods 

(Betti, 2014; Kurki, 2013). However, it is often because osteometric measurements also capture 

isometric, or non-sex related variables associated with stature, body breadth, and body mass 

measurements that the predictive power obtained from these measurements are not as strong as 

visual methods. Allometric size differences have been attributed to variations in sexual 

dimorphism, variations between geographical populations, nutritional variation, and hormonal 

variation (Betti et al, 2013; Kurki, 2011). Using osteometric methods of sex estimation, it is 

difficult to determine if allometry or isometry is contributing to size-based sex difference. In 

order to improve osteometric methods of sex estimation, these non-sex related elements 

accompanying linear measurements must be accounted for so true sex differences can be isolated 

and incorporated into future methodologies. Geometric morphometrics has the added advantage 

of analysing sex-based shape differences independently from geometric size that aids in 

disassociating linear measurements with isometric size (Klingenberg, 2016). There is a need for 

a standardized method of sex estimation where non-sex related size components can be removed, 

leaving only sex-related size differences rooted in the biological function of childbirth. This type 

of method would provide biological anthropologists with a more focused interpretation of sex-

based differences and would eliminate the need to develop population or temporally specific 

methods of sex estimation, thereby making a geometric method of sex estimation more 

universally applicable.   
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1.2 Methodology  

1.2.1 Specimens 

 This research was conducted on a population of 394 individuals of known sex, age, and 

ancestry from the William Bass Donated Skeletal Collection (Bass Collection), at the University 

of Tennessee, Knoxville TN (Males n = 203, Females n = 191). Living applicants to the Body 

Donation Program (BDP) provided age, sex, and ancestry information pre mortem. Skeletons 

were procured post mortem and catalogued into the Bass Collection. References to ancestry are 

capitalized in this dissertation to identify them as discrete categories. The study population is 

primarily made up of individuals categorized as White (n = 369). Non-white individuals included 

Black (n = 12), Hispanic (n = 4), Native American (n = 3), mixed White and Native American (n 

= 2), Polynesian (n = 1), mixed White and Polynesian (n = 1), Filipino (n = 1), and Japanese (n = 

1). Although the ethnic origin of the sample population is clearly biased toward individuals 

classified as ñWhiteò this study is most interested in how sex measurements relate to body form 

variables. Ancestry is included in this study as a comparison to correlations with body form and 

to demonstrate where and how population variation becomes an important variable in analyses of 

coxal bone shape and sex-based measurements. Body size or stature ranges are more varied in 

the study sample (142.24cm ï 195.58cm) as is weight (80lbs ï 500lbs), suggesting methods 

derived from this study can be applied to any skeletal population within these ranges. Mean 

stature for the sample population is 170.57cm (SD = 10.36cm) and is normally distributed 

(Figure 1.1a, skewness = -0.060; kurtosis = -0.497). Average Female stature is 163.31cm (SD = 

7.75cm) and is also normally distributed (Figure 1.1b, skewness = 0.049; kurtosis = -0.125,). 

Average Male stature is roughly 14cm taller than Female stature at 177.43cm, but both have 
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similar specimen distributions (Male SD = 7.44cm; skewness = -0.041; kurtosis = -0.032, 

Figures 1.1c).  

 

 

(a) 
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Figure 1.1 Distribution of Estimated Stature (cm) among the sample population (a), grouped by Females (b) 

and Males (c).  

 

(b) 

(c) 
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Estimated weight (Figure 1.2a) among the sample population averaged 183.64lbs (SD = 

66.72lbs) and is negatively skewed (1.402) and leptokurtic (kurtosis = 2.408) due to a few heavy 

individuals (>400lbs) increasing the weight range. Estimated Female weight (Figure 1.2b) 

averaged 176.40lbs, roughly 13lbs lighter than the sample population average, and possesses a 

slightly larger weight distribution than the total sample population (SD = 69.96lbs). Female 

Estimated Weight is more negatively skewed (1.462) and leptokurtic (kurtosis = 2.564) than the 

total sample population. Male Estimated Weight (Figure 1.2c) averaged roughly 7lbs heavier 

than the sample population average (mean = 190.48lbs) and possesses a slightly narrower range 

in weight values (SD = 62.92lbs). Estimated Male weight is also negatively skewed and 

leptokurtic (skewness = 1.456; kurtosis = 2.527). 

 

 
 

(a) 
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Figure 1.2 Distribution of Estimated Weight (lbs.) among the sample population (a), grouped by Females (b) 

and Males (c). 

 

(b) 

(c) 
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 Age at death among the total sample population (Figure 1.3a) ranged between 23-93 

years (mean = 59.93 years; SD = 14.27 years) and is normally distributed (skewness = -0.031; 

kurtosis -0.454). Female age at death (Figure 1.3b) averaged 61.12 years (SD = 14.24 years) 

roughly 1 year older than the total sample population, and is also normally distributed (skewness 

= -0.020; kurtosis = -0.409), while Male age at death (Figure 1.3c) averaged roughly a year 

younger than the total sample population at 58.80 years (SD = 14.25) and shares a similar 

distribution pattern as the total sample population (skewness = -0.040), however, Male age at 

death is lightly more leptokurtic (kurtosis = -0.496) than the female and total distributions.  

 

 

(a) 
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Figure 1.3 Distribution of Age at Death in years among the sample population (a), grouped by Females (b) 

and Males (c). 

(b) 

(c) 
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 Studies of sexual dimorphism incorporating individuals aged between 15-19 years have 

demonstrated higher rates of misclassification of Males as Females (González et al., 2009; 

Walker, 1995). Age-related changes to the coxal bone will be minimized in this study by 

selecting individuals that do not exhibit extensive acetabular osteophitosis. Individuals who have 

undergone pre mortem hip replacement surgery were not included in the study poplulation. 

Individuals included in the study population were born during the late 19th to mid 20th centuries 

and could have experienced varied nutritional profiles related to secular food trends. Observable 

nutrition-related pathologies were documented from skeletal individuals when available.  

 The shape data obtained from individuals in this study provided the basis for generating 

predictive models to determine sex in archaeological and forensic skeletal remains. The accuracy 

of these predictive models was tested 120 individuals, also obtained from the Bass Collection but 

independent from the sample population (Males n = 60, Females n = 60), varying in body size 

(stature 149.86cm ï 187.96cm; weight 103lbs ï 315lbs), and age at death (25-96 years old). The 

test population compised largely of individuals classified as White (n = 99; f = 57; m = 42), 14 

individuals classified as Black (f = 3, m = 11), 4 males classified as ñhispanicò, and 3 males 

classified as ñAmerican Indianò. These last two categories were combined into a collective 

ñamericanò category (n = 7). 

 Average Estimated Stature among the test population is 172.60cm (SD = 9.34cm) and 

comparable with the sample population, however unlike the sample population the distribution of 

stature variables among the test population is slightly positively skewed (Figure 1.4a, skewness = 

-0.502; kurtosis = -0.305). Female stature (Figure 1.4b) averages roughly 10cm shorter (mean = 

163.12cm), is less varied (SD = 7.46cm) and more normally distributed (skewness = -0.046, 

kurtosis 0.558) than the test population as a whole, while the distribution of Male stature is only 
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4cm taller than the group average (mean = 176.53cm, SD = 6.94cm) and slightly more skewed 

(skewness = -0.615, kurtosis = 0.389 than the test population as a whole (Figure 1.4c).  

 

 

(a) 
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Figure 1.4 Distribution of Estimated Stature (cm) among the test population (a), grouped by Females (b) and 

Males (c).  

 

(b) 

(c) 
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 Average Estimated Weight is roughly 14lbs lighter in the test population than in the 

sample population (mean = 178.02lbs; SD = 45.24lbs). Estimated Weight (Figure 1.5a) is 

slightly less negatively skewed (0.944) and less leptokurtic (kurtosis = 1.372) among the test 

population than the sample population. The distribution of Female weight in the test population 

(mean = 162.53lbs, SD = 49.74lbs) is slightly less skewed (0.769) and more mesokurtic (0.283) 

than the total test population (Figure 1.5b). Male weight is driving the skewness and leptokurtic 

distribution of the test population as a whole (mean = 183.36lbs, SD = 43.21lbs, skewness = 

1.283, kurtosis 2.28, Figure 1.5c). 

 

 

 

(a) 
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Figure 1.5 Distribution of Estimated Weight (lbs.) among the test population (a), grouped by Females (b) and 

Males (c). 

 

(b) 

(c) 
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Mean age at death among the test population was roughly two years older than among the 

sample population (mean = 61.93 years, SD = 14.75 years, skewness = -0.005, kurtosis = -0.319, 

Figure 1.6a), this pattern is consistent among Females (mean = 63.48 years, SD = 14.09 years, 

skewness = -0.004, kurtosis -0.421) and Males (mean = 60.38 years, SD = 15.35 years, skewness 

= 0.043, kurtosis = -0.211) in the test population (Figures 1.6b and c respectively).  

 

 
 

(a) 
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Figure 1.6 Distribution of Age at Death in years among the test population (a), grouped by Females (b) and 

Males (c). 

 

 

(c) 



26 

 

1.2.2 Study Variables 

 This analysis used both left and right coxal bones to account for individual fluctuating 

asymmetry. Although fluctuating asymmetry does not appear to influence the result of sex 

estimation in greater sciatic notch shape analysis specifically (Biwasaka et al., 2012), a 

comparison between left and right coxal bones is necessary in order to account for as many 

contributors to human variation as possible. As Cabo et al. (2012) note, it is important to check 

the linear relationship between new variables of sex (in this case variables of shape) and other 

variables of human variation, such as age, stature, and body mass, to determine the influences 

acting on the new shape variable. Fluctuating asymmetry can be added to this list of other 

variables to determine if it is confounding true sex differences.    

 

1.2.3 Landmarks and 3D Models 

Geometric morphometric data can be captured through a manual landmark selection 

process or a semi-automated semi-landmark process (Anastasiou & Chamberlain, 2013; Arnqvist 

& Martensson, 1998; Baab et al., 2012; Bigoni et al., 2010; Bookstein, 1978, 1991; Bytheway & 

Ross, 2010; Franklin et al., 2010; González et al., 2017; Gómez-Valdés et al., 2012; 

Hallgrimsson et al., 2008; Humphries et al., 1981; Mahato, 2010; Mitteroecker & Gunz, 2009; 

Pretorius et al., 2006; San-Millán et al., 2017; Sholts et al., 2011; Steyn et al., 2004; Velemínská 

et al., 2013; Zelditch et al., 2012). Points, or landmarks, are strategically positioned on an object 

to capture shape variation. These points are reproduced exactly on all subsequent specimens and 

registered as three-dimensional coordinates in tangent space. Positional differences among the 
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same landmark points in this tangent space provide the special information needed to measure 

shape differences. Landmarks and semi-landmarks highlight the unique features contributing to 

the shape of an object and highlight features of biological importance. Bookstein (1991) 

describes three types of landmarks used in geometric morphometrics: Type I landmarks are 

discrete juxtapositions, defined in terms of intersecting structures such as between sutures or the 

branching points of a tree. Type II landmarks are ñmaxima of curvature or other local 

morphogenetic processesò (Bookstein, 1991: 64). This category includes points that experience 

push or pull forces such as the tips of muscle attachments on bone, or ranges of a curve such as 

the ñôcornerô of the jaw and the ócornersô of the orbital rimò (Bookstein, 1991:65). Type II 

landmarks are defined in terms of local features, but they are not surrounded by structures as in 

type I. In contrast, Type III landmarks are points at extreme ends. Two other landmark types that 

are important but not as well-defined as the previous three are ñconstructedò and ñfuzzyò 

landmarks. Constructed landmarks are a combination of traditional landmarks and geometric 

information while ñfuzzyò landmarks are larger than single point landmarks but are still 

recognized as areas of biological significance (Bytheway & Ross, 2010). In addition to being 

biologically relevant to the research question, a landmark should be selected according to how 

easy it is to locate on the object by inexperienced users and how repeatable the expression of the 

landmark is on all the specimens being studied (Bytheway & Ross, 2010).   

Landmarks that record maximum shape differences can omit subtle morphological 

variation that lies between the points (Bookstein, 1991). This problem can be rectified by 

applying semi-landmarks through a thin-plate spline (TPS). TPS allows semi-landmarks to 

capture the shape of curves between well-defined anatomical landmarks on three-dimensional 

surfaces (Bytheway & Ross, 2010; Mitteroecker & Gunz, 2009). Deformation grids also operate 
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on the TPS and visually display the shape differences of objects. The shape differences located 

on the landmarks are displayed on the grid and morphed or ñdeformedò to indicate in which 

direction shape difference occurs (Mitteroecker &  Gunz, 2009). Mitteroecker and Gunz, (2009: 

240) suggest that deformation grids are not as effective for visualizing three-dimensional shape 

differences, but a sequence of warped surfaces can be used to describe shape differences in three 

dimensions.   

This analysis used landmarks that have demonstrated biological significance in previous 

studies (Bilfeld et al., 2012; Bytheway & Ross, 2010; González et al., 2009) including landmarks 

that represent the anterior and posterior regions of the coxal bone, the auricular surface 

(Anastasiou & Chamberlain, 2013), the greater sciatic notch (Velemínská et al., 2013), and 

landmarks used in research previously undertaken (Robertson, 2013). There are two methods of 

obtaining landmark data for geometric morphometric analysis; one uses a 3D digitizer that 

captures landmark coordinates directly from the surface of the object being studied, while 

another way is to collect 3D surface scans of each specimen and postition the landmarks on these 

3D computer models. Both methods have their own strengths and weaknesses. The 3D digitizer 

has been shown to reduce the measurement error of Type I and Type II landmarks while a 3D 

surface scanner more accurately measures Type III landmarks (Sholts et al., 2011). However, it 

is more difficult to duplicate specimens position when using a 3D digitizer compared to a 3D 

surface scanner (Arnqvist & Martensson, 1998; von Cramon-Taubadel et al., 2007). 

Hallgrimsson et al. (2008) recommend using a laser scanner to obtain 3D computer models of 

specimens because it allows for more flexibility when sharing data. Different landmarks can be 

applied to the same 3D model without having to verify compatibility between models or between 

scanning equipment. Computer models also provide a means to change the location of landmarks 
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when new sex-based shape stuides emerge. In this study, the NextEngine surface scanner was 

used to generate 3D models of coxal bone specimens. A more detailed description of the 

scanning procedure is provided in Chapter 2.   

  

1.2.4 Geometric Morphometric Methods 

 The most widely used method of shape analysis is the Generalized Procrustes Analysis 

(Bookstein, 1991; Mitteroecker & Gunz, 2009; Zelditch et al., 2012). This method calculates the 

best fit among shapes using the principle of least squares. To calculate the best fit among all 

shapes, the Generalized Procrustes Analysis applies the Procrustes superimposition, in which the 

landmark configurations are superimposed onto one another and centred to a common centroid 

(Figure 1b), scaled to a unit centroid size (Figure 1c), and rotated to a common position (Figure 

1d).   

 

  

 

 

(a)     (b)   (c)       (d) 

Figure 1.7 Illustration of Procrustes Superimposition. Image (a) raw landmark configurations data. Images 

(b) centred at centroid. Images (c) centred and scaled. Images (d) centred, scaled and rotated. 

 

To find the centre of the landmark configuration, after Procrustes superimposition, the centroid 

position coordinate (the average coordinates among all the landmark configurations) is 
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subtracted from the corresponding coordinates of each landmark configuration (Zelditch et al., 

2012). This step is called translation because the centroid position has been translated from 

individual centres to a common centroid of all landmark configurations (Zelditch et al., 2012). 

The next step is to scale the newly translated landmark configurations either to a common size, a 

mean centroid size, or to an optimized least-squares estimate of scale (Mitteroecker & Gunz 

2009). The centroid size is calculated as "the square root of the summed squared distances of 

each landmark from the centroid of the landmark configuration" (Zelditch et al., 2012:457). The 

sum of the squared distances between corresponding landmarks used to generate the unit 

centroid size is referred to as a squared Procrustes distance (Bookstein, 1991; Goodall, 1991; 

Mitteroecker & Gunz, 2009; von Cramon-Taubadel et al., 2007; Zelditch et al., 2012). The final 

step is to rotate the landmark configurations around their centroids, so all the corresponding 

landmarks are in their closest proximity, which minimizes the Procrustes distance between the 

coordinates (Mitteroecker & Gunz, 2009).   

 When the Procrustes superimposition calculates the best fit among the shapes, there is a 

risk that one or more landmarks, and their corresponding Procrustes coordinates, could express 

large shape differences. Large displacement can occur at one or more landmark location due to 

best fit among most remaining landmarks (Zelditch et al., 2012). This displacement of the 

landmark and corresponding Procrustes coordinate is referred to as the Pinocchio effect, and can 

cause a disproportionate amount of localized shape difference (von Cramon-Taubadel et al., 

2007).  
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1.3 Organization 

 This dissertation is organized as three distinct papers focusing on three distinct areas of 

research. Chapter 2 has previously been published in the American Journal of Physical 

Anthropology and outlines a method for validating landmarks that best represent sex-based shape 

differences (Robertson et al., 2019). Numerous studies have been conducted to compare sex 

differences between Male and Female coxal bones using shape analysis with varying degrees of 

success and little to no transferability between methods. This study illuminates a comprehensive 

method for validating landmarks used to represent a specific research question, in this case, 

landmarks that represent true sex differences in the coxal bone and eliminates landmarks that 

obscure sex differences.  

Chapter 3 used the sex-based landmarks identified in Chapter 2 to generate a discriminant 

function equation and logistic regression model that best predict sex in the whole coxal bone. 

Debates regarding which of the two methods is more appropriate to use in biological 

anthropology are ongoing (Albanese, 2003, 2008), consequently both equations were applied to 

evaluate their usefulness and applicability to the study population. The success of the sex 

prediction in Chapter 2 (98.5%) lies in use of landmarks that represent isometric and allometric 

size as well as fluctuating asymmetry. By examining sex-based shape differences from within the 

array of variation inherent in coxal bone form, sex predictions are improved and applicable 

within that array of variation. In other words, both the discriminant function (DF) equation and 

the logistic regression model (LRM) are applicable to both right and left coxal bones and to 

skeletons of various geographical origins. Consequently, these equations can be applied to either 

the right or left coxal bone and are population inclusive. The DF equation accurately identified 
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specimens in 99.7% of cases with an option for an intermediate sex classification. The LRM 

correctly identified all specimens with one less measurement than the DF equation and no option 

for intermediate sex.  Both equations were verified against a test population (n = 120) varying in 

stature and body mass, again the LRM correctly identified all specimens and the DF equation 

correctly identified 99.2% of specimens. Landmarks associated with linear measurements were 

tested for intra- and inter-observation error. Fluctuating asymmetry was used as a benchmark for 

acceptable inter- and intra-observer error in this study.  

Chapter 4 investigates the applicability of converting the population inclusive linear 

measurements presented in Chapter 3 to accommodate fragmented coxal bones. DF and LRM 

were also used in this chapter. The DF equation from Chapter 3 was repeated in Chapter 4 to 

represent coxal bones greater than 75% complete and to compare accuracy levels between new 

LRM and discriminant functions. Two more completeness categories represented coxal bones 

between 50-25% complete and approximately 25% complete. As in the previous chapter, the 

discriminant function equations generated to predict sex in fragmented coxal bones were 

subjected to a repeatability test on an independent population. Chapter 4 was not limited to linear 

measurements presented in Chapter 3 but included linear measurements associated with the other 

landmarks of sex-based shape introduced in Chapter 2.  

The conclusion of this manuscript explores two arenas; the methodology of validating 

landmarks in future shape analyses in the skeleton, and decoupling ideas of biological vs skeletal 

sex. 
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Chapter 2: Testing landmark redundancy for sex-based shape analysis  

 

2.1 Synopsis 

Objectives: To test the individual effectiveness of common landmarks used in sex estimation of 

whole adult coxal bones in sex-based shape analysis and propose a method to determine how 

many principal components of sex-based shape to include for discriminant function analysis. 

Methods: Three-dimensional models (NextEngine desktop laser scanner) of left and right os 

coxae from 394 individuals (William Bass Donated Skeletal Collection, Forensic Anthropology 

Centre, University of Tennessee, Knoxville, TN) were subjected to shape analysis using thirty-

two landmarks (Landmark 3.6, Institute for Data Analysis and Visualization). Each landmark 

was individually removed and subjected to a new Principal Component Analysis (PCA) to 

identify the effect omitting a landmark has on PC1/PC2 ordination. Landmarks that poorly 

discriminated sex-based shape were considered redundant for analysis on sex estimation. 

Results: This study identified 17 landmarks that represent sex-based shape of right and left coxal 

bones most effectively, these are: the anterior superior iliac spine; posterior superior iliac spine; 

posterior inferior iliac spine; iliac crest; apex of the auricular surface; greater sciatic notch; 

ischial spine; superior, inferior and distal points on ischial tuberosity; superior, inferior and 

midpoint on the symphyseal face; arcuate eminence; ischiopubic ramus; and posterosuperior and 

anterosuperior points on the acetabular rim. The first and second PCs of the 17-landmark 

configuration correctly predicted sex in 98.5% of cases; better than a 32-landmark configuration 

(96%) and better than previous landmark studies on whole coxal bone sex-based shape. 
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Conclusions: These 17 landmarks represent more meaningful data for sex-based shape analysis 

in PC1 and 2 and concentrate meaningful sex-based shape data to the first five PCs that make up 

over 50% of the total shape variance.  

   

2.2 Introduction  

In shape analysis, such as geometric morphometrics, individual landmarks adhere to the 

following criteria (Bookstein, 1991; Webster & Sheets, 2010): 1) be reproduced in the same 

relative position on every object of study; 2) summarize object morphology; 3) be replicated with 

high accuracy; and 4) compare similar shapes. The problem lies in a lack of consensus regarding 

how densely or thinly landmarks should summarize object morphology and the number of 

landmarks needed to address a research question. This is an obvious problem when comparing 

studies on whole coxal bone sexual dimorphism. Three studies have prepared the way for sex-

based shape studies in complete human os coxa; Bytheway and Ross (2010) used 36 landmarks 

and predicted sex with 98% probability using 23 principal components of shape, Bilfeld et al. 

(2012) used 15 landmarks to predict sex with 87.62% probability reporting 13 principal 

components of shape, and González et al. (2017) used 28 landmarks to predict sex within 90.5% 

probability in females and 80% probability in males reporting 18 principal components of shape. 

However, the landmarks used in these analyses differ in number, predictive probability, and are 

non-specific to their research questions.  

Landmarks in the whole coxal bone have not been systematically evaluated to test their 

individual effectiveness in sex-based shape analysis. Shape analysis is directed by the landmarks 

selected and the morphology of the objects of study. However, selected landmarks must also 
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coincide with the research question and be consistent between studies to ensure comparability of 

results between different study populations. Roth (1993) outlines three criteria for landmark 

selection based on previous work by Bookstein (1991). First, landmarks should be repeatable on 

all study specimens; this ensures data consistency. Adding to Bookstein and Rothôs concepts of 

landmark repeatability is that landmarks should also be repeatable between studies to ensure 

method consistency and comparability of data. Naturally, different research questions might 

require a more detailed look at specific bone features, but in studies of sex-based shape of the 

whole human coxal bone consistent landmarks generate directly comparable data on sexual 

dimorphism between a variety of human populations.  

The second criteria Roth (1993) outlines for selecting landmarks is they should represent 

features of biological importance. As stated previously, bone features considered to be 

biologically important will no doubt differ depending on the research question. In studies of sex-

based shape in the os coxa, areas of biological importance are varied: pubic bone and greater 

sciatic notch have reported accuracy between 88-95% (Phenice, 1969; Singh & Potturi, 1978; 

Walker, 2005); The ilium, auricular surface, acetabulum, obturator foramen, and ischium are less 

accurate at predicting sex using osteometric analysis (80-84%) and are considered of secondary 

importance for estimating sexual dimorphism (Bierry et al., 2010; BrŢģek, 2002; Macaluso, 

2010; Rogers & Saunders, 1994). Sex-based shape analysis of these characteristics can predict 

sex-based shape between 87-98% (Anastasiou & Chamberlain, 2013; Bilfeld et al., 2012; 

Bytheway & Ross, 2010; González et al., 2017; Gómez-Valdés et al., 2012). Determining which 

areas of the coxal bone are of greater or lesser importance to sex-based shape analysis is a crucial 

step towards generating consistent and comparable data for future analyses. 
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A possible method to determine which landmarks could be made consistent for whole 

coxal bone sex-based shape analysis lie with Rothôs (1993) third criteria for landmark selection: 

landmarks on key features; in this case, features of sexual dimorphism should generate 

meaningful data. In other words, it is important to investigate how to best represent sexually 

dimorphic bone features using landmarks considered to be meaningful for sex-based shape. 

According to Bookstein (1991), it is important to allow some landmark redundancy when 

representing shape, however, the level of landmark redundancy is not clear by either Bookstein 

or Roth or at what point redundant landmarks stop generating meaningful shape data. Studies 

using semi landmarks on the greater sciatic notch, ischiopubic ramus, and acetabulum isolated 

landmarks that consistently performed better at identifying meaningful sex-based shape data 

(Gómez-Valdés et al., 2012; González et al., 2009; San-Millán et al., 2017; Velemínská et al., 

2013), which suggests some landmarks generate more meaningful shape data than others on 

sexually dimorphic features of both primary and secondary importance.  

Shape analysis of cranial morphology is more prolific than coxal bone shape analysis 

because there are available standardized cranial landmarks that allow between-study shape 

comparisons on an ever-growing dataset of human, hominin, and non-human primate crania 

(Baab et al., 2012; Bigoni et al., 2010; Bookstein, 1991; Bruner, 2004; Franklin et al., 2010; 

González et al., 2011; Kimmerle et al., 2008; Manzi et al., 2000; Rosas & Bastir, 2002; 

Viðarsdóttir et al., 2002). The lack of standardized landmarks in the os coxa renders the wealth 

of data being generated on sex-based shape differences moot, as the results are not directly 

comparable between studies involving different populations or across time. This study seeks to 

determine which landmarks commonly used in sex-based shape analyses satisfy Rothôs (1993) 

third criterion of landmark selection, that of generating meaningful shape data. It is central to 
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understand the degree to which coxal bone forms are related to allometric size differences and 

which are important for sex estimation. It is also vital to understand the degree to which sexual 

dimorphic forms should be represented by landmarks before overly redundant allometric data 

obscures the goal of the analysis. This study takes a qualitative and quantitative approach to 

interpreting meaningful sex-based shape data through comparisons of principal components 

(PCs). Additionally, this study evaluates how principal component analysis (PCA) of sex-based 

shape data are interpreted and reported for future studies.  

 

2.3  Materials and Methods 

2.3.1 Specimens 

 The specimens used in this study are from the William Bass Donated Skeletal Collection, 

Forensic Anthropology Centre, University of Tennessee, Knoxville, TN. The individuals (n = 

394) died within the last 35 years and were between 23-93 years old at their time of death (Table 

2.1). The individuals sampled in this study represent the demographics of the Bass collection 

(93% White, 3% Black, and 3% other), but do not reflect current North American or global 

population demographics. This analysis incorporated both left and right os coxae to capture 

variation in bilateral asymmetry, or individual variation, among the samples. In total, 788 coxal 

bones were analyzed (Male n = 406; Female n = 382). 
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À = Hispanic (n = 4), Native American (n = 3), mixed White and Native American (n = 2), Polynesian (n = 

1), mixed White Polynesian (n = 1), Filipino (n = 1), Japanese (n = 1) 

 
Table 2.1 Demographics of study population. 

 

2.3.2 Image Capture and Shape Analysis  

The NextEngine desktop three-dimensional surface scanner (NextEngine, Inc.) was used 

to scan the specimens. Geometric point resolution was set to capture 310 points per cm2 for 

objects in a wide field of view with an accuracy of up to 0.038cm (resolution published as 2.0k 

points per square inch with an accuracy of 0.015-inch). Each specimen required two 380o 

rotations at eight scans (10 minutes) per rotation to capture all levels of pelvic topography. The 

first rotation consisted of the hip bone positioned in anatomic position, parallel to the vertical 

arm of the PartGripper (Fig. 2.1a). The ischiopubic ramus was centred on the PartGripper 

platform and the ilium oriented so the anterior superior and posterior superior iliac tuberosities 

were within the borders of the turntable base. The second rotation consisted of the hip bone 

laying parallel to the base of the NextEngine turntable. The iliac fossa lay on the PartGripper 

platform parallel to the turntable base, the pubic bone pointing downward and the ischium 

pointing upwards (Fig. 2.1b). This orientation captured the superior surface of the iliac crest, 

inferior surface of the ischiopubic ramus, and the inside of the acetabulum that were missed in 

the first rotation. The second rotation required that the ischiopubic ramus and the apex of the 

ilium were inside the turntable boundaries or their surfaces would be missed by the scanner.  

 Age at death White Black OtherÀ Total 

Males 23-90 (mean = 58.8) 189 8 6 203 

Females 24-93 (mean = 61.1) 180 4 7 191 

Total  369 12 13 394 
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Figure 2.1 Position of the coxal bone to the arm of the NextEngine PartGripper; (a) parallel (b) 

perpendicular. 

 

The scans were fused into a single three-dimensional image using ScanStudio software 

(ScanStudio HD 1.2.0, NextEngine, Inc). The fuse settings included no hole filling, to avoid 

artificially created coxal bone surfaces and terminus points, and a resolution ratio of 0.9 (default 

setting) to maintain the same mesh triangle size (0.0225 inches) as the original scans. Although a 

digitizer more accurately represents landmarks at sutures (type I landmarks) and at a maximum 

point on a curve (type II landmarks), such as the greater sciatic notch or the apex of the auricular 

surface, a 3D scanner is more accurate at representing type III landmarks (Sholts et al., 2011), 

extreme end points that are the furthest away from each other, such as between the maximum 

arch of the iliac crest and the most inferior point on the ischial tuberosity. Constructed 

landmarks, landmarks that are equidistant between two type III landmarks, are also more easily 

determined on 3D models using a measurement tool. This study used 3D models, as opposed to 

(a) (b) 
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two-dimensional photographs because coxal bone growth and development are three-

dimensional. The associated measurements between end point landmarks will be useful to 

develop sex estimation methods. 

The three-dimensional models were imported into the Landmark 3.6 software (Institute 

for Data Analysis and Visualization, 2007) as ply files for landmark placement using a semi-

automated process. The process consisted of selecting a reference specimen and manually 

placing all landmarks on the object surface. Both right and left coxal bones used the same 

reference specimen for landmark semi-automation (Figure 2.2). For the remaining specimens, the 

first six landmarks in the sequence required manual placement to orient the semi-automation of 

the remaining landmarks. Each semi-automated landmark required manual refinement to ensure 

correct placement (Institute for Data Analysis and Visualization, 2007).  

 

 

Figure 2.2 Landmark positions of reference specimen as seen in Landmark 3.6 Software; (a) ventral view (b) 

dorsal view. 
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2.3.3 Landmarks 

Thirty-two landmarks (Table 2.2), common in a variety of morphometric studies and os 

coxal measurements (Bilfeld et al., 2012; Bytheway & Ross, 2010; BrŢģek, 2002; Gonz§lez et 

al., 2017; Langley et al., 2016), were examined in this study. Landmarks 1-4, 6, 7, 9, 12, 14-22, 

24, 26-28, 30-32 are derived from Bytheway and Rossôs (2010) study. No significant sex-based 

shape differences were found in the acetabulum in Bytheway and Rossôs study, so the number of 

landmarks in that area was reduced to points used in osteometric measurements of the 

acetabulum (Langley et al., 2016,). Landmarks 8 and 29 were included from Gonz§lez et al.,ôs 

(2017) study. Landmark 29 is constructed from landmark 30 (most posterior point on the ischial 

tuberosity) to the point on the iliac crest that represents the maximum height of the os coxa. 

Landmarks from non-standard anthroposcopic sex traits included BrŢģekôs (2002) composite 

arch (8) and the phallic ridge (23). Landmark 5 was used as a terminus for greater sciatic notch 

shape and it, along with landmarks 10, 11, 13, and 25, are specific to this study.  

 

Landmark 

Number 
Landmark Description  

1 Anterior inferior iliac spine 

2 Anterior superior iliac spine  

3 Posterior superior iliac spine 

4 Posterior inferior iliac spine 

5 Posterior inferior point of the preauricular sulcus 

6 Ischial spine  

7 Pubic tubercle 

8 Superior point of the auricular surface  

9 Apex of the auricular surface 

10 Most lateral point on the ischial tuberosity 

11 Most medial point on the ischial tuberosity 
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Table 2.2 Landmark description. 

 

2.3.4 Digitizing and Measurement Error 

Digitization of the specimens required two NextEngine laser scanners to operate 

simultaneously. One machine was dedicated to scanning left os coxae while the other scanned 

only right os coxa specimens in the entire study. A precision study between scanners was 

required to measure differences in digitization. The precision study used 12 specimens selected 

at random (Males n = 7, Females n = 5). Left and right coxal bones were digitized once using 

both scanners. A MANOVA (IBM SPSS Statistics v.25.0, SPSS Inc. 2017) examined Procrustes 

12 Most inferior point on the ischial tuberosity 

13 Most superior point of the ischial tuberosity 

14 The most inferior medial point on the obturator foramen rim 

15 The most superior lateral point on the obturator foramen rim 

16 The most anterior inferior point of the lunate surface  

17 The most posterior inferior point of the lunate surface 

18 The most superior point on the symphyseal face 

19 The most inferior point on the symphyseal face 

20 Midpoint of the pubic symphysis 

21 Arcuate (iliopubic) eminence 

22 Narrowest point on the ischiopubic ramus inferior to the pubic symphysis 

23 Most lateral point on the phallic ridge on the ischiopubic ramus 

24 Maximum arch of the greater sciatic notch 

25 Point of intersection of the posterior gluteal line to the iliac crest 

26 Midpoint on the posterior gluteal line 

27 Iliac tubercle  

28 Midpoint on the anterior gluteal line 

29 Most superior point on the iliac crest 

30 Most posterior point on the ischial tuberosity 

31 Most posterior superior point on the acetabular rim 

32 Most anterior superior point on the acetabular rim 
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coordinates of each landmark as the dependent variables, scanner and side as independent 

variables. The results did not find significant digitizing error (F (46, 1) = 10.51, p = 0.241, 

Wilksô ȿ = 0.002) between the two scanners or bilateral asymmetry (F (46, 1) = 2.064, p = 

0.510, Wilksô ȿ = 0.010) between the right and left os coxae. 

 

2.3.5 Statistical Analysis  

Principal Component Analysis (PCA) was used to assess each of the 32 landmarks for 

meaningful sex-related data. Systematic individual removal of each landmark followed by a new 

PCA revealed the impact each landmark made to the spread and separation of Male and Female 

individuals on a scatter plot comparing PC1 and 2. Left and right coxal bones were evaluated 

together. Landmarks To the authorôs knowledge, this method of evaluating landmark 

effectiveness had not been used before. However, because PCA results are directed by correlated 

variables, it seemed a logical method to evaluate landmark effectiveness within this data set. 

Landmark assessment was visually assessed for spread and separation of individuals on a 

PC1/PC2 scatter plot. Landmarks that when removed improved the overall separation between 

Males and Females on the new PC1/PC2 scatter plot, from the original 32-landmark PC1/PC2 

scatterplot, were eliminated from the 32-landmark configuration. The PCs from the remaining 

landmark configuration were subjected to discriminant function analysis (DFA) and cross-

validation to compare sex-based shape prediction of the new configuration from the original 32-

landmark configuration.  

It is important, when confronted with many PCs of shape, to reduce the dimensionality of 

shape data to a manageable level. This study will determine which PCs contain not only shape 
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data that is biologically important to interpreting sex but also shape data that is statistically 

meaningful. There are three ways to determine PCs of biological importance (Zelditch et al., 

2012); the first is to consider all PCs that account for at least 80% of shape variance, which 

would require the evaluation of over 20 PCs, may of which would contain shape variance of less 

than 3% and is not likely to garner new information independent of PCs containing greater 

amounts of shape variance. The second method is to interpret the scree plot of PC variance -  or 

the cumulated percentage of variance by PC - and limit interpretation of biological importance to 

those PCs to the left of a clear drop of in shape variance, called the inflection point. This method 

would not be useful, however, if there is no clear inflection point in the scree plot. A third 

method for evaluating biological importance is to consider all PCs containing over 5% of shape 

variance. This third method was deemed the most useful to this study as it provided a more 

manageable number of PCs to interpret that the first method of determining biological 

importance and a clearer cut off point than the second method.  

Once PC of biological importance have been ascertained, the next step is to determine 

which of these PCs to use in statistical tests. Not all PCs of biological importance are statistically 

relevant to answer the specific question of sex in the coxal bone. Coxal bone sex-based 

morphology is conflated with body form (size and shape). The broken stick model is one way to 

determine which PCs of biological importance contain statistically meaningful data to answer 

this studyôs specific question of sex difference (Jackson, 1993). This final step is vital when there 

is no discernable inflection point on the scree plot between PCs. The broken stick model divides 

the total variance (eigenvalue sum from each PC) by the eigenvalue for each PC. If the value 

from the broken stick model exceeds the variance for a given PC, that PC is considered not 

statistically meaningful. Values from the broken stick model that do not exceed the variance for a 
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given PC can be retained for further statistical testing. Jackson (1993) reports that the broken 

stick model can underestimate the number of statistically meaningful PCs, which is why this 

study will report PCs of biologically importance along side PCs that meet the criteria of the 

broken stick model.  

PCA and shape analysis were conducted using MorphoJ software, which uses a full 

Procrustes fit based on principle axes and a covariance matrix (Klingenberg, 2011). DFA was 

conducted using SPSS (IBM SPSS v25). Centroid size was subjected to a Spearmanôs rho to test 

its association with PCs and sex.  

  

2.4 Results 

In a Procrustes ANOVA (MANCOVA) using MorphoJ (Klingenberg, 2011), sex-based 

shape differences were not significantly impacted by bilateral asymmetry (F(df=89) = 0.58, p 

(parim.) = 0.999; Pillaiôs trace = 0.12, p (parim.) = 0.43), nor by centroid size (F(df=1) = 

47558.60, p (parim) = 0.0029) based on a randomized test of 10,000 permutation at an alpha 

level of 0.001 (default MorphoJ alpha level).  

 

2.4.1 Principal Component Analysis 

 The original 32-landmark configuration generated 89 principal components (PCs) and is 

presented in Table 2.3. The first two PCs meet the criteria of the broken stick model for inclusion 

in subsequent statistical tests (Jackson, 1993) and the first 4 PCs contain biologically meaningful 

shape data. The results of the broken stick model will only be included for the first 45 PCs. The 
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first 38 PCs capture 90% of the total variance and 50% of the total variance is described in the 

first seven PCs.  

 

 

PC Eigenvalues Var .%* Cum.%  + Broken Stick 

Model 
PC Eigenvalues Var .% * Cum.%  + 

1. 0.00105132 14.554 14.554 6.870762 46. 0.00002445 0.338 93.513 

2. 0.00090448 12.522 27.076 7.986213 47. 0.00002383 0.330 93.843 

3. 0.00058142 8.049 35.125 12.42367 48. 0.00002369 0.328 94.171 

4. 0.00040613 5.622 40.748 17.78586 49. 0.00002218 0.307 94.478 

5. 0.00034339 4.754 45.502 21.03547 50. 0.00002135 0.296 94.773 

6. 0.00029731 4.116 49.617 24.29575 51. 0.00002018 0.279 95.053 

7. 0.00022899 3.170 52.788 31.54448 52. 0.00001982 0.274 95.327 

8. 0.00021557 2.984 55.772 33.50823 53. 0.00001910 0.264 95.592 

9. 0.00019030 2.635 58.407 37.95780 54. 0.00001873 0.259 95.851 

10. 0.00018027 2.496 60.902 40.06973 55. 0.00001738 0.241 96.092 

11. 0.00016507 2.285 63.188 43.75944 56. 0.00001720 0.238 96.330 

12. 0.00014810 2.050 65.238 48.77360 57. 0.00001596 0.221 96.551 

13. 0.00013568 1.878 67.116 53.23828 58. 0.00001552 0.215 96.765 

14. 0.00012696 1.758 68.874 56.89485 59. 0.00001458 0.202 96.967 

15. 0.00011737 1.625 70.499 61.54358 60. 0.00001418 0.196 97.164 

16. 0.00010840 1.501 71.999 66.63625 61. 0.00001364 0.189 97.352 

17. 0.00009897 1.370 73.370 72.98545 62. 0.00001262 0.175 97.527 

18. 0.00009276 1.284 74.654 77.87160 63. 0.00001225 0.170 97.697 

19. 0.00009181 1.271 75.925 78.67738 64. 0.00001150 0.159 97.856 

20. 0.00007968 1.103 77.028 90.65474 65. 0.00001133 0.157 98.013 

21. 0.00007701 1.066 78.094 93.79782 66. 0.00001066 0.148 98.160 

22. 0.00007022 0.972 79.066 102.86770 67. 0.00001047 0.145 98.305 

23. 0.00006822 0.944 80.011 105.88347 68. 0.00000993 0.137 98.443 

24. 0.00006654 0.921 80.932 108.55681 69. 0.00000970 0.134 98.577 

25. 0.00006368 0.882 81.813 113.43232 70. 0.00000905 0.125 98.702 

26. 0.00005895 0.816 82.629 122.53384 71. 0.00000858 0.119 98.821 

27. 0.00005678 0.786 83.415 127.21680 72. 0.00000848 0.117 98.938 

28. 0.00005429 0.752 84.167 133.05157 73. 0.00000785 0.109 99.047 

29. 0.00005151 0.713 84.880 140.23238 74. 0.00000741 0.103 99.150 

30. 0.00004897 0.678 85.558 147.50602 75. 0.00000734 0.102 99.251 
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31. 0.00004818 0.667 86.225 149.92466 76. 0.00000693 0.096 99.347 

32. 0.00004561 0.631 86.856 158.37251 77. 0.00000647 0.090 99.437 

33. 0.00004517 0.625 87.482 159.91521 78. 0.00000609 0.084 99.521 

34. 0.00004365 0.604 88.086 165.48385 79. 0.00000526 0.073 99.594 

35. 0.00004160 0.576 88.662 173.63870 80. 0.00000500 0.069 99.663 

36. 0.00003994 0.553 89.215 180.85553 81. 0.00000466 0.064 99.728 

37. 0.00003782 0.524 89.739 190.99339 82. 0.00000390 0.054 99.782 

38. 0.00003601 0.499 90.237 200.59345 83. 0.00000348 0.048 99.830 

39. 0.00003353 0.464 90.701 215.43006 84. 0.00000316 0.044 99.873 

40. 0.00003234 0.448 91.149 223.35714 85. 0.00000290 0.040 99.914 

41. 0.00003121 0.432 91.581 231.44409 86. 0.00000228 0.032 99.945 

42. 0.00003028 0.419 92.000 238.55251 87. 0.00000185 0.026 99.971 

43. 0.00002898 0.401 92.401 249.25362 88. 0.00000165 0.023 99.994 

44. 0.00002841 0.393 92.795 254.25449 89. 0.00000045 0.006 100.000 

45. 0.00002744 0.380 93.175 263.24235 Total variance:  0.00722337 

* Variance 

+ Cumulative Variance 

Table 2.3 PCA of the L32 configuration. 

 

 Plotting PCs 1 and 2 against each other (Figure 2.3) reveals a separation of individuals by 

sex along PC1 with overlapping confidence ellipses between -0.02 and 0.02. The corresponding 

wireframe graphs depicting shape changes along PC1 illustrates expected Female coxal bone 

shape with a wide greater sciatic notch, short and wide ilium, long pubic bone, short symphyseal 

face, and smaller ischium. Mean coxal shape between Males and Females in the sample 

population is represented by light grey lines and is the same configuration for both PC1 and PC2 

means at the 0.0 point. The negative end of PC1 represents expected Male coxal bone shape 

being taller and narrower overall, with a narrower greater sciatic notch, shorter pubic bone, and 

longer symphyseal face. Other notable sex-based shape changes are a wider Male and narrower 
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Female acetabulum, a more anterior Female and posterior Male auricular surface, and a smaller 

Female and larger Male ischium.  

  

 

 

Figure 2.3 Scatterplot of PC1 against PC2 for  the 32-landmark configuration . Dark circles are Female and 

light diamonds are Male. The corresponding wireframe graphs for PC1 and PC2; dark lines represent coxal 

bone shape at the respective -0.1 or 0.1 scale, light lines represent the average coxal bone shape (at scale 0.0). 

Lin ear equation y = -1x. 
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The second PC also illustrates expected coxal bone sex-based shape differences at 

different magnitudes compared to PC1. In the greater sciatic notch, PC2 captures more extreme 

Female and Male shapes compared to PC1, whereas sex-based pubis length and ischium size are 

less variable along PC2. A striking difference along PC2 is the position of landmark 29, 

representing the maximum arch of the iliac crest, compared to its position on the PC1 axis. 

Along the PC1 axis, landmark 29 is more anteriorly positioned at the positive end of the scale 

and more posteriorly positioned at the negative end. This pattern is reversed along PC2, a more 

posterior landmark represents the positive end of the axis, and landmark 29 is more anterior at 

the negative end of PC2.  

Each landmark was then systematically removed from the 32-landmark configuration and 

a new PC scatter plot was generated to observe the effect each eliminated landmark had on the 

covariance matrix through visualization of the new distribution of individuals. If a landmark, 

when removed, increased the spread and separation of individuals on the PC1/PC2 scatterplot, 

that landmark was flagged as a poor contributor to sex-based shape analysis in this population. If 

the distribution of data narrowed and generated more overlap between Males and Females when 

a landmark was removed, that landmark was considered important for sex-based shape analysis. 

If there was no change to the distribution of individuals when a landmark was removed, that 

landmark could either be retained or eliminated based on whether it strengthened the predictive 

power of the landmark configuration and its usefulness for cross-comparison with other coxal 

bone studies. Accompanying the qualitative description of specimen movement in ordination 

during systematic removal of landmarks, presented in Table 2.4 are the associated values for 

Male variance, Female variance, and total variance pooled between Male and Female 

individuals.  



50 

 

 

Landmark 

Removed 
Description Distribution  

Total 

Fem.Var .× 

Total 

Male.Var .§ 

Total 

Variance 

Diff. from 

Original  

0 Original Configuration  0.00676 0.00607 0.00722 0.0 

1 No change in data distribution 0.00660 0.00602 0.00713 0.00009 

2 Plot is inverse of original on PC2 0.00660 0.00591 0.00710 0.00012 

3 Wider spread of data on PC1 0.00682 0.00609 0.00730 -0.00008 

4 Less discrimination between 

sex-based shape 

0.00671 0.00605 0.00713 0.00009 

5 Less discrimination between 

sex-based shape 

0.00668 0.00600 0.00712 0.00010 

6 Less discrimination between 

sex-based shape 

0.00671 0.00601 0.00715 0.00007 

7 Wider spread of data on PC1 0.00677 0.00614 0.00730 -0.00008 

8 More discrimination between 

sex-based shape 

0.00682 0.00606 0.00721 0.00001 

9 Fewer Females present in 

overlap 

0.00659  0.00600 0.00704 0.00018 

10 More discrimination between 

sex-based shape 

0.00676 0.00606 0.00723 -0.00001 

11 Wider spread of data on PC1 0.00677 0.00604 0.00720 0.00002 

12 Less discrimination between 

sex-based shape 

0.00684 0.00610 0.00726 -0.00004 

13 No change in data distribution 0.00670 0.00600 0.00715 0.00007 

14 No change in data distribution 0.00686 0.00614 0.00733 -0.00011 

15 No change in data distribution 0.00675 0.00605 0.00721 0.00001 

16 No change in data distribution 0.00673 0.00601 0.00718 0.00004 

17 No change in data distribution 0.00673 0.00601 0.00719 0.00003 

18 Less discrimination between 

sex-based shape 

0.00695 0.00619 0.00736 -0.00014 

19 Less discrimination between 

sex-based shape 

0.00696 0.00622 0.00736 -0.00014 

20 Less discrimination between 

sex-based shape 

0.00698 0.00623 0.00738 -0.00016 

21 Less discrimination between 

sex-based shape 

0.00663 0.00594 0.00741 -0.00019 

22 Wider spread of data on PC1 0.00692 0.00623 0.00741 -0.00019 
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23 Less discrimination between 

sex-based shape 

0.00690 0.00620 0.00737 -0.00015 

24 Less discrimination between 

sex-based shape 

0.00671 0.00603 0.00717 0.00005 

25 Wider spread of data on PC1 0.00696 0.00619 0.00744 -0.00022 

26 No change in data distribution 0.00680 0.00610 0.00728 -0.00006 

27 More discrimination between 

sex-based shape 

0.00653 0.00578 0.00698 0.00024 

28 No change in data distribution 0.00676 0.00610 0.00726 -0.00004 

29 More condensed spread of data 

on PC2 

0.00609 0.00579 0.00676 0.00046 

30 No change in data distribution 0.00683 0.00610 0.00726 -0.00004 

31 No change in data distribution 0.00667 0.00595 0.00712 0.00010 

32 No change in data distribution 0.00671 0.00601 0.00717 0.00005 

× Total Female Variance 

§ Total Male Variance 
 

Table 2.4 Description of changes in PCA distributions between PC1 and 2, results of changes in variance 

between Females and Males, and overall variance with systematic removal of each individual landmark. 

Variance values from the original L32 configuration. 

   

 

When removed, landmarks 1, 13-17, 26, 28, 30-32 do not change the distribution of 

specimens on either the first or second PC axes; landmarks 2 and 29 change the distribution of 

shape data on PC2; and landmarks 4-6, 12, 18-21, 23, 24 discriminate poorly between Male and 

Female specimens, which suggests they are important for maintaining sex-based shape 

distinction. Landmarks that dispersed specimens along PC1 when removed (3, 7, 11, 22, and 25) 

contribute statistically significant changes to patterns of total Female variance (mean variance = -

0.0001; p = 0.450), total Male variance (mean variance = > -0.0001; p = 0.419), and total pooled 

variance (mean variance = -0.0001; p = 0.182) compared to landmarks that did not change the 

distributions of specimens. When compared to the variance of the original 32-landmark 

configuration, these landmarks showed statistical significance (mean variance = 0.0001; p = 
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0.182) over landmarks that did not change the distribution of specimens. Therefore, these 

landmarks could be good candidates for removal. Landmarks that generated more discrimination 

between sex-based shape among specimens when removed (8, 10, and 27) show statistically 

significant patterns of total Male variance (mean variance = 0.0001; p = 0.241) and pooled 

variance (mean variance = 0.0001; p = 0.333) compared to landmarks that show less 

discrimination between Males and Females. There was also a significant difference between 

landmarks that show less sex discrimination and those that show more sex discrimination (mean 

variance = - 0.0001; p = 0.333) when compared to the variance of the 32-landmark formation 

and should also be considered for removal.  

 Common landmarks used in linear and geometric morphometric measurements are 

largely maintained for compatibility with other studies. These include: landmarks 2 and 3 

measuring ilium breadth; 8, 9, 6, and 24 representing the composite arch; 16, 17, 31, 32 

representing transverse and vertical acetabular diameters; landmarks 18 to 16 measuring 

minimum pubis length; landmarks 18 to 31 measuring maximum pubis length; 19 and 30 

measuring maximum ischiopubic ramus length; and 12 and 29 measuring maximum coxal bone 

height (Arsuaga & Carretero, 1994; BrŢģek, 2002; Buikstra & Ubelaker, 1994; Langley et al., 

2016). Landmarks that did not alter the distribution of individuals on the PC1/PC2 scatter plot 

could be removed to improve the percentage of variance captured by PCA; these include 

landmarks 14-17 and 28. Other landmarks to eliminate are 25, to increase the complexity of sex-

based shape data, and 27, to increase discrimination between Male and Female shapes, on PC1.  

The landmarks considered redundant for sex-based shape analysis are: the anterior 

inferior iliac spine, the posterior inferior point of the preauricular sulcus, the pubic tubercle, the 

superior point of the auricular surface, the most lateral and medial points on the ischial 
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tuberosity, the most inferior and superior points on the obturator foramen rim, the most anterior 

and posterior points on the lunate surface, the most lateral point on the phallic ridge on the 

ischiopubic ramus, the iliac tubercle, and all of the landmarks representing the gluteal muscles 

(25, 26, and 28). The remainders form a configuration of 17 landmarks that uses many common 

points between studies of sex-based shape (Table 2.5), osteometric measurements (Langley et al., 

2016), and that display the best possible distribution of Male and Female individuals along both 

PC1 and PC2 in a PCA (Figure 2.4). 

 

Num. Description Source 

1 The apex of the anterior superior iliac spine Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

2 The apex of the posterior superior iliac spine Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

3 The apex of the posterior inferior iliac spine Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

4 The apex of the ischial spine Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

5 Apex of the auricular surface Bytheway & Ross, 2010; González et al., 

2017 

6 Most inferior point on the ischial tuberosity Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

7 Most superior point on the ischial tuberosity Bytheway & Ross, 2010 

8 Most superior point on the symphyseal face Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

9 Most inferior point on the symphyseal face Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

10 Midpoint of the pubic symphyseal face 

(constructed landmark calculated between 

landmarks 8 and 9) 

Bytheway & Ross, 2010; González et al., 

2017 

11 The apex of the arcuate (iliopubic) eminence Bytheway & Ross, 2010; González et al., 

2017 

12 Ischiopubic ramus at the narrowest point inferior 

to the pubic symphysis 
BrŢģek, 2002 
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Table 2.5 Description of 17 landmarks that best distinguish sex-based shape based on systematic removal and 

their appearance in previous studies. 

 

 

13 Point of maximum curvature in the greater 

sciatic notch 

Bilfeld et al., 2012; Bytheway & Ross, 2010; 

González et al., 2017 

14 Maximum arc of the iliac crest Bilfeld et al., 2012; González et al., 2017; 

Langley et al., 2016 

15 Most distal point on the ischial tuberosity Bytheway & Ross, 2010; Langley et al., 2016 

16 Most posterior point on the superior portion of 

the acetabular rim 
Bilfeld et al., 2012; Langley et al., 2016 

17 Most anterior point on the superior portion of the 

acetabular rim 
Bytheway & Ross, 2010; Langley et al., 2016 
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Figure 2.4 Scatterplot of PC1 against PC2 for  the 17-landmark configuration . Dark circles are Female and 

light diamonds are Male. The corresponding wireframe graphs for PC1 and PC2; dark lines represent coxal 

bone shape at the respective -0.1 or 0.1 scale, light lines represent the average coxal bone shape (at scale 0.0). 

Lin ear equation y = 1x. 

 

Like the 32-landmark configuration, the first two PCs of the remaining 17 landmarks met 

the broken stick model criteria for inclusion in further statistical tests and make up 37% of shape 

variance. However, 5 PCs contain biologically meaningful shape data in the 17-landmark 

configuration, one more than the 32-landmark configuration. There are fewer PCs (n=44) 

because there are fewer landmarks. Twenty-two PC report the results of the broken stick model, 
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21 PCs describe 90% of the variance, and 50% of the variance is described in the first 4 PCs 

(Table 2.6).  

 

PC Eigenvalues Var .%* Cum.%+ Broken 

Stick Model 
PC Eigenvalues Var .%* Cum.%+ 

1. 0.00153911 21.004 21.004 4.761044 23. 0.00006489 0.886 92.186 

2. 0.00119944 16.368 37.372 6.109326 24. 0.00005909 0.806 92.993 

3. 0.00052757 7.200 44.572 13.88966 25. 0.00005801 0.792 93.785 

4. 0.00050616 6.907 51.479 14.47718 26. 0.00005349 0.730 94.515 

5. 0.00037270 5.086 56.565 19.66131 27. 0.00004779 0.652 95.167 

6. 0.00032359 4.416 60.981 22.64523 28. 0.00004363 0.595 95.762 

7. 0.00029779 4.064 65.045 24.60717 29. 0.00004226 0.577 96.339 

8. 0.00024768 3.380 68.425 29.58563 30. 0.00003701 0.505 96.844 

9. 0.00021853 2.982 71.407 33.53210 31. 0.00003454 0.471 97.315 

10. 0.00018730 2.556 73.963 39.12317 32. 0.00002779 0.379 97.694 

11. 0.00015705 2.143 76.107 46.65883 33. 0.00002461 0.336 98.030 

12. 0.00014339 1.957 78.063 51.10377 34. 0.00002391 0.326 98.357 

13. 0.00013221 1.804 79.868 55.42523 35. 0.00002214 0.302 98.659 

14. 0.00012596 1.719 81.586 58.17537 36. 0.00001914 0.261 98.920 

15. 0.00011647 1.589 83.176 62.91551 37. 0.00001843 0.251 99.171 

16. 0.00010994 1.500 84.676 66.65245 38. 0.00001485 0.203 99.374 

17. 0.00009871 1.347 86.023 74.23534 39. 0.00001285 0.175 99.549 

18. 0.00008855 1.208 87.232 82.75291 40. 0.00001154 0.158 99.707 

19. 0.00008162 1.114 88.346 89.77910 41. 0.00000927 0.126 99.833 

20. 0.00007517 1.026 89.371 97.48260 42. 0.00000744 0.102 99.935 

21. 0.00007205 0.983 90.355 101.7040 43. 0.00000385 0.053 99.987 

22. 0.00006934 0.946 91.301 105.6788 44. 0.00000093 0.013 100.00 

     Total variance:  0.00732777 

* Variance 

+ Cumulative Variance 

Table 2.6 Principal Component Analysis of L17 configuration.  
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 Comparing the Procrustes coordinate data between the two landmark configurations, 

Goodallôs F-ratio of sex-based shape variation from unexplained variation indicates a greater 

deviation of a priori sex groups from mean Procrustes distances (shape data) in the 17-landmark 

configuration (F(df = 44) = 276.06, p = <0.0001) compared to the 32-landmark configuration 

(F(df = 89) = 178.57, p = <0.0001). The 17-landmark configuration had a smaller but significant 

Mahalanobis distance value (D = 6.379, p <0.0001) suggesting there is less sample variation than 

the 32-landmark configuration (D = 7.042, p <0.0001), where the distance between the landmark 

points and the distribution of points is slightly greater. The Mahalanobis distance (represented as 

D in MorphoJ) is scaled relative to sample variation and is inverse from the variance-covariance 

matrix (Marcus, 1993). Sex was not significant for bilateral asymmetry (F(df = 44) = 0.51, p 

(parim) = 0.9971; Pillaiôs trace = 0.04, p (parim) = 0.9174) in a Procrustes ANOVA 

(MANCOVA). 

 

2.4.2 Discriminant Function Analysis 

Discriminant function analysis (DFA) predicted known sex of both the 32 and 17-

landmark configurations based on PCs 1 and 2 (Table 2.7). Figure 2.5 illustrates the average 

Male and Female coxal bone shape among the sample collection for the 32-landmark 

configuration. Sex was correctly predicted in 96.3% of cases in a cross-validated DFA of the 32-

landmark configuration, and in 98.5% of cases for the 17-landmark configuration. Figure 2.6 

illustrates the average Male and Female shape for the 17-landmark configuration. Group 

prediction improved with the 17-landmark configuration due to more Females correctly 

classified compared to the 32-landmark configuration.  
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L32 configuration 

 Sex Predicted Group Membership  

Female Male Total 

Original Female 97.6% (n = 373) 2.4% (n = 9) 100.0% (n = 382) 

Male 2.2% (n = 9) 97.8% (n = 397) 100.0% (n = 406) 

Cross-

validated 
Female 97.6% (n = 373) 2.4% (n = 9) 100.0% (n = 382) 

Male 2.5% (n = 10) 97.5% (n = 396) 100.0% (n = 406) 

 

L17 configuration 

 Sex Predicted Group Membership  

Female Male Total 

Original Female 99.2% (n = 379) 0.8% (n = 3) 100.0% (n = 382) 

Male 2.2% (n = 9) 97.8% (n = 397) 100.0% (n = 406) 

Cross-

validated 
Female 99.2% (n = 379) 0.8% (n = 3) 100.0% (n = 382) 

Male 2.2% (n = 9) 97.8% (n = 397) 100.0% (n = 406) 
 

Table 2.7 Accuracy of a priori sex predictions for L32 and L17 configurations. 
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Figure 2.4 Sex-based shape as wireframe graph of L32 configuration. Typical Female in black and typical 

Male in grey. 

 

Figure 2.5 Sex-based shape as wireframe graph of L17 configuration. Typical Female in black and typical 

Male in grey. 
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2.5 Discussion 

This study evaluated type II and type III landmarks on digital models, similar to studies 

conducted by Bilfeld et al. (2012), Bytheway and Ross (2010), and González et al. (2017). 

Bytheway and Ross identified the least effective areas in the coxal bone for sex-based shape 

analysis as the acetabulum ï represented by eight landmarks ï and obturator foramen ï 

represented by five landmarks. The current study identified 12 landmarks, considered redundant 

in the 32-landmark dataset, present in Bytheway and Rossôs landmark configuration: the anterior 

inferior iliac spine, the pubic tubercle, lateral and medial points on the ischial tuberosity, inferior 

and superior points on the obturator foramen, anterior and posterior points on the lunate surface, 

the iliac tubercle, and three points representing the gluteal lines. Although Bytheway and Rossôs 

landmark configuration correctly predicted sex 98% of the time they used the first 23 PC of 

shape, the current study predicted sex 98.5% of the time using the first two PCs of shape. This 

suggests that Bytheway and Rossôs landmarks are capturing allometric shape differences as well 

as sex-based shape differences and more PCs of shape are required to distinguish sex-based 

shape in a meaningful way.  

Zelditch et al. (2012) and Jackson (1993) outline two important rules for determining 

which PCs represent shape data of biological importance and which PCs contain statistically 

meaningful data respectively. The first four PCs in the current studyôs 32-landmark configuration 

represented PCs of biological importance, however, biological importance was captured in the 

first five PCs of the 17-landmark configuration. Fewer landmaks seem to suggest biologicaly 

importat shape data must be captured by more PCs. This pattern is consistent when measuring 

the amount of biologically meaningful coxal bone shape data captured by other studies. Bilfeld et 

al.(2012)ôs 15 landmarks captured biologcally meaningful shape in the first six PCs. However, 
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González et al.(2017) also captured biologically meaningful shape data in the first six PCs with 

28 landmarks. Biologically meaningful data is captured not only by the number of landmarks, 

but by the quality of the sex-based shape data represented by those landmarks. The ilium is the 

common feature contributing to shape variance between the Bilfeld and González studies. Both 

studies represent ilium shape with landmarks at the anterior inferior iliac spine ï a redundant 

landmark in the current study ï the anterior superior iliac spine, the most lateral/salient point on 

the iliac crest ï the iliac tubercle, also considered a redundant landmark in the current study ï the 

superior point of the iliac crest the posterior superior iliac spine, the posterior inferior iliac spine, 

and the widest point of the greater sciatic notch. When the anterior inferior iliac spine and the 

point on the iliac tubercle were omitted from the 32-landmark configuration of this study, 

meaningful sex-based shape data was represented in the first five PCs of the 17-landmark 

configuration.  

However, when more landmarks are used to represent features of coxal bone shape, 

particularly in the ilium, the number of PCs that represent meaningful shape data decreases 

slightly. In the current studyôs 32-landmark configuration, 13 landmarks are in the ilium, not 

including the acetabulum; as a result, the number of PCs representing meaningful shape data 

were reduced to four. As a comparison, González et al. (2017) used 14 landmarks to represent 

the ilium, however, 7 PCs represent meaningful shape data. Roth (1993) explains how 

redundancy in landmarks might be desirable if the landmark points represent not only a fixed 

point of reference, but also an axis of orientation and a plane of reference, which the landmarks 

on the semi-circular coxal bone do. Having landmarks that represent the medial and lateral 

surfaces of the ilium, such as on the auricular surface and gluteal lines, as well as the anterior and 

posterior extremal points of the iliac spines and superior aspect of the iliac crest, will help 
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discern patterns of object shape. However, that shape may be meaningful to sex-based shape 

differences or allometric shape differences. The use of landmarks on the surface of the ilium as 

well as outlining the shape of the ilium (32-landmark configuration) discriminated between 

Males and Females less accurately than the 17-landmark configuration because the previous 

configuration captured greater allometric shape differences, whereas landmarks outlining the 

shape of the ilium captured greater sex-based shape differences and yielded greater sex-

predicting power.  

The 4 PCs representing shape data of biologial importance in the 32-landmark 

configuration contribute less than 50% of the total shape variance while the 5 PCs of biological 

importance in the 17-landmark configuration represent more than 50% of the total shape 

variance, as did the 6 landmarks of biological importance from both Bilfeld et al. (2012) and 

González et al. (2017). The landmarks in the 17-landmark configuration are more effective than 

the 32-landmark configuration for identifying shapes of biological importance since these fewer 

landmarks identify shapes of biological importance in greater than half the total variance. By 

evaluating how much shape variance is being taken up by PCs of biological importance, we can 

get a sense of whether the landmarks themselves are meaningful. This is important 

methodologically to get a sense of where sex-based shape variance may reside.  

 An alternative to including PCôs of biological importance to DFA would be to simply use 

the broken stick model to determine which PCs are statistically meaningful, which in this study 

were the first two PCs of both landmark configurations (Jackson, 1993; Jolliffe, 2002). In the 32-

landmark configuration, where statistically meaningful shape data contributed less than half the 

total shape variance, DFA on PC1 and 2 predicted sex in only 96.3% of cases, a 1.3% decrease 

over sex prediction using the five PCs of biological importance. In the 17-landmark 
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configuration the overall predictive power did not change between PCs of biological importance 

and predictions based on PC1 and 2 (statistically meaningful components of shape). However, 

there was a slight decrease in the predictive power among Males (98.3% to 97.8%) and an 

increase in the predictive power among Females (98.8% to 99.2%) using the first two PCs 

compared to five, respectively. Focusing only on the first two PCs in a DFA would provide a 

more directly comparable dataset and reflect the predictability of ordination so long as they meet 

criteria for inclusion using the broken stick model. The 17-landmark configuration continues to 

have greater predictive power than the 32-landmark configuration and greater predictive power 

than previous studies using landmarks to identify sex-based coxal bone shape regardless of 

which PCs are included in DFA. Landmark choice is more likely to be the deciding factor for 

improving sex prediction using whole coxal bone shape. These 17 landmarks would be the first 

step in understanding modularity in human coxal bone. By isolating the landmarks of sex-based 

shape, remaining landmarks - repressing the gluteal lines, the acetabulum, and the obturator 

foramen for example - are likely to represent non-specific differences in allometry (Bierry et al., 

2010; Ridgeway et al., 2008; Schulter-Ellis et al., 1983; Zeng et al., 2012).  

Only 6% of the population in this study are non-white, which could suggest a lack of 

variation in coxal bone shape. However, according to studies in coxal bone (Betti, 2014) and 

pelvic shape dimorphism (Fischer & Mitteroecker, 2015; Kurki, 2011, 2013) between human 

population samples representing climate and latitude, variation of within-sex and between-sex 

shape is predicated on a complex conjunction of body form (stature and body breadth). Mean 

stature among the small bodied of Kurkiôs (2013) samples fall within this current studyôs range 

of 142.24cm - 195.58cm (self-reported before death), representing variation in body form. Most 

of the misclassified individuals in this study are White, one individual classified as an ñAmerican 
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Maleò fell close to the Female side of the negative end of the PC1/PC2 scatter plot and one 

ñAsian Maleò fell close to the Female side of the positive end of the PC1/PC2 scatter plot (see 

Appendix A) suggesting ancestry does not play a large role in the misclassification of 

individuals.  

Stature values in the current study are significant between sexes (Male mean = 177.43cm; 

Female mean = 163.31cm; p = <0.001) but sex is not significant for coxal bone centroid size, 

which suggests that either centroid size is representing differences in body form that are not sex-

based or the Procrustes ANOVA lacks the power to detect patterns between centroid size and 

residual sex-based shape. Because centroid size captures isometric size variants, it is more likely 

that non sex-based variables of coxal bone form (i.e. in coxal bone height and breadth) are being 

represented by centroid size, since sex-based variables of coxal bone height and breadth were 

captured by PC1. This would suggest further that centroid size could be used as a variable of 

human variation. In a Spearmanôs rho centroid size is statistically significant in the second PC of 

the 32-landmark configuration (PC1 r = -0.030,  p = 0.403; PC2 r = -0.097, p = 0.007), for both 

PCs in the 17-landmark configuration, (PC1 r = 0.125, p = <0.001; PC2 r = -0.101, p = 0.004), 

and for sex (r = -0.111, p = 0.028). When centroid size is included as a variable in a DFA, it 

increases the predictive power of PC1 and PC2 by 0.2% in both landmark configurations. This 

means that isolated shape variants of sex, captured by PC1 and PC2, as well as variants of 

isometric variation in the form centroid size, and allometric variation in the form of right and left 

coxal bone asymmetry, can predict sex with up to 98.7% accuracy. More work should be done to 

relate centroid size to osteometric correlates before generating a sex estimation method. 
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2.6 Conclusion 

The landmarks that best represent sex-based shape in the coxal bone are: the four iliac 

spines, ischial spine, apex of the auricular surface, ischial tuberosity superior and inferior, distal 

ischial tuberosity, symphyseal face height, center of the symphyseal face, arcuate eminence, 

ischiopubic ramus, iliac crest, acetabular rim posterior superior and anterior superior. Sex-based 

shape variation was not significantly influenced by bilateral asymmetry or allometry. The 

configuration of these 17 landmarks not only more accurately predicts sex in the os coxa, but 

they more accurately predict sex using PCs 1 and 2. The first two PCs that met the criteria for 

statistically meaningful data possessed the same total predictive capabilities as the 5 PCs 

representing biologically important shape data that contributes over 50% of the total variance. 

Sex predictions based on whole coxal bone shape is improved slightly by including allometric 

variables captured by centroid size. While the 32-landmark configuration captured more 

variation in object shape, too many landmarks, or too much variation in object shape, limit 

predictive power.  

We strongly encourage applying the proposed 17 landmarks to future sexual dimorphism 

studies involving collections of both documented and undocumented human skeletal material 

and allometric variation to test the repeatability of this landmark configuration.  
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Chapter 3: Investigating isometric and allometric effects of coxal bone 

measurements to develop a variation-inclusive sex estimation method 

 

3.1 Synopsis 

Objectives: To identify linear measurements from Langley et al. (2016) that correspond with the 

17-landmark configuration identified in Chapter 2 (Robertson et al., 2019), and use those 

measurements to generate reliable and repeatable sex estimation equations. Linear measurements 

were also evaluated to determine which represented centroid, isometric, and allometric size. 

Methods: Parametric correlations between linear measurements and demographic variables 

identified which linear measurements represent important demographic variables. A component 

matrix identified linear measurements associated with principal components 1 and 2. An 

allometric equation using both Log Centroid Size and Log Stature identified measurements that 

corresponded with isometric and allometric size. A discriminant function (DF) and logistic 

regression (LR) equation were generated and tested on a subsample of the W.H. Bass Skeletal 

Collection (n = 120; f = 60, m = 60) for repeatability. 

Results: The maximum pubic length (XPL), a measurement from the anterior superior iliac spine 

to the symphysion (ASISS), and the minimum distance between the apical border of the auricular 

surface to the symphysion (WAS) were measurements that significantly correlated with ancestry. 

WAS significantly correlated with side. ASISS and the maximum distance between the posterior 

superior iliac spine to the symphysion (PSISS) were not correlated with sex. Maximum iliac 

breadth (XIB) and XPL correlated with age at death. Maximum coxal bone height (XCH) 
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represented isometric size when the allometric coefficient was Log Centroid Size. XCH, XIB, 

ASISS, and PSISS represented isometric size when the allometric equation used Log stature.     

Conclusions: Measurements representing isometric size, ancestry, age, fluctuating asymmetry, 

and sex used to generate a DF equation for sex estimation were XCH, XIB, XPL, ISL, and WAS. 

The equation correctly predicted sex in 99.7% of cases (f = 191/191, 100%, m = 202/203, 

99.5%) and demonstrated repeatability in 99.2% of cases (f = 59/60, 98.3%, m 60/60, = 100%). 

An equation using LR predicted sex in 100% of the study and test populations using XCH, XPL, 

ISL, and WAS. 

  

3.2 Introduction  

Sex estimation using the coxal bone has been a subject of interest for decades, yielding a 

myriad of methods (Albanese, 2003; Baumgarten & Ousley, 2015; Bierry et al., 2010; BrŢģek, 

2002; Gómez-Valdés et al., 2012; Karakas et al., 2013; Klales et al., 2012; Listi & Bassett, 2006; 

Milne, 1990; NaŔka et al., 2007; Passalacqua et al., 2013; Phenice, 1969; Rogers & Saunders, 

1994; Schulter-Ellis et al., 1983; Singh & Potturi, 1978; Sutherland & Myers Suchey, 1991; 

Vacca & Di Vella, 2012; Walker, 2005; Washburn, 1948). Geometric morphometrics (GM) has 

been used in previous studies to isolate sex-based shape with a high degree of accuracy but 

without much emphasis on developing a sex estimation method from these results (Anastasiou & 

Chamberlain, 2013; Betti et al., 2013; Bilfeld et al., 2012; Biwasaka et al., 2012; Bytheway & 

Ross, 2010; González et al., 2009; Gómez-Valdés, et al., 2012). The accuracy of these previous 

GM methods has been matched or bested by the 3D sex-based shape analysis outlined in Chapter 

2 (Robertson et al., 2019). 




