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Abstract

Metric methods of sex estimation are often less powerful than visual methods because
linear measurements represent too may isometric maasiubedy size anthck sufficient
allometric measures of body form (size and shape).stad/uses geometric monpmetrics to
identify 17 landmarks thanost effectivelyrepresent sekased shapia right and left coxal
bonegn = 39, f =191, m = 28), 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 tuberogugrisy inferior
and midpoint on the symphyseal face; arcuate eminence; ischiopubic eardpesterosuperior
and anterosuperior points on the acetabular rim. The first and seigocigpal componentPC9
correctly predicted sex in 98.5% of cases; Ibé¢ttan previous studies on whole coxal bone sex
based shape.

Linear measurements frobangley et al. (2016hat correspond with the d@ndmarls
were usedo generatareliablediscriminant function(DF) equationand logistic regression
model(LRM) for sex estimationThe DF equatiororrectly predicte@dex99.7%of the timein
crossvalidation the LRM correctly predicted sex in all individuaBoth equatiors accounted
for allometric sizejsometricsize and fluctuating asymmetry to help discern sex other
variants of shap&Vhentested on an independent population (n = 1206®60, m = 60/60),he
DF equation correctly predicted sexth 99.2% accurac{f = 191/191,100%,m =202/203,

99.7%), and the LR correctlypredictedsexin all test speimens
Measurements and landmarks wknehertesedfor use in fragmented coxal bon@se

most successfubDFs and LRMs accurately predicted sddetween 98.7 99.2% for
iii



measurementepresenting coxal bones completeness bet®@&%%. DF and LRM equatins
representingaxal bones no less th@&% completgredicted sex with similar accuraci@F =
99.0%; LRM = 99.2%) and correctly assigned 100% of the test popul@tiese equatian
exceledat sexestimationbecause the measurements account forti@mgminsex,size
(allometry and isometryand fluctuating asymmetrithese DF and LRM equations are

recommended for forensic applications.



Lay Summary

Interpreing sexbasedshape irthe coxal bone (hip bonept only involves uncovering
measurements @ best lead to correct estimatesex in the human skeletobut also involves
including other sources of bone shape variation like differences in body size andetsy.
True sex differencesan beexposed whethesevariablesof variationareaccoungd forin the
method Estimating sex with gpulation inclusivityin mindis important in forensic and
biological anthropological contextghere population affinity isnknown and populatien
specific sex estimation methodege consequently rendergwot This study also discovers that
landmarks and measurements represeitirggsex differenceare alsamaintained irequations
designed for fragmented coxal bon€kese nethods are reliable897i 100% of the time and

repeatabl®8.37 100% of the time.
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Chapter lintroduction

In biological anthropologysex estimation from the os coxa (hip bosegccomplisied in
one of two waysi) by interpretingnorphologicalcharacteristics, where nanetric sex traits
are assessed for fAmalenesso and Afemal enesso
expressia, and is the standard in biological anthropology) by metric methods, using
discriminant functions orlgebraic equations\lbanese, 2003Arun et al, 2012 Baumgarten &
Ousley, 2015Buikstra& Ubelaker, 1994B r T § e k Klale? ét @1.22012; Phae, 1969).
Non-metric trait assessmentusedmostoftento identify sex inarchaeologicaskeletons of
unknown population affinitand has one of the highest percentages of accurate sex prediction
when interpretatins are made by weltainedbiologicalanthropologist§Buikstra& Ubelaker,
1994 Br T ¢ e k Klale? ét @l.22012; Phenice, 1969steonetric methodson the other hand,
aremorereliable across multiple observewghich makes them more desirable amensic
analyses of skeletal remaidsspite having slightly lower predictive power than-nogtric traits
(Albanese, 2003Arun et al, 2012 Baumgarten & Ousley, 201B r T §260R). The problem
with metric methods, dwever, is they largely depend oopalationspecific measurements,
which makes them incomparable to each other and difficult to standaBiizesakaet al.,

2012; MacLaughlir& Bruce, 1986L.isti, 2010) Osteonetric methods of sex estimation are also
more inclined to extracsize variablesrom thecoxalbonethat aretypically conflated withsex

due to sexasedbody size and adolescent growth differences (Coleman, 1969; Kurki, 2011,
2013; Tague, 2000phape analysign the other hand, is a highly acatetechniquethat is

gaining populaty in the field of bidogical anthropologybut requiregurtherexplorationbefore



sexbased shape analysis can be applied to skeletons of both known and unknown population
affinity and befordandmark standardizatiazan take effect

Previouscoxal bore shapeanalysedbetween geographidgldistincthuman populations
often explain witin- or betweersex differences in the study sample as population variation
(Anastasiow& Chamberlain, 2013; Betti et al., 2013; Bilfeld et al., 2012; BytheSv&o0ss,
2010 GomezValdéset al., 2012Gonzalezt al., 2009; Pretorius et al., 2006; Steyalet2004;
Veleminskéet al., 2013)However, when stature, body mass, and body breadth meastsem
are included inheseanalysesusing traditionaEuclideanor linearosteometricsthese variables
correlae with coxal boneshapeand not withgeographidocation(Albanese et al., 2008; Fischer
& Mitteroecker, 2015; Hierneau1985; Kurki, 2011, 2013; Papaloucas et al., 2008; Ridgeway
et al., 2008, Ridgeway et al., 201Hature, body mass, and body bread#riablescorrelate
with sex in osteometric alygses ofshapedifferences while geographimrigin suggest aweak
relationshipbetween coxal borghapeand geographiorigin. The relationship between coxal
bone shaperal geograpiorigin is weaker than the relationshp between coxal bone shape and
sex.

To investigataelationshipdetween stature, body mass, aedtbased shapia the coxal
bone this study use geometric morphometric andultivariate statistical anadgsto find true
sex difference@ the os coxarlhis dissertation definesuesex differences asfterencesn the
coxal bonehat relate to obstetric functio&ssentially, the goal of this reseawehsto locate
bodies that are biomechanicallgueppel to give birthregardless of population affiliation or
geographiorigin. Thisresearchadthree main objectived) to identify sexbased shapas the
coxal bonehatbestrepresent individualgsho are biomechanicallygeippedto give birth and

those viho are ngt2) to test thdandmarks represeng true sexdifferences in theoxal bone



against linear measurements to develop a reliable and repeatable discriminant function equation
to estimate sexand3) apply the above mentioned landmark and measemenatao develop
discriminant function equations that are reliable and repéafor sex estimation in fragmented
coxal bonesThis researclklismantlegshe assumptigithat population affinitycontributeso sex
differences angropose an alternativepopulation inclusivenethodto interpreing sexbased
shapeThe methods presented in this dissertasibategically captuemultiple sourcesof

skeletal variatiorio improvel sex estimation methods skeletal remains

1.1 Background and Theory

1.1.1 Sex Estmation Methods

Sex estimation can be performed in marays on different parts of the skeletdiis
study is interested in sex estimation methods emplbyelkde most sexually dimorphic bone in
the human skeleton, tliexal bone The numerous methods trestimate sex from theoxal
bonesfall into three genel categories: visual (analysis of Rotetric traits), osteometric, and
geometric morphometrigshape analysisfach method hasapplication that is important in
biological anthropologybut theyall tend to reproduce the same theoretical assumptiais t
limit their functionality, thus,they must be understood within the framework of population
affiliation.

The visual method, in which nemetric sex traits are identified, compared, and
interpreted asMale and=emale, is a highly accurate methodtttan be applied universally to

any skeletal collection, and currently is the standard by which undocumented archaeological



material is identified (Buikstr& Ubelaker, 1994; Walker, 2005; Wescott18). However, the
visual method has been criticized fming inaccurate between observers and difficult to master
because it requires a high level of experience in recogniitg within the spectrum of human
variation( Br Tge k, 200 2) ,.the Gsteontethicemethdd bf sex eshinaatiod is easier
toduplicate between observers because it is
also preferred over visual methods in forensic applications of sex estirhatause the results

can be reproducedtcurately, consistently, and objectivél\B r K[&gMarail, 2006). The

downside to osteometric sex assessments isattegyenerally not as accurate as visual methods.
The accuracy of osteometric sex equationsge¢adliecrease when applied to skeletal populations
that differ geographically or temponal{Patriquin et al., 2003; Walker, 2005).

To improve the accuracy of osteometric sex equations, scholars have developed or
suggested the development of populat@md temporaspecificsexequations (MacLaughli&
Bruce, 1986; Patriquin et al, 2003; Shed al., 2012; Vercellotti et al., 2011; Walker, 2005).

This has proved problematincepopulation affiliation in forensic aniological
anthropologicatontextss often unknown, thereby negating the practical usefulness of
populationspecificsexequations. Other authors have suggested that population specificity does
not impact the statistical significance of sex determination in large sample sizes&Steyn
Pariquin, 2009) and that variation observed between populationsoisssquencef statue or

body maswariationrather than ancestral affiliation (Albanese et al., 2008)en studies

account for differences in stature or body mass, osteometric methdds tee more accurate

and lose their correlation with populatiaffiliation or geograhic origin, making these

osteometric methods widely applicable among diffes&ertetalpopulations (Albanese et al,

2008; Cabo et al., 2012; Kurki, 2011; Ridgewaylet2z08; Ridgeway et al, 2011).

0]



Sex differences in the human skeleton can also lesiigated via geometric
morphometricsGeometric morphometrids theanalysis of object shape and siepresentetly
landmark coordinate datBgokstein, 1991; Sholet al., 2011Zelditchet al 2012)

Multivariate statistical methods are used to dgpedterns in object shape and size that
contribute to similarities or differences between gro@esometric morphometridsas been used
to accurately estimatexs@ both whole and partialoxal bons (Anastasio& Chamberlain,
2013;Betti et al, 2013Bytheway& Ross, 2010; GomeYaldés et al., 2012; Gonzalez, 2009;
Pretorius et al., 2006; Wilson dt,22015. Landmarkghat represent shapgan beselectedo
capturemorphological variatiomf sex traits, such as the greater sciatic notch angshbic
contour,as well as variations ioxal bondength and thickneq®8etti et al., 2013; Bilfeld et al.,
2012; Bytheway& Ross, 2010; Djorojevic et al, 201@pmezValdéset al., 2012Gonzalezt
al., 2009; Pretorius et al., 2006; Steyn et al., 20@&lemirskg et al 2013)Geometric
morphometric$as the flexibility of incorporatinthe strengths of both visual and osteometric
methodsby capturing important morphologicdhatathatcontribute tchighly accurate sex
estimations witta highlevel of objectiviy like osteanetricmeasurementd@Bookstein, 1978;

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

1.1.2 Biological Anthropology Theory

Despite the methodological diversitywhich sex can be estimated in the human
skeleton, a common theory unites theskeletal 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 (sestiques in Geller, 2005, 2008; Meskell, 2000, 2007; Nordbkdh
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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 hase its
biological anthrpologyhas been oversimplifie@iological sex is the culmination of genital
morphology, chromosoral karyotype and horronal makeugButler, 1993; Doylek Paludi,
1991, Faustesterling, 2000; Geller, 2005; Gilchrigt999 Hollimon, 2011; Knudso®
Stojanavski, 2008;Meckel 2000; Sofaer, 2013; StodeWalrath, 2006)Skeletal sexonthe
other hand, is defined this dissertation as the manifestation of coxal bone growth as directed
by hormonesnutrition, and indirectly influenced by genitals and chroomoss.
Traditionally,biological anthropologwassumes the direct correlatiortween skeletal sex
and biological sex. This is not surprising since many of the chromosomal and hormonal
stimulants that influence the development of secondary sex charaxdearsd body forms that
signal sexually maturity are the same stimulants tiggdr changes in the human skeleton to
accommodate the sexually mature body form (Dé&ylealudi, 1991; Hollimon, 2011%ender
scholars challengieideaof a binary biologial sexby highlighting the complexity of
chromosonal karyotype(XO, XXY, and XYY) and hormoal makeugandrogen insensitive
males, gonadal dysgenesis) that produce biological sex (Butler, 1993;&&gdkidi, 1991;
FausteSterling, 2000 Geller, 2005, 208; Nordbladh& Yates, 1990; Thomas, 2007). Gender
schol ars have also highlighted the soci al con
from gender (Butler, 1993; Doy& Paludi, 1991FausteSterling, 2000 Geller, 2005, 2008).
The process dadscribing sexat birth based on genital phenotype is an act of construction,
particularly when it excludes other genital forms (Butler, 1#2®RisteSterling, 200). In
Western culture, notypical genital forms are patholagda nd fAcorr eat edo based

constructednedicalizedwi sdom of wh(astopposed tditypioainchwhatds not



(Butler, 1990, 1993FausteSterling, 2000Sitek et al., 2012 The heteronormative construction
of sex that gender scholasgch as Judith ButleandAnn FausteSterling, haveilluminated is a
postmodern feminist critique of the scientific assumptions regarding human biological sex.

Somebiological anthropologistsuch as Pamela GellegrONordbladh and Tim Yates
have adopted these paabdern feminist critiges in their prception of the importance of sex in
biological anthropologyalthough 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 arestral affilation (Agarwal, 2012; Buikstr& 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 notye social
relevant (Ayarwal, 2012; Ston& 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 twuliée and ientity 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 archagglin favourof 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 contraaythors like Joanna Sofaer (20t3a)l for
improvements to the pdéctive powerof 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-whgexhat develop
during adolescence, one could say thalogical anhropologistsare 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 ofndividuals,or inin vivostudies that document primary sex characterigogeman,

1969) As hormones change with age, so too does skeletal morphology, making skeletal sex
morefluid within an individual over his or her lifetim&itek et al., 2012)This ideathatskeletal

sexis morefluid than biological sexeflects the theories upheld by gender scholars. For
exampleamong very young individuals, sex determination might not always be possible, but the
likelihood of discerning sex increases witleadong with exual 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
youngMale aml Femaleadults (<20 years old) tend to have mdtfemale like skeletal sex
morphologies, and as an individual reaches the age of 40 yeardVialerkke morphologies

develop (Walker, 1995). The gradual masculinization of sex traits with increasingugie co

explan why there is often a 12% sex biagawourof maleswhenusing bioarchaeological

methods of sex estimation (Weiss, 1971). It is thiskzaged change in skeletal sex that suggests
that it is fundamentally different from biologicsgx andshoud 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
theordical sinilarities; specifically,that skeletal sex is constructed through methodological
categorization. Givethatthe skeleton undergoes continuous change during life, impacting the
interpretation of skeletal sex, a deepenutinizationof the methodss warrarned in order to
improve the practice of sex estimation. One way to deepestthénizationof biological

anthropologicamethods of sex estimation is to identify the assumptions made in the



interpretation of sex that could be confounding thelipteve power of the sex estimation
methods being used@he termskeletal sexvill be used to highlight the argument outlined above
and typical categories of sex suchH-@snaleandMale will be capitalized to identify them as

constructed categories.

1.1.3 Confounding Factors of Sex Estimation

When bidogical anthropologistgwvestigate skeletal sex in thexal boneusing either
visual, osteometric, or geometric morphometric methods, they are often comparing sexual
dimorphism as a function of stature and batss diféerences betwedvlales and-emales, as
well as sexually distinctive shapes and ‘moetric traits (Betti, 2014; Cabo et al., 2012; Clark,
2014; Kurki, 2013; MacLaughli& Bruce, 1986; Ruff, 2002; Vercellotti et al., 2011). Size
sexual dimorphism ithe physblogical consequence dfales having a longer adolescent growth
period and a greater growth velocity compareBemales (Cabo et al., 2012; Hiernaux, 1985).
As a result, allometric body proportions (body breadth) betweses and-emales are
differentiaed and these differences are reflected ircthel bonewith shorter individuals
having shortecoxal bonenheights (Kurki, 2011; Fisché& Mitteroecker, 2015). However, stature
is also affected by nutritional variation, which can hinder adolggewth(Vercellotti et al.,
2011; Zakrzewski, 2003). Within groups of shorter and taller individuals, the magnitude of
sexual dimorphism betwednales and-emales is consistent, meaning if geometric size
differences can be controlled for, all that worddhain would be allometric differences related to

development (Kurki, 2011).



Body mass does not exhibit sexual dimorphic differences among populations from
varying latitudes, but it does have a significant correlation with sex (Ruff, 2002). Bodyanass,
represented irbiological anthropolog, is the skeletal mass of an individual derived from the
crosssectional geometric size of long bones and cortical bone thickness (Cabo et al, 2012).
Males and-emales differ in body mass in much the same wayeysdiffer 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 variancesgatively
i mpact an i ndi vi duuhaevwersunlkestture, phydical bcivilyycanma s s
maximize the skeletal body mass potential in an individual, while inactivity can minimize it
(Cabo et al, 2012)Veight, selfreported by participants inéfBody Donation Program,as
observed as body mass.

Population differences, derived from climate adaptation, have inspired researchers to
develop populatiorspecific sex estimation techniques, particularly in osteometric methods of
sex estimationNlacaluso, 2010;MacLaughlin& Bruce 1986 Listi, 2010 Rosnberg 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 groupsithbetween groups (Mays, 2010; Walker,
2000; White& Folkens, 2005; Zakrzewski, 2011). Some authors suggest that when examining a
large population (around 600 individuals), witlgroup variation ceasés display statistically
significant patterns (Stey& Patriquin, 2009). When osteometric analyses offgetor in such
variables as stature, body mass, or body breadth, vagxrand betweesex differences

correlate with these variables rather tharhyaibpulatiorafiliation (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 analysedlometricsizedifferencesof body size andbody mass are
frequentlyconsideredvhen trying to mprove the predictive capability of sex estimation methods
(Betti, 2014; Kurki, 2013)However, it is often because osteometric meaments alseaptue
isometric, omonsex related variablesssociaté with stature, body breadth, and body mass
measuremas that the predictive power obtained from these measmtsare not as strong as
visual methodsAllometric size differences have been attributed to variatinisexual
dimorphism, variaonsbetween geographical populations, nutritional variation,remmchonal
variation Betti et al, 2013; Kurki, 20)1Usingosteometrianethods of sex estimation, it is
difficult to determingf allometry or isometrys contribuing to sizebased sex differenctn
order to improve osteometric methods of sex estimatimse nofsex related elements
accompanying linear measurements must be accounted for so true sex differences can be isolated
and incorporated into future methodgies.Geometric morphometrics has the added advantage
of analysing sesbased shape diffanees independently from geometric sihat aids in
disassociating linear measuremenith isometric siz€Klingenberg, 2016)There is a need for
astandardized nmbod of sex estimation whemon-sex relategizecomponentgan be removed,
leaving only ex-related sizalifferences rooted in the biological function of childbiritnis type
of methodwould providebiological anthropologistaith a more focused intergtation of sex
based differencemndwould eliminate the need to develop population orpenaily 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

Thisresearctwasconducted on a population 894 individuals of known sex, age, and
ancestryfrom the Wlliam BassDonatedSkeletal CollectiorfBass Collection)at the University
of Tennessee, Knoxville TRMales n= 203 Females n= 191). Living applicants to the Body
Donation Program (BDP) provided age, sex, and ancestry infornpaonortem Skeletons
were procuregbost mortenand catalogued into the Bass CollectiBeferences toreestry are
capitalizedn this dissertatiomo identify them asliscretecategores The study population is
primarily made up of indiduals categorized aghite (n = 369). Nonwhite individuals include
Black (n=12), Hispanicii = 4), Native American (= 3), mixed White and Native American (n
= 2), Polynesian (= 1), mixed White and Polynesian £l), Filipino (n=1), and Japanese n
1). Although the ethnic originf the sample population is clearly biased toward individuals
cl assi f i etHisstdy isfimdshintdresteéd in how sex measargsrelate 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 skasedmneasurerants Body size or stature ranges are more varied
the study samplél42.20cmi 195.58cm) as is weight (801ibs5001bs) suggesting methods
derived from this study can be applied to any skeletal population within these. tdieges
staturefor the samplgopulation is170.57cm (SD =10.3&m) and is normally distributed
(Figure 1.1askewness -0.060 kurtosis=-0.497). AverageFemale stature is 163.31cm (SD =
7.75cn) and is also normally distributégligure 1.1bskewness = 0.049; kurtosis-6.125).

Average Male stature mughly 14cntallerthan Female statued 177.43cmbutboth have
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similar specimerdistributiors (Male SD = 7.44cm; skewness-8.041; kurtosis =-0.032

Figures 1.1k
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Edimated weight (Figure 1.2a) among the sample population averaged 183.64lbs (SD =
66.72Ib3 and is negatively skewed (1.402) and leptokurtic (kurtosis = 2.408) due to a few heavy
individuals (>400Ibs) increasing the weight range. Estimated Female weiginteg E.2b)
averaged 176.40Ibs, roughly 13Ibs lighter than the sample population awrdgmssesses a
slightly larger weight distribution than the total sample population (SD = 69.96lbs). Female
Estimated Weight is more negatively skewed (1.462) grtdkertic (kurtosis = 2.564) than the
total sample population. Male Estimated Weight (Fégl.2c) averaged roughly 7lbs heavier
than the sample population average (mean = 190.48lbs) and possesses a slightly narrower range
in weight values (SD = 62.92Ibgjstimated Male weight is also negatively skewed and

leptokurtic (skewness = 1.456; kurws 2.527).

Distribution of Estimated Weight for the Sample Population
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Distribution of Estimated Weight among Females of the Sample Population
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Figure 1.2 Distribution of Estimated Weight (Ibs.) among the sample population (g)grouped by Females (b)
and Males (c).
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Age at death among the total sample population (Figure 1.3a) ranged betwg®n 23
years (mean = 59.93 years; SD = 14.27 years) and is normally distributed (skewh&84 =
kurtosis-0.454). Female age at dedfhigure 13b)averaged 61.12 years (SD =24} years)
roughly 1 year older than the total sample population, aald@snormally distribute(skewness
=-0.020; kurtosis =0.409, while Male age at deaffigure 1.3caveragedoughly a year
youngerthan the totabample populatioat 58.80 years (SD = 14.2&nd shares a similar
distribution pattern as the total sample populafgkewness =0.040, however, Male age at

death is lightly more leptokurtik(rtosis =0.496 than the female and totdistributions

Distribution of Age at Death for the Sample Population
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Distribution of Age at Death among Females in the Sample Population
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Figure 1.3 Distribution of Age at Death in yearamong the sample populatior(a), grouped by Females (b)
and Males (c)
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Studies of sexual dimorphism incorporating individuals aged betweé&f §&ars have

demonstratetligher rats of misclassification oMales ag-emalegGonzalezt al, 2009;
Walker, 1995)Age-related changes to tlwexal bonewill be minimizedin this gudy by
selecting individualshat do not ekibit extensive acetabulasteophitosisindividuals who have
undergongore morterrhip replacement surgery were not included in the study poplulation.
Individualsincluded in the study populatiamere born durig the late 19to mid 20" centuries
and could have experienced variadritional profiles related to secular food tren@bservable

nutrition-related pathologieweredocumentedrom skeletal indiidualswhen available

The shape data obtained framaividualsin this studyprovidel the basis for generating
predictive malelsto determine sex in archaeological and forensic skeletal remains. The accuracy
of thesepredictive moded wastested 20 individuals, also obtainedrém the Bass Collectiolbut
independentrom the sample populatidiMales n= 60, Females n= 60), varying in body size
(stature 149.86m 71 187.96cm; weight 10Bs1 315Ibs) and age at death (Z¥ years old)The
test population compised largelyiaotlividuals classified as White (n = 99; f =57; m = 42), 14
individuals classified as Black (f=3,m=)14 mal es cl assi fied as HfAhi s|
classified as fiAmerican Indianod. These | ast t
Aamewooi camegory (n = 7)

Average Estimated Stature among the test population is 172 (&@2m 9.34cmpand
comparable with the sample populatidmgweverunlike the sample populatidghe distribution of
stature variableamong the test populatiasslightly positively skewedKigure 1.4askewness =
-0.502; kurtosis =0.305).Female statur@~igure 1.4baveragesoughly 10cm shorter (mean =
163.12cm), is less varied (SD = 7.46cm) and more normally distrifsked/ness =0.046,

kurtosis 0.558)han the tegbopulation as a wholavhile the distribution oMale statures only
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4cm taller than the group averages@n = 176.53cm, SD = 6.94cm) asldjhtly more skewed

(skewness =0.615, kurtosis = 0.38%an the test populaticas a wholeKigure 1.4c).
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Distribution of Estimated Stature among Females in the Test Population
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Figure 1.4 Distribution of Estimated Stature (cm) amang the test population (a), grouped by Females (b) and
Males (c)
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Average Estimated Weight isughly 14lbdighter in the test population than in the
sample population (mean = 178.02lbs; SD = 45.24lbs). Estimated Weighte 1.5a)s
slightly less rgatively skewed0.944)and less leptokurtitkurtosis = 1.372among the test
populationthan the sample pofation. The distribution of Female weight in the test population
(mean = 162.53lbs, SD = 49.74lbs) is slightly less ske@&@9)and moremesokirtic (0.283)
than the total test population (Figure 1.5b). Male weight is driving the skewneleptoidirtic

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

1.283, kurtosis 2.28, Figure 1.5c).

Distribution of Estimated Weight for the Test Population
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Distribution of Estimated Weight among Females in the Test Population
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Figure 1.5 Distribution of Estimated Weight (Ibs.) among thetest population (a), grouped by Females (b) and
Males (c).

23



Mean age at death among the test population was roughly two years older than among the
sanple population (mean = 61.93 years, SD = 14&d&rs, skewness-8.005, kurtosis =0.319,
Figure 1.6a)this pattern is consistent among Females (mean = 63.48 years, SD = 14.09 years,
skewness =0.004, kurtosis0.421) and Males (mean = 60.38 years,=SI».35 years, skewness

=0.043, kurtosis =0.211) in the test population (Figures 1.6b and c respectively).
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Distribution of Age at Death among Females of the Test Population
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Figure 1.6 Distribution of Age at Death in yearsamong thetest population (a), grouped by Females (b) and
Males (c)
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1.2.2 Study Variables

This analysisisedboth left and rightoxal bonsto account for individual fluctuating
asymmetry. Although fluctuating asymmetry does not appear to influence the result of sex
estimation ingreater scitc notchshape analys specifically(Biwasaka et al., 20123,
comparison between left and rigttixal bonsis necessarin orderto account for as many
contributors to human variation as possible. As Galad.(2012) note, it is important to check
the linear relationshipetween new variables of sex (in this case variables of shape) and other
variables of human variation, suchaage,statureandbody mass, to determine the influences
acting on the new shape variable. Fluctuating asymmetry can bd tthis list obther

variablesto determine if it is confounding true sex differences.

1.2.3 Landmarks and 3D Models

Geometric morphometridatacan becaptured through manuallandmarkselection
process or a seraiutomatedgemilandmarkprocesgAnastaiou & Chamberlain, 2013; Arngvist
& Martensson, 1998; Baadi al, 2012; Bigoni et al., 2010; Bookstein, 1978, 1991; Bytheway &
Ross, 2010; Franklin et al., 2010; Gonzalez et al., 2017; GMalelZs et al., 2012;
Hallgrimsson et al., 2008; Humphsiet al, 1981; Mahato, 2010; Mitteroecker & Gunz, 2009;
Pretorius et al., 2006; Samillan et al., 2017; Sholts et al., 2011; Steyn et al., 2004; Veleminska
et al., 2013; Zelditch et al., 201Boints or landmarksare strategically positionezh anobject
to capture shape variatiomhesepointsare reproduced exactly on alilbsequerdpecimens and

registeedas threedimensional coordinasen tangent space. Positional differences among the
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same landmark points in this tangent space providspéed informationneeded taneasue
shape differencetandmarks and seAandmarks highlight the unique features contributing to
the shape of an object and highlight features of biological importance. Bookstein (1991)
describes three types of landmarks usegeoméric morphometrics: Type | landmarks are
discrete juxtapositions, defined in terms of intersecting structures such as between sutures or the
branching points of a tree. Type 11 | andmarKks
morphogenetic processed  ksBeim,d.991: 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 Adcornerd6 of the jaw and the O6@elfnersdé of
landmarks are defined in terms of local features, but they aseimotindedy structures as in
type 1. In contrast, Type lll landmarks are points at extreme ends. Two other landmark types that
are important but not as walefined as the previodbreea e fAconstructedo and
landmarks. Constructed landmarks are a combination of traditional landmarks and geometric
information while Afuzzyodo | andmar ks are | arge
recognized as areas of biological sigrafice 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 $ onall the specimens being studied (Bythewajross, 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 semiandmarkghrough a thinplate spline (TPS). TPS allows selmndmarks to
capture the shape of curves between-geflned anatomical landmarks on thdimensional

surfaces (Bythewa§ Ross, 2010; Mitteroeck& Gunz, 2009). Deformation grids also operate
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on the TPS andisually display the shape differences of objects. The shape differences located
on the | andmarks are displayed on the grid an
direction shape difference occurs (Mitteroec&eGunz, 2009). Mitterecker and GunZ2009:
240) suggest that deformation grids are not as effective for visualimegdimensionakhape
differences, but a sequence of warped surfaces can be used to describe shape differences in three
dimensions.

This analysisisedlandmarks that haveemonstratetdiological significaiein previous
studies (Bilfeld et al., 201 Bytheway & Ross, 2010; Gonzalez et al., 2008)uding landmarks
that represent the anterior and posterior regions afdkal bonethe auricular surface
(Anastasiou& Chamierlain, 2013), the greater sciatic notdfeleminskéet al., 2013), and
landmarks used in research previously undertaken (Robertson, 2B&8).are two methods of
obtaining landmark data for geometric morphometric analysis; one usesigitdéi2idthat
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 dtinerapnd weaknegs. The 3D digitizer
has been shown to reduce the measurement error of Type | and Type Il landmarks while a 3D
surface scanner more accurately measures Type Il landmarks (Sholts et al.HRO&EVer it
is more difficult to duplicate spanenspositionwhen using a 3D digitizerompared to a 3D
surface scannéArnqvist & Martensson, 1998; von Cramdiaubadel et al., 2007).
Hallgrimssoret al.(2008) recommendsinga laser scanner to obteB computer modelsf
specimendecausét allows for moreflexibility when sharingdata Different landmarks can be
applied to the sant@D model without having to verify compatibility between models or between

scanning equipmen€omputer models algmovide a means tchange the location of landmarks
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when new sesbased shape stuides emerigethis study, thé&lextEngine surface scanneas
used to generate 3D modelscofkal bonespecimensA more detailed description of the

scanning procedure is provided in Chapter 2.

1.2.4 Geometric Morphometric Methods

The most wilely used method of shape analysis is the Generalized Procrustes Analysis
(Bookstein, 1991; Mitteroeck& Gunz, 2009; Zelditch et al., 2012). This method calculates the
best fit among shapes using the principle of least squares. To calcalagstHitamong all
shapes, the Generalized Procrustes Analysis applies the Prosapsesiposition, in which the
landmark configurations are superimposed onto one anatideentredto a common centroid
(Figure 1b) scaled to a unit centroid sigeigure 1c) and rotated to a common position (Figure

1d).

(@) (b) (€) (d)

Figure 1.7 lllustration of Procrustes Superimposition. Image (a) raw landmark configurations data. Images
(b) centred at certroid. Images (c)centred and scaled. Images (dgentred, scaled and rotated.

To find the centref the landmark configuration, after Procrustes superimposition, the centroid

position coordinate (the average coordinates anadirige landmark configuratits) 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 centrego a common cearoid of all landmark condurations (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 lestpiares estimate of scale (MitteroeckeGunz
2009. The centroid size is taulated 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 usedraiggthe unit
centroidsize is referred to as a squared Procrustes distance (Bookstein, 1991; Goodall, 1991,
Mitteroecker& Gunz, 2009yon CramorTaubadekt al., 2007; Zelditch et al., 2012). The final
step is to rotate the landmark configurationsiatbtheircentroids soall the corresponding
landmarks are in their closest proximity, whitimimizesthe Procrustes distance between the
coordinates (Mitteroecké Gunz, 2009).

When the Procrustes superimposition calculates the best fit amon@pes sthere is a
risk thatone or mordandmarks and their corresponding Procrustes coordinates, could express
large shape differencelsarge displacememtan occur abne or more landmaikcationdue to
best fit among most remaining landma¢Kslditchet al., 2012). This dispteament of the
landmark and correspondifyocrustes coordinate is referred to as the Pinocchio effect, and can
cause a disproportionate amount of localized shape differeaneCfamorTaubadekt al.,

2007).
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1.3 Organization

This dissertation is organizeas three distingbaperdocusingon threedistinct area®f
researchChapter zhas previously been published ieAmerican Journal of Physical
Anthropologyandoutlines a methodfor validatinglandmarkghatbest represent sébased shape
differenceqRobertson et al., 2019umerous studies have been condutbezbmparesex
differences betweellale and~emalecoxal bons usingshape analysiwith varying degrees of
success and little to no transferability between methods. This itudinates a conprehensive
method for validating landmarks used to represent a specific research question, in this case,
landmarkghat represertrue sex diffeencesn the coxal bonand eliminatesandmarks that
obscure sex differences

Chapter dused thesexbased ladmarksidentified inChapter2 to generatea discriminant
function equatiormndlogistic regression modehat bespredict sex in th&holecoxal bone
Debates regarding which of the two methodwdse appropriate to use biological
anthropologyare agoing(Albanese, 2003, 2008), consequently both equations were applied to
evaluate theiusefulness andpplicability to the study populatiofihe success dhe sex
predictionin Chapter 2 (98.5%)es in use of landmarks that represent isometric aodaliric
size as well as fluctuating asymmetry. By examininglssgsed shape differences from within the
array of variation inherent in coxal bofegm, sex predictions are improved and applicable
within that array of variation. In other wordsththe dicriminant function(DF) equationand
thelogistic regression model (LRM) awgpplicable to both right and left coxal bones and to
skeletons of viaous geographical origin€onsequently, thessuatiors can be applied to either

the right or left coxal bonand argopulation inclusiveThe DFequation accurately identified
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specimens i199.7% of casesvith anoption for anintermediate seglassification The LRM

correctly identified all specimens with one less measurement than the DF equation and no option
for intermediate sexBoth equations were verified against a test population (n = 120) varying in
stature and body masagain the LRMcorrectly identified all specimens and the DF equation
correctly identified 99.2% of specimehsandmarks associated wilinear measurements were

tested for intraand interobservation errof-luctuating asymmetry was used as a benchmark for
acceptablenter and intraobserver erroin this study.

Chapter 4nvestigats the applicability of converting theopulation intusivelinear
measurementgsresented ilChapter 3 to accommodate fragmented coxal bd»iesand LRM
werealsousedin this chapterThe DFequation from Chapter 3 was repeated in Chapter 4
represent coxal bones greater than 75% comateteéo comparecauracy levels between new
LRM and discriminant function§.wo morecompleteness categoriespreserdadcoxal bons
between 55% complete and approximately 25% complé&ein the previous chaptethe
discriminant function equations generated to presigtin fragmented coxal bones were
subjectedo arepeatabilityteston an independempopulation Chapter 4 wasot limited to linear
measurementgsresented ilChapter 3 but included linear measurements associated with the other
landmarks of sekased shpe introduced in Chapter 2.

The conclusion of this manuscript expleteo arenas; the methodology of validating
landmarks in future shape analyses in the skelatmhdecoupling ideas of biological vs skeletal

Séex.

32



Chapter 2Testing landmark redundancy for sexbased shape analysis

2.1 Synopsis

Objectives: To test the individual effectiveness of common landmarks used iestiexation of
whole adult coxal bones in sé&sased shape analysis and propose a method to determine how
many principal components of sbased Bape to include for discriminant function analysis.
Methods: Threedimensional models (NextEngine desktop las@nner) of left and right os
coxae from 38 individuals (William Bas®onatedSkeletal Collection, Forensic Anthropology
Centre, University oTennessee, Knoxville, TN) were subjected to shape analysis using thirty
two landmarks (Landmark 3.6, Instituter iData 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 sesvased shapeere considered redundant for analysis on sex estimation.
Results: This study identified 17 landmarks that representtsesed shape of right dreft coxal
bones most effectively, these are: the anterior superior iliac spine; posterior superior i@ac spin
posterior inferior iliac spine; iliac crest; apex of the auricular surface; greater sciatic notch;
ischial spine; superior, inferior and dikpoints on ischial tuberosity; superior, inferior and
midpoint on the symphyseal face; arcuate eminencepigehic ramusandposterosuperior and
anterosuperior points on the acetabular rim. The first and second PCs ofidinelrhark
configuration carectly predicted sex in 98.5% of cases; better tharlar8finark configuration

(96%) and better than previownbmark studies on whole coxal bone-based shape.
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Conclusions:These 17 landmarks represent more meaningful data fdyased shape analysis
in PC1 and 2 and concentrate meaningfulisgsed shape data to the fiige PCs that make up

over 50% of theotal shape variance.

2.2 Introduction

In shape analysis, such as geometric morphometrics, individual landmarks adhere to the
following criteria (Bookstein, 1991; Webster & Sheets, 201l))be reproduced in the same
relative position on every object dlugly; 2) summarize object morphology; 3) be replicated with
high accuracy; and 4) compare similar shajppbe problem lies in a lack of conserssegarding
how densely or thinly landmarks should summarize object morphology and the number of
landmarks needkto address a research question. This is an obvious problem when comparing
studies on whole coxal bone sexual dimorphism. Three studies leparqut 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 3% robability reporting 13 principal
components of shape, and Gonzélez et al. (2017) used 28 landmarksadbsavediithin 90.5%
probability in femaleand80% probability in males reporting 18 principal components of shape.
However, the landmarks usedthese analyses differ in number, predictive probability,saed
non-specific to their research questson

Landmarks in the whole coxal bone have not been systematically evaluated to test their
individual effectiveness in sexased shape analysis. Sbamalysis is directed by the landmarks

selected and the morphology of the objects of study. However, selaatkddrks must also
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coincide with the research question and be consistent between studies to ensure comparability of
results between differentugty populationsRoth (1993) outlines three criteria for landmark

selection based on previous work by Books{&®01). First, landmarks should be repeatable on

all study specimens hi s ensures data consistency. Adding
landmark repeatability is that landmarks should also be repeatable between studies to ensure
method consistenagnd comparability of data. Naturally, different research questions might

require a more detailed look at specific bone features, but in safdiexbased shape of the

whole human coxal bone consistent landmarks generate directly comparable datalon sexua
dimorphism between a variety of human populations.

The second criteria Ro{1993)outlines for selecting landmarks is they should represent
features of biological importance. As stated previously, bone features considered to be
biologically important Wl no doubt differ depending on the research question. In studies-of sex
based shape in the os coxa, areas of biological importanearad: pubic boneandgreater
sciatic notchhavereported accuracy between-88% (Phenice, 1969; Singh & Potturi, 187
Walker, 2005) The ilium, auricular surface, acetabulum, obturator foramen, and ischium are less
accurate at predicting sex usiosteanetricanalysis (8€B4%) and are considered of secondary
importance for estimating sexual dimorphidaiefry etal., ® 1 0 ; BrTgek, 2002; M &
2010; Rogers & Saunders, 1994¢xdased shape analysis of these characteristics can predict
sexbased shape betem 8798% (Anastasiou & Chamberlain, 2013; Bilfeld et al., 2012;

Bytheway & Ross, 2010; Gonzélez et al., 201@mezValdés et al., 2012Determining which
areas of the coxal bone are of greater or lesser importance basex shape analysis is a crlcia

step towards generating consistent and comparable data for future analyses.
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A possible method to determine whilandmarks could be made consistent for whole
coxalboneseb ased shape ana(l993third critenador landmatk seRaidnh 6 s
landmarks on key featurgs this case, features of sexual dimorphism should generate
meaningful data. In o#r words, it is important to investigate how to best represent sexually
dimorphic bone features using landmarks considered to be meaningfalduwaised shape.
According to Bookstein (1991), it is important to allow some landmark redundancy when
represenng shape, however, the level of landmark redundancy is not clear by either Bookstein
or Roth or at what point redundant landmarks stop gengrateaningful shape data. Studies
usingsemi landmarksn the greater sciatic notch, ischiopubic ramus, and acetabulum isolated
landmarks that consistently performed better at identifying meaningfidased shape data
(GomezValdés et al., 2012; Gonzaletal., 2009; SaMillan et al., 2017; Veleminska at.,

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 morphologymore prolific than coxal bone shape analysis
becausehere are available standardized cranial landmarks that allow besitgbnshape
comparisons on an evgrowing dataset of human, hominin, and #man primate crania
(Baab et al., 2012; Bigoni et. a2010;Bookstein, 1991Bruner, 2004; Franklin et al2010;
Gonzélez et al., 2011; Kimmerle et al., 2008; Manzi et al., 2000; Rosas & Bastir, 2002;
Vidarsdattir et al., 2002). The lack of standardized landmarks in the os coxa renders the wealth
of databeing generated on sé&ased shape differences moattlee results are not directly
comparable between studies involving different populations or across time. This stusty seek
determine which landmarks commonly used inBaged shape analyses satRfg t (1@93)

third criterion of landmark selectiorhdt of generating meaningful shape data. It is central to
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understand the degree to which coxal bfmmms are related to allometric size differences and
which are important for sex estimation. It isaalstal to understand the degree to which sexual
dimomhicformsshould be represented by landmarks before overly redundant allometric data
obscures the goal of the analysis. This studystalgualitative and quantitative approach to
interpreting meaningil sexbased shape data through comparisons of pahcgmponents

(PCs). Additionally, this study evaluateow principal component analysis (PCA) of dmsed

shape datareinterpreted and reported for future studies.

2.3 Materials and Methods

2.3.1 Specimens

The specimens used in this study are from the WillBassDonatedSkeletal Collection,
Forensic Anthropology Centre, University of Tennessee, Knoxville, TN. The individuals (n
39) died within the last 35 years and were betweef28ears old at thetime of death (Table
2.1). The individuals sampled 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 incorpatéieth left and right os cordo capture
variation inbilateral asymmetry, or individual variation, among the samples. In t8&tokal

bones were analyzétalen = 406; Femalen = 382).
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Age at death White Black Other® Total

Males 23-90 (mean = 8.8) 189 8 6 203
Females  24-93 (mean=61.1 180 4 7 191
Total 369 12 13 3A

A=Hispanic(n = 4), Native Americar(n = 3), mixedWhite and Native America(n = 2), Polynesiar{n =
1), mixedWhite Polynesiarfn = 1), Filipino (n = 1), Japanesg = 1)

Table 2.1 Demographics of study population

2.3.2 Image Capture and Shape Analysis

The NextEngine desktop thre@mensional surface scanner (NextEngine, Inc.) was used
to scan the specimens. Geometric paésbiution was set toapture 310 points per érfor
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 agcuracyof 0.015inch). Each specimen required two 380
rotations at eightcans (10 minutes) peotation 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.1a). The ischiopubic ramus wagntredon the RurtGripper
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 turletabhe iliac fossaay on the PartGripper
platform parallel to the turntable base, the pubic bone pointing downward and the ischium
pointing upwards (Fig2.1b). This orientation captured the superior surface of the iliac crest,
inferior surface of the &hiopubic ramus, anithe 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.scanne
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Figure 2.1 Position of the coxal bone to the arm of the NextEngine PartGrippen(a) parallel (b)
perpendicular.

The scans were fused into a single thdteeensional 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 resofitmof 0.9 (default
setting) to maintain the same mesh triangle size (0.0225 natidise original scanalthough a
digitizer more accurately represents landmarks at sutures (type | landmarks) and at a maximum
point on a curve (type Il landmarks),cbuas the greater sciatic notch or the apex of the auricular
surface, a 3D scannernsore accurate at representing type Il landmarks (Sholts et al., 2011),
extreme end points that are the furthest away from each other, such as between the maximum
arch ofthe iliac crest and the most inferior point on the ischial tuberosity. Constructed
landmarks, landmarks that are equidistant between two type Il landmarks, are also more easily

determined on 3D models using a measurement tool. This study used 3D @®delsosed to
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two-dimensional photographs because coxal bone growth and developengmear
dimensional. The associated measurements between end point landmarks will be useful to
developsex estimatiomethods.

The threedimensional models were importedo theLandmark3.6 software (Institute
for Data Analysis and Visualization, 20078 jaly files for landmark placement using a semi
automated process. The process consisted of selecting a reference specimen and manually
placing all landmarks on the objesurface. Both right and left coxal bones used the same
reference specimen for landrkaemiautomation (Figure.2). For the remaining specimens, the
first six landmarks in the sequence required manual placement to orient theusemation of
the remaning landmarks. Each serautomated landmark required manual refinement to ensure

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

Figure 2.2 Landmark positions of reference speciman as seen in Landmark 3.6 Softwarga) ventral view (b)
dorsal view.
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2.3.3 Landmarks

Thirty-two landmarks (Table.2), common in a variety of morphometric studies and os
coxal measuremenf(sBi | f el d et al ., 2012; Byt heway & Ros
al., 2017;Langley et al., 2016), were examined in this study. Landmark$17, 9, 12, 1422,
24, 2628, 3032 are derivedfroBy t heway and RoNosigndicant se®abeétl) st ud
shape differences were found i n solthenumbeedf abul u
landmarks in that area was reduced to points usest@wnetric measurements of the
acetabulum (Langley et al., 2018,andmarks 8 and 29 were includeddé m Gonz 81 ez et .
(2017) study. Landmark 29 is constructed from landmarkr®@&{ posterior point on the ischial
tuberosity)to the point on the iliac crest that represents the maximum height of the os coxa.
Landmarks from nowstandard anthroposcopex traits include@r Tgek 6s (2002) com
arch (8) and the phallic ridge (2®andmark 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

Anterior inferior iliac spine

Anterior superior iliac spine

Posterior superior iliac spine

Posterior inferior iliac spine

Posterior inferior point of the preauricular sulcus
Ischial spine

Pubic tubercle

Superior point othe auricular surface

Apex of the auricular surface

© 00 N O Ol A WDN P

[EEN
o

Most lateral point on the ischial tuberosity

[EEN
[EEN

Most medial point on the ischial tuberosity
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Most inferior point on the ischial tuberosity

Most superior point of thischial tuberosity

The most inferior medial point on the obturator foramen rim
The most superior lateral point on the obturator foramen rim
The most anterior inferior point of the lunate surface

The most posterior inferior point of the lunate surface

The mat superior point on the symphyseal face

The most inferior point on the symphyseal face

Midpoint of the pubicsymphysis

Arcuate (iliopubic) eminence

Narrowest point on the ischiopubic ramus inferior to the pubic symphysis
Most lateral pint on the phallic ridge on the ischiopubic ramus
Maximum arch of the greater sciatic notch

Point ofintersection of the posterior gluteal line to the iliac crest
Midpoint on the posterior gluteal line

lliac tubercle

Midpoint on the aterior gluteal line

Most superior point on the iliac crest

Most posterior point on the ischilberosity

Most posterior superior point on the acetabular rim

Most anterior superior point on the acetabular rim

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 seemsers

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

at randomales n= 7, Females = 5). Left and right coxal bones wedigitized once using

both scanners. A MANOVA (IBM SPSS Statistics v.25.0, SPSSDt7) examined Procrustes
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coordinates of each landmark as the dependent variables, scanner and side as independent
variables. The results did not find significant digit@ error ¢ (46, 1) = 10.51p = 0.241,
Wil ksd s = 0.002) Dbrbitateral asymmntetnf€ (46t Wwo2.0864pa nner s o0

0.510, Wilksd s = 0.010)ebetween the right an

2.3.5 Statistical Analysis

Principal Component Analysis (PCA) was used to assess each of thel@itks for
meaningful sexelated data. Systematic individual removal of each landmark followed by a new
PCA revealed the impact each landmark made to the spread and sepatdiabmarid Female
individuals on a scatter plot comparing PC1 anlde®t andright coxal bones were evaluated
togetherLandmarksTo t he aut hor s knowl edge, this metho
effectiveness hldnot been used before. However, because PCA reselirected by correlated
variables, it seemed a logical method to eatd landmark effectiveness within this data set
Landmark assessment was visually assessed for spread and separation of indivaluals on
PC1/PC2 scatter pldtandmarks that when remed improved the overall separation between
Males and~emales on the neRC1/PC2 scatter plot, from the originatdadmark PC1/PC2
scatterplot, were eliminated from the-B&dmark configuration. The PCs from the remaining
landmark configuration were sjglated to discriminat function analysis (DFA&nd cross
validationto compare sedbased shape prediction of the new configuration from the original 32
landmark configuration.

It is important, when confronted with many PCs of shapesdace the dimensmality of

shape data to a manageable level. This study will determirmd WICs 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 aysto determire PCs of bological importanc€Zelditch et al.,
2012) the first is toconsider dIPCsthataccount for at leag0% ofshapevariance which

would require the evaluation of over 20 PCs, may of which would contain shape vafitesse
than 3% ands not likely to garner newnformation independent of PCs containgrgater
amountf shape variance. The second method iat&rpretthe scree plot of PC varianceor
the cumulated percentage of variance by-R@&d limit interpetation of biologicaimportanceo
those PC¢o the left ofa clear drop of in shape variance, calleditifiection point This method
would not be useful, however, if there is no clear inflectiomt in the scree ploA third

method for evaluatingiblogical importances to consider all PCs containing over 5% of shape
variance This third method was deeu the most useful to this study as it provided a more
manageable number of PCs to interpret that the first method of determining biological
importanceand a clearer cut off point than the second method.

Once PC of biological importance have been ascertiaithe next step is to determine
which of thesePCs touse in statistical testdlot all PCs of biological importance are statistically
relevant © answer the specific question of sex in the coxal bGoral bone sekased
morphology is conflated withdaly form (size and shapd)he broken stick model is one way to
determine which PCs of biological importance congatisticallymeaningful datact answer
t his st udy 6 s ofsepdfferene (Jacksan,ul@98)ithis fmal step is vital when the
is no discernable inflection point on the scree plot between PCs. The broken stick model divides
thetotal variancedigenvaluesum fromeach PQby the eigenvalue for each Pi€the value
from the broken stick model exceeds the variance for a givethBCPC 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 retaed for further statistical testing. Jackson (1993) reports that the broken
stick model can underestimatesthumber of statistically meaningful PCs, which is why this
studywill report PCs obiologicallyimportancealong side PCs that meet ttriteria of the
broken stick model.
PCA and bape analysis were conducted udimgrphoJsoftware, which uses a full
Procrustes fit based on principle axes and a covariance matrix (Klingenberg, 2011). DFA was
conducted using SPSS (IBM SPSS v25). Centioid®e was subjected to a Sy

its association with PCs and sex.

2.4 Results

In a Procrustes ANOVA (MAROVA) usingMorphoJ(Klingenberg, 2011), sekased
shape differences were not significantly impacted by bilateral asymngtifz89) = 0.9, p
(parim) = 0. 999 ; Pipl(parani) % &43)t nordby centreid siz€(df=2),=
47558.60p (parim)= 0.0029) based on a randomized test of 10,000 permutation at an alpha

level of Q001 (defaultMorphoJalpha level)

2.4.1 Principal Component Analysis

The original 32andmark configuration generated 89 principal components (PC$ and
presented in Tabl2.3. The first two PCs meet the criteria of the broken stick model for inclusion
in subsequent statistical tegiackson, 1993nd the first 4 PCs contain biologically meaningful
shape datal' he results of the broken stick model will only be includedHterfirst 45 PCsThe
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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.% " I?/Ircc))(;(gln Stick 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.B547| 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. 0.0000987 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. 0.000®785 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 86.856 158.3723 | 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 89215 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. 0.0000334 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: 0.0072233

* Variance
+ Cumulative Variance

Table 2.3 PCA of the L32 configuration.

Plotting PCs 1 and 2 against each other (FiguBEreveals a separation of individuals by
sex along PC1 with overlapping confidence ellipses betw@68 and 0.02. The corresponding
wireframe graphs depicting shape chandesgPC1 illustrates expect&emale 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 betWkdas and-emales in the sample
population is represented hght grey lines and is thsame configuration for both PC1 and PC2
means at the 0.0 point. The negative end of PC1 represents exdadtetbxal bone shape
being taller and narrower overaNjth anarrower greater sciatic notch, shorter pubic bong, an

longer symphyseal face. I@dr notable sekased shape changes are a wiMale and narrower
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Female acetabulum, a more anteffemale and posteridiale auricular surface, and a smaller

Female and largeviale ischium.

Principal Component Analysis for
L32 Configuration

Figure 2.3 Scatterplot of PC1 against PCZor the 32landmark configuration . Dark circles are Female and
light diamonds are Male. Thecorresponding wireframe graphsfor PC1 and PC2; dark lines represent coxal
bone $ape at the respective0.1 or 0.1 scale, lighlines represent the average coxal bone shape (at scale 0.0).
Lin ear equationy = -1x.
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The second PC also illustrates expected coxal bonbased shape differences at
different magnitudes compared to PQ1ithe greater sciatic notch, PC2 captures regteeme
Female andale shapes compared to PC1, whereasasrd pubis length and ischium size are
less variable along PC2. A striking difference along PC2 is the position of landmark 29,
representing the marum arch of the iliac crest, compared togtsition 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 aloagre@2,
posterior landmark represents the pgesiendof the axis, and landmark 29 is more anteabr
the negative end of PC2.

Each landmark was then systematically removed from tHar@nark configuration and
a new PC scatter plot was generated to observe the effect each eliminated landmarthéad o
covariance matrix through visualization of the new distribution of indivedubh landmark,
when removed, increased the spread and sepaddtindividualson the PC1/PC2 scatterplot,
that landmark waBlagged as a poor contributor to seased Bape analysis in this populatioif
the distribution of data narrowed and genatat®re overlap betwedvlales and-emales when
a landmark was removed, that landmark was considered important foasex shape analysis.
If there was no change to the distition of individualswhen a landmark was removed, that
landmark could either hetained oeliminatedbased omwhetherit strengthened the predictive
power of the landmark configuration and its usefulness for-@msgparison wittother coxal
bone stugks. Accompanying the qualitative description of specimen movement in ordination
during systematic removal of landmarksesented iTable2.4 arethe associated values for
Male variancelFemale variance, and total variance pooled betWéale and-emale

individuals.
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Landmark Description Distribution Total Total Total Diff. from
Removed P FemVar.x Male.Var.® Variance 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 isinverse of original on PC: 0.00660 0.00591 0.00710 0.00012

3 Wider spread oflata on PC1 0.00682 0.00609 0.00730 -0.00008

4 Less discrimination between 0.00671 0.00605 0.00713 0.00009
sexbased shape

5 Less discrimination between 0.00668 0.00600 0.00712 0.00010
sexbased shape

6 Less discrimination between 0.00671 0.00601 0.00715 0.00007
sexbased shape

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

8 More discrimination between 0.00682 0.00606 0.00721 0.00001
sexbased shape

9 FewerFemales present in 0.00659 0.00600 0.00704 0.00018
overlap

10 More discrimination between 0.00676 0.00606 0.00723 -0.00001
sexbased shape

11 Wider spread of data on PC1 0.00677 0.00604 0.00720 0.00002

12 Less discrimination between 0.00684 0.00610 0.00726 -0.00004
sexbased shape

13 No change in datdistribution 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 sliribution 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 0.00695 0.00619 0.00736 -0.00014
sexbased shape

19 Less discrimination between 0.00696 0.00622 0.00736 -0.00014
sexbased shape

20 Lessdiscrimination between 0.00698 0.00623 0.00738 -0.00016
sexbased shape

21 Less discrimination between 0.00663 0.00594 0.00741 -0.00019
sexbased shape

22 Wider spread of data on PC1 0.00692 0.00623 0.00741 -0.00019
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23 Less disamination between 0.00690 0.00620 0.00737 -0.00015
sexbased shape

24 Less discrimination between 0.00671 0.00603 0.00717 0.00005
sexbased shape

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 0.00653 0.00578 0.00698 0.00024

sexbased shape
28 No change in data distribution 0.00676 0.00610 0.00726 -0.00004

29 More condensed spread of dat: 0.00609 0.00579 0.00676 0.00046
on PC2

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

x Total Female Variance
8 Total Male Variance

Table 2.4 Description of changes in PCA distributions between PCand 2, results of changes in variance
betweenFemales andVales and overall variance with systematic removal of each individual landmark.
Variance values fromthe original L 32 configuration.

When removed, landmarks 1,-13, 26, 28, 382 do not change the distribution of
specimens on either the first or second PC daagmarks 2 and 29 change the distribution of
shape data on PC2; and landmar& 42,1821, 23, 24 discriminate poorly betwekrale and
Female specimens, which suggests they are important for maintainibgsecx shape
distinction. Landmarks that dispsed specimens along PC1 when removed (3, 7, 11, 22, and 25)
contribute statistically gnificant changes to patterns of tadt@imale variance (mean variance =
0.0001;p = 0.450), totaMale variance (mean variance =0:0001;p = 0.419), and total poed
variance (mean variance-6.0001;p = 0.182) compared to landmarks that did not ckahg
distributions of specimens. When compared to the variance of the origieid@ark

configuration these landmarks showed statistical significance (mean ¢ar@0.0001p =
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0.182) over landmarks that did not change the distribution of speciegrefore, these

landmarks could be good candidates for removal. Landmarks that generated more discrimination
between sedased shape among specimens when remové@,(&nd 27) show statistically
significant patterns of totéllale variance (mean variame 0.0001p = 0.241) and pooled

variance (mean variance = 0.00Q0% 0.333) compared to landmarks that show less

discrimination betweeMales and-emales. There wadso a significant difference between
landmarks that show less sex discrimination anddtthat show more seiscrimination (mean
variance = 0.0001;p = 0.333) when compared to the variance of théaB2mark formation

and should also be considered femoval.

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 arti; 36, 32
representing transverse and vertical acetabular diameters; landmarks I8easilBing
minimum pubis length; landmarks 18 to 31 measuring maximum pubis length; 19 and 30
measuring maximum ischiopubic ramus length; and 12 and 29 measuringumagoral bone
height (Arsuaga & Carretero, 198 T § e k Buik&r@ & Qbelaker, 1994;angley 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 varieaptired by PCA; these include
landmarks 1417 and 28. Other landmarks to eliminate 2Beto increase the complexity of sex
based shape data, and 27, to increase discrimination beWaemnd-emale shapes, on PCL1.

The landmarks considered redundant forlsased shape analysis are: the anterior
inferior iliac spine, the posterior inferi point of the preauricular sulcus, the pubic tubercle, the

superior point of the auricular surface, the most lateral and medis pm the ischial
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tuberosity, the most inferior and superior points on the obturator foramen rim, the most anterior
and paterior points on the lunate surface, the most lateral point on the phallic ridge on the
ischiopubic ramus, the iliac tubercle, aadbof the landmarks representing the gluteal muscles
(25, 26, and 28). The remainders form a configuration of 17 landrirerkases many common
points between studies of sbased shape (Tahks5), osteanetric measurementkgngley et al.,
2016, and that display the best possible distributionvbéle andFemale individuals along both

PC1 and PC2 in a PCA (Figuzet).

Num. Description Source

The apex of the anterior superior iliac spine

Bilfeld et al., 2012; Bytheway & Ross, 201!
Gonzalez edl., 2017

2 The apex of the posterior superior iliac spine Bilfeld et al., 2012; Bytheway & Ross, 201!
Gonzélez et al., 2017

3 The apex of the posterior inferior iliac spine  Bilfeld et al., 2012; Bytheway & Ross, 201!
Gonzélez et al., 2017

4 Theapex of the ischial spine Bilfeld et al., 2012; Bytheway & Ross, 201!
Gonzélez et al., 2017

5 Apex of the auricular surface Bytheway& Ross, 2010; Gonzalez et al.,
2017

6 Most inferior point on the ischial tuberosity Bilfeld et al., 2012Bytheway & Ross, 2010
Gonzélez et al., 2017

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

8 Most superior point on the syhyseal face Bilfeld et al., 2012; Bytheway & Ross, 201!
Gonzalez et al., 2017

9 Most inferior point orthe symphyseal face Bilfeld et al., 2012; Bytheway & Ross, 201!
Gonzalez et al., 2017

10 Midpoint of the pubic symphyseal face Bytheway & Ross, 2010; Gonzalez et al.,

(constructed landmartalculated between 2017
landmarks 8 and 9)

11 The apex of tharcuate (iliopubic) eminence  Bytheway & Ross, 2010; Gonzélez et al.,
2017

12 Ischiopubic ramus at the narrowest pointinfer Br Tge k, 2002

to the pubic symphysis
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13 Point of maximum curvature in the greater Bilfeld et al., 2012Bytheway & Ross, 2010
sciatic notch Gonzalez et al., 2017

14 Maximum arc of the iliac crest Bilfeld et al., 2012; Gonzalez et al., 2017;
Langley et al., 2016

15 Most distalpoint on the ischial tuberosity Bytheway & Ross, 201Q;angley et al., 201t

16 Mostposterior point on the superior portion of Bilfeld et al., 2012jangley et al., 2016
the acetabular rim

17 Most anterior point on the superior portion of t Bytheway & Ross, 201Q;angley et al., 201(
acetabularim

Table 2.5 Description of 17 landmarks that best distinguish sebased shape based on systematic removal and
their appearance in previous studies.
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Principal Component Analysis for
L17 Configuration
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Principal Component 1

Figure 2.4 Scatterplot of PC1 against PCZor the 17-landmark configuration. Dark circles are Female and
light diamonds are Male. Thecorresponding wireframe graphsfor PC1 and PC2; dark lines represent coxal

bone shape at the respectivéd.1or 0.1 scale, light lines represent the average coxabte shape (at scale 0.0).
Linear equationy = 1x.

Like the 32landmark configuration, the first two PGkthe remaining 17 landmarks met
the broken sticknodel criteria foinclusionin further stastical testsand make up 37% of shape
variance. kwever, 5 PCs contain biologically meaningful shape idetiae 17landmark
configuration, one more than the-Bthdmark configurationThere are fewer PCs (n=44)

because there are fewer landmaifksgenty-two PC report the results of the brokstitk model,
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21 PCs describe 90% of the variance, and 50% of the variance is described in the first 4 PCs

(Table2.6).

PC Eigenvalues Var.%* Cum.%" _Broken PC Eigenvalues Var.%* Cum.%"
Stick Model

1. 0.00153911 21.04 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. 0.0003720 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. 0.00®1853 2.982 71.407 33.532D | 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 0.251 990.171
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 89.779D | 41. 0.00000927 0.126 99.833
20. 0.00007517 1.026 89.371 97.482® | 42. 0.00000744  0.102 99.935
21. 0.00007205 0.983 90.355 101.709 | 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: 0.0073277

* 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,
G o o d &Jratiotoksexbased shape variation from unexplained vaneindicates a greater
deviation @ a priori sex groups from mean Procrustes distances (shape data) inlgmeldiark
configuration F(df =44) = 276.06p = <0.0001) compared to the-B&hdmark configuration
(F(df =89) = 178.57p = <0.0001). The I-fandmark configuration had a smalbart significant
Mahalanobis distance value (D = 6.3p%0.0001) suggesting there is less sample variation than
the 32landmark configuration (D = 7.04R,<0.0001) where the distance between the landmark
points and the distribution of points is slighgjseater. The Mahalanobis distance (represented as
D in MorphoJ is scaled relative to sample variation and is inverse from the vaftavegiance
matrix (Marcus, 193). Sex was ndignificantfor bilateral asymmetryH(df = 44) = 0.51p
(parim)=0.9971 ; Pi | | ai Ggparimj=a0O014) mn a Procfustes ANOVA

(MANCOVA).

2.4.2 Discriminant Function Analysis

Discriminant function analysis (DFA) predicted knoww s&both the 32 and 17
landmark configurations based on PCs 1 afilable2.7). Figure2.5 illustrates the average
Male and-emale coxal bone shapeong the sample collection for the-l@addmark
configuration. Sex was correctly predicted in 96.3% oésas a crossalidated DFA of the 32
landmark configuration, and in 98.5% of cases ferli#landmark configuration. Figur26
illustrates the averagdale and=emale shape for the d@ndmark configuration. Group
prediction improved with the YfAndmak configuration due to moréemales correctly

classified compared to the -Bhdmark confyuration.
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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% (= 382)
Male 22% (n=9) 97.8% (n=397) 100.0% (r= 406)
Cross Female 97.6% (n=373) 2.4% (n=9)  100.0% (n=382)
validated
Male 2.5% (n=10)  97.5% (n=396) 100.0% (r= 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 22% (n=9)  97.8% (n=397) 100.0% (r= 406)
Cross Female 99.2% (n=379) 0.8% (n=3) 100.0% (r= 382)
validated
Male 2.2% (n=9)  97.8% (n=397) 100.0% (r= 406)

Table 2.7 Accuracy of a priori sex predictions for L32 and L17 configurations.
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Figure 2.4 Sexbased shape as wireframe graph of L32 configuration. Typicdiemalein black and typical
Male in grey.

Figure 2.5 Sexbased shape as wifeame graph of L17 configuration. Typical Female in black and typical
Male in grey.
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2.5 Discussion

This study evaluated type Il and type Il landmarks on digital models, simsandaes
conducted bilfeld et al. (2012), Bytheway and Ross (2010), and Glezzt al. (2017)
Bytheway and Ross identified the least effective areas in the coxal basexfmased shape
analysis as the acetabuliimepresented bgightlandmarks and obturator foramein
represented bifve landmarks. The current study identifi@2 landmarks, considered redundant
inthe32l andmar k dat aset, pr dahdmark configuratbyg: thG atereory a n d
inferior iliac spine, the pubitubercle, lateral and medial points on the ischial tuberosity, inferior
and superior pointsn the obturator foramen, anterior and posterior points on the lunate surface,
theiliactubec | e, and three points representing the g
landmark configuration correctly predicted sex 98% of the time they useidstHz3fPC of
shape, the current study predicted sex 98.5% of the time using the first tvod $HapeThis
suggests that Bytheway and Rosso6s | andmar ks a
as sexbased shape differences and more PCs ofeshiagprequired to distinguish sbased
shape in a meaningful way.

Zelditchet al.(2012)andJackson (1993) outline two importamntes for determining
which PCs represent shape dafaiological importance and which PCs contain statistically
meaningfuldata respectively.Te f i r st f our P Cs-landmarktcdnigurationr r e n t
represated PCs of biological importan¢géoweverpiological importance was captured in the
first five PCsof the 17landmark configuratiorFewer landmaks seem to g&gt biologicaly
importat shape data must be captured by more PCs. This pattern is congistenteasuring
the amount of biologically saningful coxal bone shape data captingdther studies. Bilfeld et

al . (2012)6s 15 | andmaindusshapaipthéwstrsixk BCsbloweverp gc al |y
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Gonzalez et a2017) also capturediologically meaningful shape data in the first six PCs with
28 landmarksBiologically meaningful data is captured not only by the number of landmarks,
but by the quality ofhe sexbased shape data represented by those landriiéekdium is the
commonfeature contributing to shape variance betwberBilfeld and Gonzéalez studieBoth
studies represent ilium shape with landmarks at the anterior inferior iliacispireindant
landmark in the current studythe anterior superior iliac spine, the miageral/salient point on
the iliac crest the iliac tubercle, also considered a redundant landmark in the current shedy
superior point of the iliac crest the postesaperior iliac spine, the posterior inferior iliac spine,
and the widest poirtdf the greater sciatic notch. When the anterior inferior iliac spine and the
point on the iliac tubercle were omitted from thel@2dmark configuration of this study,
meanindul sexbased shape data was represented in the first five PCs of ldwedh7ark
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 datgpeecreases
slightly. I n t-ldndmarxkconfigumtion, 13dandmdriys@re in e ilium, not
including the acetabulum; as a result, the number of PCs representing meaningful shape data
were reduced to four. As a comparison, Gonzalez €@l7) used 14 landmarks to represent
the ilium, however, 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 axisoofentation and a plane of reference, which the landmarks
onthe semicircular 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

poserior extremal points of the iliac spines and superior asgehe iliac crest, will help
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discern patterns of object shape. However, that shape may be meaningftibésstshape
differences or allometric shape differences. The use of landmarks sarthee of the ilium as
well as outlining the shape of tHeum (32-landmark configuration) discriminated between
Males and~emales less accurately than theldidmark configuration because the previous
configuration captured greater allometric shaptedéhces, whereas landmarks outlining the
shape of the iliuncaptured greater sébased shape differences anelded greater sex
predicting power.

The4 PCs representinghapedataof biologial importancén the 32landmark
configuration contribute leghan 50%of the totalshape variancehile the 5PCsof biological
importancan the 17landmark configuratiomepresenmore than 50%f the total shape
variance, as did theé landmarks of biological importané@m both Bilfeld et al. (2012) and
Gonzalezt al. (2017)The landmarks in the #andmark configuratin are more effective than
the 32landmark configuration for identifying shapes of biological importance since these fewer
landmarks identify shapes of biological importance in greater tharhleaibtal varianceBy
evaluatinghow muchshapevariance ideing taken up by PGx biological importancewe can
geta sens®f whetherthelandmarks themselves are meaningful. This is important
methodologically to get a sense of where-Baged shape xiance may reside.

An al ternat i v e biblagical imgoitancdo DifrAywoidbe o simply use
the broken stick modéb determine which PCs are statistically meaningfiiich in this study
werethe first two PC®f both landmark configurains(Jackson, 1993; Jolliffe, 2002). In tB&-
landmark configuration, whesgatisticallymeaningful 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 predictionsing the five PCs dfiological importanceln thel7-landmark
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configurationthe overall predictive power did not change betweend?®slogical importance
and predictions based on PC1 an@tatistically meaningful components of shapé)wever,
there was a slight decrease in the predictiverggoamongVales (98.3% to 97.8%) and an
increase in the predictive power amdregnales (98.8% to 99.2%) using the first two PCs
compared to five, respectively. Focusing oaihthe first two PCs in a DFA would gvide a
more directly comparable dataset aaflect the predictability of ordination so long as they meet
criteria for inclusiorusing the broken stick modélhe 17landmark configuration continues to
have greater predictive power than thel@2dmark cafiguration and greater predictive power
than previous studies using landmarks to identify-baged coxal bone shape regardless of
which PCs are included in DFAandmarkchoice is more likely to be the deciding factor for
improving sex prediction usinghwle coxal bone shape. These 17 landmarksgdvoe the first
step in understanding modularity in human coxal bone. By isolating the landmarksbaissex
shape, remaining landmarksepressing the gluteal lines, the acetabulum, and the obturator
foramenfor example- are likely to represent nespecific differences in allometry (Bierry et al.,
2010; Ridgeway et al., 2008; Schuiteliis et al., 1983; Zeng et al., 2012).

Only 6% of the population in this study are nghite, which could suggest a lack of
variation in coxal bone shape. However, adony 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 vggRiand betweesex
shape is predicated orcamplex conjunction of body form (stature and body breadth). Mean
stature among the smal|l bodied of Kurkibés (20
of 142.24cm 195.58cm (seffeported before dedthrepresenting variation in body formalost

of the misclassified individuals this studyare Whitteone i ndi vi dual cl assi fi
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Mal eo fell cl| ose negative éne of RBRCHRA2 scatteripldied oeef t h e
AAsi an Mlaske®the Femdlelsidecof the positive ehthe PC1/PC2 scatter pl(see
AppendixA) suggesting ancestry does not play a large role in the misclassification of
individuals

Staturevalues in the current studye significant between sexddglemean= 177.4m;
Femalemean= 163.31cm; p = <0.001) but sex is not significant for coxal bone centroid size,
which suggests that either centroid size is representing differenioedy form that are not sex
based or the Procrustes ANOVA lacks the power toctiptgterns between centroid size and
residual sexbased shape. Because centroid size captures isometric size variants, it is more likely
that nonsexbased variables of coxal bone form (i.e. in coxal bone height and breadth) are being
represented by cewid size, since seRased variablesf@oxal bone height and breadth were
captured by PC1. This would suggest further that centroid size could be used as a variable of
human variation. I n a Spearmanods rsdcondfCeoht r oi d
the 32-landmark configurton (PC1 r =0.030, p = 0.403; PC2 r =0.097,p = 0.007), forboth
PCs in the 17andmark configuration, (PC1 r = 0.13b5+ <0.001; PC2 r =0.101,p = 0.004),
and for sex (r =0.111,p = 0.028). When centroid ®2s included as a variahile aDFA, it
increases the predictive power of PC1 and PC2 by 0.2% in both landmark configufidtiens.
mears thatisolated shape variants of sex, captured by PC1 and PC2, as well as variants of
isometricvariationin the formcentroid size, and allometric variati in the fornmof right and left
coxal boneasymmetrycan predict sewith up to 98.7%accuracy More work should be done to

relate centroid size tosteametric correlates before generatingex estimatiomethod.
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2.6 Conclusion

The landmarks that besgpresent sekased 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@ftimphyseal face, arcuate emicen
ischiopubic ramus, iliac crest, acetabular rim posterior superior and anterior superioasSex
shape variation was not significantly influenced by bilateral asymmetry or allometry. The
configuration of these 17 larmhrks not only more accuratelyeglicts sex in the os coxa, but
they more accurately predict sex using PCs 1 afn#he first two PCghat met the criteria for
statistically meaningful dataossessdthe same total predictive capabilities as3HCs
representingoiologically importanshape datahatcontribuesover 50%of the totalvariance.

Sex predictions based on whole coxal bone shape is improved slightly by including allometric
variables captured by centroid size. While thda88&Imark configuratio captured more

variation in objet 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 docunted and undocumented human stadlmaterial

and allometric variation to test the repeatability of this landmark configuration.
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Chapter 3investigating isometric and allometric effects of coxal bone

measurements to develop gariation-inclusive sex estimation méod

3.1 Synopsis

Objectives: To identify linear measurements frobangley et al. (2016hat correspond with the
17-landmark configuration identifieith Chapter 2Robertson et 312019), and usthose
measurement® generate reliablend repeatablsex eimationequatiors. Linear meas@ments
werealso evaluated to determine whigpresered centroid,isometrig and allometric size
Methods: Parametric orrelationsbetween linear measurements and demographic variables
identified which linear measurememéepresent important demographic variablesomponent
matrix identified linear measuremsmtssociated with principal components 1 and 2. An
allometric equation usg both LogCentroidSize and LodStature identified measuremertist
corresponddwith isometric and allometric sizA. discriminant functioDF) and logistic
regression (LRequationweregenerated and tested on a subsample of the W.H. Bass Skeletal
Cadllection (n = 120; f = 60, m = 60) foepeatability.

Results: The maximumpubiclength(XPL), ameasurement from the anterior superior iliac spine
to the symphysionASISS), andtheminimum distance between the apical border of the auricular
surface to th symphysionWAS) were measurements thatgnificantly correlatd with ancestry
WAS sigrificantly correlated with sidéASISS andhe maximum distance between the posterior
superior iliac spine to the symphysid?SISS were not correlated with seiaximum iliac

breadth (XIB) and XPL correlated widgeat deathMaximum coxal bone heighKCH)
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represented isometric size when the allomeefficientwas LogCentroidSize. XCH, XIB,
ASISS, and PSISS represetiisometric size when the allometric equationdiseg stature.
Conclusions:Measurementepresenting isometric size, ancesaye,fluctuating asymmetry,
and sexused to generatelF equationfor sex estimationvere XCH, XIB, XPL, ISL, and WAS
Theequation correctly predicted sex in 8% of cases (f 491/191,100% m =202/203,
99.5%) and demonstrated repeatability in 99.2psases (f £59/60,98.3%, m60/60,= 100%)
An equation using LR predicted sex in 100% of the study and test populatiogs<@iH, XPL,

ISL, and WAS.

3.2 Introduction

Sex estimation using the coxal bone has been a subject of interest for decades,ayielding
myriad of method¢ Al banese, 200 3; Baumgarten & Ousl ey,
2002; GoOmex/aldés et al., 2012; Karakas et al., 2013; Klales et al.,;208% & Bassett, 2006;
Milne, 1990; NaRka et al ., ce 299 RqogerfaSaumaels,a c q u a
1994; Schultekllis et al., 1983; Singh & Potturi, 1978; Barland & Myers Suchey, 1991,

Vacca & Di Vella, 2012; Walker, 2005; Washbut®48) Geometric morphometrics (GM) has
been used in previous studies to isolatels®®d shape with a high degree of accuracy but
without much emphasis on developing a sex estimation method from these(fasastasiou &
Chamberlain, 2013; Betti et.aR013; Bilfeld et al., 2012; Biwasaka et al., 2012; Bytheway &
Ross, 2010; Gonzalez &t, 2009; GoOmeX/aldés, et al., 2012 he accuracy of theg@evious
GM methods has been matched or bestetth&®$D sexbased shape analysiatlined inChapter

2 (Robertson et gl2019)
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