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ABSTRACT
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Estimating the sex of unknown human skeletal remains is important to the fields
of forensic anthropology, bioarchaeology, and other specialties. I studied sexual
dimorphism on the first and second ribs to estimate sex from skeletal remains. I
employed two approaches. [ used geometric morphometrics to analyze landmark and
semilandmark coordinate points to examine the overall shape of the ribs. I also examined
the sternal end of the ribs for size using the superior-inferior height (SIH) and anterior-
posterior breadth (APB) in a binary logistic regression (BLR) model. Differences in male
and female first and second ribs are undetectable when landmark coordinate points are
used to capture shape variability, but significant differences in the shape of the ribs,
however, are detected through the use of semilandmark coordinate points.

Using semilandmark points to estimate sex presented an accuracy rate of 80.7%
from the first rib, and 72.9% from the second rib. The use of the sternal end presents
consistent results in its ability to estimate sex with an accuracy rate of 84.2%. The BLR

\%



model reveals significant differences between males and females than the geometric
morphometric approach; it is more applicable for discerning sexual dimorphism of
unknown individuals. This study reveals that while geometric morphometrics provides a
powerful approach to assessing morphological differences, it is not always better than

simpler methods, in this case, simple measurements analyzed through BLR.
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[.INTRODUCTION

The analysis of sexual dimorphism is a major component of understanding human
variation. Sexual dimorphism is the morphological, genetic, and hormonal differences
that allow for distinction between the male and female sexes (McPherson & Chenoweth,
2012). The degree to which these traits manifest varies between and within population
groups. Biological anthropologists rely upon methodologies using various aspects of the
human skeleton to estimate the sex of unidentified remains. The most popular sex
estimation methodologies use the crania, os coxae, and long bones; however, little
research has been conducted to explore the use of the skeletal thorax. An exploration of
the morphological variations observed on the thorax is needed to understand sexually
dimorphic properties of the entire skeleton because of the systemic and mechanical links
among all skeletal elements.

This thesis explores the morphological differences between males and females
through an analysis of the right first and second ribs. Observations of variation in human
morphology were used to answer two questions: (1) Are there statistically significant
differences in the morphology of the first and second ribs in male and females? and (2)
What dimension of the rib reveals the greatest amount of variability with regards to sex?

Two approaches were used to assess sexual dimorphism. The first method
utilized the sternal dimensions of the ribs applying a binary logistic regression model; the
second method looked at the curve of the rib using geometric morphometrics. The binary

logistic regression (BLR) model that was applied to the sternal end of the rib was created
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during preliminary research leading up to this thesis. Data from Gavit’s (2009) Master’s
thesis were reanalyzed to produce the BLR model used in this thesis. Geometric
morphometrics is a form of statistical shape analysis that removes the variable of size to
look at the differences in shapes. Landmark and semilandmark coordinate points were
used to uncover the meaningfulness of the rib’s curvature for the purpose of estimating
sex. The second aspect of this research compared the degree of sexual dimorphism on
the rib’s curvature to its sternal ends. This was done to understand which aspect of the
rib presents the greatest amount of sexual dimorphism. These approaches expand the
application of geometric morphometric techniques and contribute towards methodologies
that aid in understanding human morphology.

In the following pages, I discuss human sexual dimorphism and established
methodologies within the field of anthropology. Then I explain the research design and
methodology used in this research. Finally, the resulting data as well as their outcomes

and implications of this research to the field of anthropology are presented.

Human Sexual Variation

The analysis of sex plays a pivotal role in understanding other dimensions of the
individual biological profile. The presentation of diagnostic skeletal features is
influenced by culture, development and ancestry. The osteological perception of sexual
dimorphism stems from the understanding that there are general morphological trends
observed between males and females. Understanding these trends has led to the
formulation of the methodologies that are used today to estimate sex. It is necessary to
examine the theoretical basis upon which prior methodologies were developed in order to

understand the biological factors associated with sexual characteristics and their



presentation. Those theoretical approaches were used in the construction of this research
and aided in the analysis of its results.

The theoretical approach of biological anthropologists is described as one that
does not rely upon having a single overarching explanatory statement (Boyd and Boyd
2011). The use of a wide array of theoretical approaches is deemed necessary due to
anthropologists’ need to explore all aspects of the human environment in order to
properly gain insight into the individual. To properly conduct an analysis, a statistical
approach is required, as well as taphonomic, pathogenic, genetic, psychological, and
evolutionary approaches (Boyd et al., 2011).

The methodologies developed by biological anthropologists enable them to assess
elements of an individual’s biological profile using skeletal material. The data collected
allows them to infer an individual’s behavior, age, ancestry, sex; all of these observations
are made with a specified degree of confidence. The reliability of the methodological
approaches continues to be examined, leading researchers to call for new approaches or
refinement (Boyd et al., 2011). It is understood that the biological anthropologist can
only function within a margin of certainty when exclusively analyzing skeletal remains.
Though these limits are understood and recognized, the data acquired from skeletal
analysis are major contributors toward understanding individuals and their
lifestyles. Anthropological perspectives deem it irresponsible to construct definitive
biological profiles for the individuals whose pasts are not clearly noted.

The male-female dichotomy is a product of sociocultural norms and thus varies
across space and time. Sex in the general modern western society is perceived as being a

scientific, unbiased biological trait that is universal; this perception is incorrect (Jones,



2014). Both sex and gender are culturally constructed; they are designed based on
regional cultural variation. Sex and gender assignments to skeletal individuals may not be
equivalent across cultural groups (Jones, 2014; Wesp 2017). Methodologies for sex
estimation utilize both metric and non-metric characteristics. These estimations still
require the inclusion of social context, including gender roles (Burris & Harris, 1998;
Bass 2005; Byers 2011; Christensen et al., 2014; Edgar 2013; Hefner 2007; Hefner 2009;
Hefner et al., 2012). A single binary system that is applied to every culture ignores the
variation that occurs across space and time and within the varied cultural perceptions of
sex and gender (Wesp, 2017). To apply the same sex estimation methodologies all
skeletal remains without a consideration of cultural, temporal, or regional variations,
creates a false lens. Sex cannot be determined, it can only be estimated within a range of
certainty.

The categorization of sexual difference refers to an analyst’s degree of certainty
with respect to categorization, rather than the presence of sexual variability or ambiguity
(Geller 2005). The analyst’s ability to estimate sex of unknown individuals is influenced
by their prior experiences and the amount of human variation they have encountered.
This influences their recognition and categorization of distinguishing traits and is aided
by the use of material culture. Biological anthropologists attempt to maintain a broader
perspective of the individual to avoid the definitive reconstruction of a false history.
Though it may seem subjective to do so, a misrepresentation of individuals would be an
unjust interpretation of human past. Understanding the subjectivity of sex and gender is
crucial to gauging the magnitude to which sexual dimorphism influences humans,

including the aspects of dimorphism evaluated in this thesis. Sex within the human



species is not dichotomous and presents itself in a wide range of variation. This variation
contributes to the errors and difficulties biological anthropologists experience when using
skeletal material alone to estimate sex. A similar range of variation between males and
females from the sample population used is expected. This will influence the reliability
of the proposed methodologies.

Within the field of biology and medicine, sex takes on a different meaning. The
complex biological systems that are associated with the regulation and presentation of the
individual’s genotype are diverse. An individual’s biological components are understood
through their genetics; males are known to have an X and Y chromosome, whereas
females are known to have two X chromosomes. The specific sex chromosomes are
responsible for the expression of morphological characteristics that produce the
dichotomy. However, there is variation in these genetic combinations that produce
morphological variability. Even though biological sex is known not to occur in a
dichotomous manner, biomedical studies continue to present them as such. The concept
of maleness and femaleness is dictated by the fulfillment of biological roles in
reproduction; the ability for an individual to carry a child to term and give birth makes
her a female. Though biomedicine does not attempt to propose that sex is exclusively
bimodal it analyzes the human body, both physically and genetically, into two categories.

Those in biomedicine are not the only ones to ignore the outliers that do not fit
into these categories; anthropologists are guilty of the same practices. All individuals or
aspects that do not meet this biological “norm” are considered to be unique or abnormal;
they are omitted from the researcher’s sample population and analysis (Geller 2012). The

issue of ignoring individuals who express a degree of ambiguity is that a large number of



population data is excluded, and the true nature of the population’s culture becomes
obscured. Whereas the social context may have been ignored or unintentionally omitted
in osteological analysis, and the cultural biology of the individual may have been skewed,
these errors do not necessarily warrant the dismissal of osteological methods (Holliman
2011; Geller 2005).

Categorizing individuals into bimodal sex categories does not provide a complete
depiction of the population, biologically or culturally, however there are clear
morphological differences between typical males and typical females. The development
and use of sex estimation methodologies continue to have practical applications.
However, it should be noted that they can only estimate aspects of an individual with a
degree of uncertainty. The data utilized in this research are from a collection where the
biological sex of each individual is known and presented dichotomously. Based upon the
data provided regarding the sample population, this research was limited to examining
sex dichotomously. Nevertheless, the presentation of morphological ambiguity observed
throughout the human body indicates that no sex estimation methodology is capable of
producing perfect results because sex is not a truly dichotomous variable.

Sexual Dimorphism

Human sexual dimorphism is represented in varying degrees across the world.
There are notable trends that can be used to distinguish between biological males and
females. Overall, females of a population group appear more gracile (Braz 2016). Male
bones are longer, thicker, and have greater muscle mass, which requires greater surface
area for attachment to bone, making them appear more robust (Braz 2016; Christensen et

al., 2014). The degree of definition observed at muscle origin and insertion sites is



limited by muscle size and the amount of force acting on the bone (Christensen et al.,
2014). The amount of force acting on the bone influences its overall structure and how
robust or gracile it appears (Christensen et al., 2014; Fernandez et al., 2014).

Compared to other organisms in our ancestral lineage, modern humans have a
significantly longer childhood. This trait is beneficial for cognitive development, and
also impacts sexual maturity; delayed reproductive maturity catalyzes morphological
changes as the individual grows (Gage 2003). Individuals undergo a wide series of
transformations that influence muscle definition and bone morphology, including stature,
shape of the pelvis, muscle insertion or origin sites, and bone density. The presentation
of sexually dimorphic characteristics on the human skeleton is contingent upon when the
individual reaches sexual maturity: puberty (Bogin 1994; Gluckman & Hason 2006).
Due to these changes, diagnostic traits may not be fully expressed on a subadult skeleton,
thus rendering current methodologies inapplicable (Lewis 2007; Sutter 2003; Weaver
1980; Schutkowski 1993). Due to the uncertainty associated when dealing with non-
adult remains, they were not included in the sample population used in this study.

Beyond childhood and puberty, humans continue to undergo fluctuations in
hormone levels within the body. This results in the continued morphological changes and
presentation of diagnostic features present throughout the skeleton. Females tend to be
more neotenous or pedomorphic, retaining juvenile traits such as a higher voice, larger
eyes, and a more gracile skeleton, however with age skeletal remodeling results in the
masculinization of the skeleton (Christensen et al., 2014). During middle adult stages of
life, between ages 46 and 54, females undergo menopause; this stage is characterized by a

decrease in estrogen production and an increase in testosterone and loss of reproductive



capabilities (Campbell & Reece 2005). Males retain their reproductive capabilities
throughout life, though it is decreased. Post-menopausal women may display a more
robust, or masculinized skeleton, ultimately increasing potential for error in estimating
their sex (Campbell & Reece 2005; Christensen et al., 2014). Due to the morphological
transformations associated with growth and development of humans, it is necessary to
account for age when estimating an individual’s sex. In addition, sex estimation is most
accurate after the individual reaches maturity (White & Folkens, 2005, p. 385). The age
of the individuals sampled in this research was taken into account.

Morphological variation can also be attributed to ancestry of the
population. “Human populations differ in various ways as a function of evolutionary
processes such as natural selection, genetic drift, mutation, and gene flow, which
collectively shape phenotypic variation, including variation in the skeleton,” (Christensen
et al., 2014). Ancestral variation impacts the degree to which skeletal traits are displayed
and therefore the estimation of individual’s sex (L’Abbe et al., 2013). The degree to
which robustness is expressed varies within and between ancestral populations: what may
appear robust in one population may be considered gracile in another. Due to the strong
relationship between ancestry and sexual dimorphism, this study takes into account the
ancestry of individuals within the sample population.
Established Methodologies

A variety of methods are currently used for estimating the sex of skeletons. The
methods naturally focus on skeletal elements that are sexually dimorphic. The crania and
os coxae are often perceived as the most sexually dimorphic skeletal elements. Due to

the wide variation that is observed across the human population, sex estimations use a



scale to indicate how male-like or female-like the features appear. Craniofacial features
are scored on a scale of 0 to 5: undetermined (0), female (1), probable female (2),
ambiguous sex (3), probable male (4), and male (5) (Bukistra & Ubelaker, 1994, p. 21).
When assessing pelvic shape, the Phenice method scores each feature as: unobservable
(0), female (1), ambiguous (2), or male (3) (Bukistra & Ubelaker, 1994). Global studies
have also observed the presence of sexually dimorphic properties on long bones including
the femur, tibia, humerus, and ulna (Cavaignac et al., 2016; Srivastava et al., 2012;
Srivastava et al., 2013; & Steyn & Iscan 1999; Tommasini et al., 2007). All of these
approaches follow the general rule of gracility and robustness, in which prominent
craniofacial features are considered to be more male-like and delicate features are
considered more female-like (Bukistra & Ubelaker, 1994; Gonzales et al., 2009).

While these methodologies are useful, they do provide challenges. Several of
these methodologies rely on the use of non-metric traits; the successful application of
their use is contingent upon the knowledge and experience of the individual. Non-metric
methodologies are prone to observational errors (Gonzales et al., 2009). Bone is also
vulnerable to taphonomic influences such as scavenging, fragmentation, and warping.
This increases the level of difficulty and expertise needed to gauge non-metric
traits. Postmortem damage to the crania and os coxae can also obscure the dimorphic
traits that sex estimation methodologies rely upon, thus contributing additional
complications of these methodologies. The issue associated with using the
methodologies provides one of the motivations behind this research. First and second ribs
can be easily identified amongst commingled remains and are flat, compact bones, which

increases the probability of preservation and reduces the likelihood of taphonomic



damage. In addition, the methodologies examined in this research focuses on metric
analyses alone. Metric approaches to sex estimation are viewed positively; for example,
the geometric morphometric technique is “minimally influenced by the observer”

(Gonzales et al., 2009).

Sexual Dimorphism in Ribs

Methodologies utilizing ribs for sex estimation are not commonly
implemented. These methodologies rely upon various ribs and different dimensional
features to identify sexually dimorphic characteristics. Like other methodologies
assessing sex, those using ribs present merits and faults. One issue associated with using
ribs is that it is difficult to accurately distinguish between ribs of the middle and lower
thorax in disarticulated and commingled remains. Unfortunately, most of the current
approaches rely upon those lower ribs. Ribs from the midsection of the body are also
more susceptible to taphonomic influences and scavenger damage; this can further
impede the anthropologist’s ability to identify those (Kubicka & Piontek, 2015). General
assessments report that females tend to have relatively longer ribs than males, and their
morphology is, to some degree, influenced by age, height and weight (Bellamare et al.,
2006). As this research attempts to expand upon sex estimation using the first and second
ribs, it is necessary to explore this literature.
Rib morphology

The average human thorax is composed of twelve pairs of ribs. The structure of
the rib can be divided into three parts: the head, which articulates with the body of the
thoracic vertebrae; the neck, articulated with the transverse processes of the thoracic

vertebrae; and the shaft, encapsulating the thoracic organs. Their unique morphology and
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placement along the thorax further divides the ribs into three groupings: true ribs, false
ribs, and floating ribs. Ribs 1 through 7 are classified as true ribs; they are characterized
by their individual articulation to the sternum via costal cartilage. Ribs 8, 9, and 10 are
classified as false ribs because of their shared cartilaginous attachment to the

sternum. Ribs 11 and 12 are floating ribs; they lack any articulation to the sternal body.

Manubrium

Sternum

True ribs
(1-7)
Floating ribs
(11 & 12)
False ribs
(8-100 ™1

Figure 1. Skeletal anatomy of the human thorax

The construction of the rib cage enables it to serve several functions, thus its
overall morphology is influenced by those functions. Ribs possess the mechanical role of
protecting and supporting internal organs and stabilizing the trunk during respiration and
spinal flexion (Dansereau & Stokes 1988). An assessment of the ribcage conducted by
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Dansereau & Stokes (1988), and later by Bertrand et al. (2005), used stereoradiography to
create a 3-dimensional model of the human ribcage in an effort to understand
morphological variability. Intrinsic measurements focused on the shape of the rib cage
and included the arc length and the distance between the costovertebral and
costalchondral joints. Extrinsic measurements focused on the orientation of the rib
through assessing the angle made by the rib. Assessments revealed that there is no
significant asymmetry in the thoracic cage (Bertrand et al., 2005; Dansereau & Stokes
1988). As attributes of the left and right ribs are the same, my research progressed
focusing on the right first and second ribs, as is consistent with other sex estimation
methodologies that utilize ribs. The first and second ribs possess unique morphology due
to their structural position in forming the thoracic cage. A complex nexus of nerves and
vessels lay over the ribs; there are several muscles that also insert on the bone to allow
for movement of the neck. These ribs are easily identifiable within a commingled
assemblage and possess many notable features.

Additional modeling of the ribcage has been conducted in order to understand the
morphological changes that are observed as a product of age and biological
adaptations. These factors are known to influence the skeletal morphology of the
cranium, pelvis, and long bones; therefore, it is necessary to understand their influence on
the ribs. An assessment of age-related changes to morphology of the thoracic cage
revealed the consistent changes undergone as a child grows. The rib cage, accessory
muscles, diaphragm, and abdominal muscles are thought to be less efficient in the very
young child than in mature adults because of the instability of the thoracic cage and lower

efficiency of the diaphragm (Openshaw et al., 1984). When compared to adults, a child’s
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rib cage is more pliable and the ribs are arranged with a more horizontal

orientation. Openshaw et al. (1984) observed that the greatest amount of change in rib
arrangement occurred from birth to 2 years of age. Another trend this study revealed was
a change in the roundedness of the thoracic index: by age 3, the cage transformed to a
more ovoid shape as the child matured. The changes in thoracic shape occurred primarily
during early childhood. Openshaw et al. (1984) attributed these changes to the upright
posture developed in the child, while the thorax was also being pressured by the weight
of developed lungs and other internal organs.

Though a great amount of change in the ribs morphology and orientation occurs
during the early years of a child’s development, as the individual progresses into their
later years, changes in rib morphology persist. In an attempt to quantify these changes
throughout the thorax, Gayzik et al. (2008) assessed the morphology through measuring
changes in the position of the ribs’ head, angle, sternal end, and position of sternal facets.
This study sample specifically focused on the thorax of 63 adult males ranging from 20 to
80 years of age (Gayzik et al., 2008). Overall, there was an observed change in the
general morphology of the rib across the age spectrum (Gayzik et al., 2008). The entire
thoracic cage became laterally contracted and longer anterior-posteriorly; the rib angle
increased as the rib’s roundedness decreased (Gayzik et al., 2008). These changes may be
associated with the changes that are observed with aging including decrease in respiratory
muscle function, stiffening of the chest wall, and the development of kyphosis due to
osteoporosis (Gayzik et al., 2008). Coupled together, the many aspects of aging observed
in adults can be noticeably correlated with changes in rib shape and thoracic morphology.

Understanding the age implications involved with age morphology was another factor

13



that motivated me to account for age variability within my sample population. Most
individuals in the sample collection are over the age of 50, many of their ribs present the
morphological changes caused by aging.

Overall chest morphology can also be attributed to environmental factors that
influence the individual’s respiration and associated mechanisms. When comparing the
shape of the chest across populations it is apparent that there is variability in the overall
size and capacity of the chest. The chest shape and size of the individuals living at a
higher elevation has been observed to be greater in dimensions than someone living at or
below sea level (Heath 1984). The enlargement of the chest cavity is a byproduct of
respiratory demands and enlargement of the lungs. Comparisons of child-growth surveys
of individuals living in the highlands of Peru revealed that the patterns of this growth and
development are population specific and acquired during a child’s growth (Frisancho
1975; Heath 1984). These physical adaptations arise in an effort to counter the negative
effects of living at a high altitude, such as hypoxia, and allowing for survival in these
conditions.

Another adaptation observed in the shape of the thorax is associated with
reproductive capabilities. The requirements entailed by the need to carry a child during
pregnancy are suspected to have influenced the rib cage to ensure it provides adequate
space and strength. “Horizontal orientation of the spinous processes in females could
allow for a greater thoraco-lumbar lordosis during pregnancy,” (Bastir et al., 2014). The
orientation of the vertebral spinous processes results in an alteration in the transverse
processes with which the rib articulates. Ultimately the changes would produce a bilateral

divergence in the position of the ribs and a wide, short thoracic cage in females, when
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compared to males (Bellamare et al., 2005; Bastir et al., 2014). This produces a
recognizable amount of sexual dimorphism between the shape of male and female lower

ribs (Bastir et al., 2014; Bellemare et al., 20006).

Sexual dimorphism using the 4™ rib

One of the earliest studies of sexual dimorphism on the rib, conducted by Is¢an
(1985), proposed a method for estimating sex using the right fourth rib. His methodology
relied upon sternal end dimensions: the superior-inferior height (SIH), anterior-posterior
breadth (APB), and depth of the articular surface on the sternal end of the rib. Iscan
(1985) used these measurements to produce a stepwise discriminant function analysis
testing the precision of the approach. He also accounted for age by analyzing his sample
population in three groups, young, old, and a combined young and old group. According
to his results, the SIH and APB were the most diagnostic of the measurements and were
the best dimensions to use for sex estimations (Iscan, 1985; Kogak et al., 2003). Is¢an
(1985) notes, “Sexual dimorphism in a single sternal rib can be assessable with some
reliability” and the approach is applicable to individuals of a broad age range.

Further studies of Iscan’s methodology have applied his approach to other
ancestral populations revealing varying degrees of success. One study conducted by
Kogak et al. (2003) applied Iscan’s approach to a Turkish population using the same
specified age groups. Results of this study presented a higher degree of accuracy in
estimating young females. Success of this approach ranged from approximately 85% to
91% (Kogak et al., 2003). As with other examinations of Isgan’s method, Kogak et al.
(2003) provided additional confirmation that ribs can serve as a useful resource for sex

estimation.
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Geometric morphometric analysis of the curvature of lower ribs

Utilizing geometric morphometrics, Curran and Griffith (2012) assessed evidence
of sexual dimorphism as it is presented on ribs 6 through 9. Their research tested the
morphology of the ribs in two aspects: the overall curvature and the angle of the
tubercle. Their methodology relied upon the use of the Microscribe G2 to gather
semilandmark coordinate points needed. Data points were input into Rhinoceros 3D, a
graphics program; this step was necessary for recreating a 3-dimensional copy of the rib’s
original curvature (Curran & Griffith, 2012). The program then chose 20 semilandmark
points that corresponded to the same proportion of each rib (Curran & Griffith, 2012).
These points were exported from Rhinoceros 3D and were analyzed in Morphologika to
complete a generalized Procrustes and further statistical analyses (Curran & Griffith,
2012). Variation in the position of each corresponding point was then statistically
assessed using a canonical variate analysis (CVA); cross-validation and resubstitution
analyses were used to assess the effectiveness of this approach. Testing the effectiveness
of their proposed methodology produced correct reclassification rates ranging from 74%
to 84% (Curran & Griffith, 2012).

To test the angle of the tubercle in relation to sexual dimorphism, three points on
each rib were taken using the Microscribe G2: the vertebral head of the rib, the position
of the tubercle, and the sternal end of the rib (Curran & Griftith, 2012). The coordinate
points were then input into Rhinoceros 3D and the angle of the tubercle was measured.
Testing of the effectiveness for this approach yielded correct reclassification rates
ranging from approximately 95 % to 81%. Though the methodology proposed shows

much promise, as with the 4th rib, it is difficult to identify ribs 6 through 9 in
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disarticulated remains. Also, further testing of this methodology using a larger sample
group would help validate this experimental approach and provide a better understanding
of its reliability

Sexual dimorphism of the 1 and 2" ribs

In her research, Gavit (2009) perceived the first and second ribs to be more
appropriate for methodologies due to the factors influencing their identification and
recovery. Like Iscan (1985), she relied upon the SIH and APB taken on the sternal ends
of the first and second ribs. Her study sampled 323 skeletal remains from the William M.
Bass and Maxwell Museum osteological collections 236 male and 87 female. It included
specimens with anomalous rib morphologies. The left rib served as a substitute whenever
a right rib was not present for the individual. She used a discriminant function analysis to
develop a model that could be applied to other populations. Her analysis reported a
pooled accuracy of 84%, and found greater success with correctly classifying females.

I reviewed Gavit’s (2009) proposed methodology for sex estimation intended to
evaluate the reliability of the approach for making sex estimations. This research was
prompted by the assessment of normality of Gavit’s (2009) published data; her data were
found to be non-normally distributed. It has been observed that when parametric tests,
such as discriminant function analysis, are applied to non-normal data, overall error may
increase (SAS Institute Inc., 2010). My preliminary research tested the accuracy of the
discriminant function formula created by Gavit (2009) and then compared it to an
alternative statistical perspective, a stepwise binary logistic regression (BLR) model. The
methodology and results of that examination are discussed further in the Methodology

section.
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II. METHODOLOGY

The analysis of skeletal remains is not purely dependent upon the researcher's
observations. It is also dependent upon the statistical analysis of the data obtained,
whether metric or nonmetric. Many statistical approaches for assessing variation in
shape are housed in the anthropologist’s toolbox, and each serves to answer a specific
kind of question through utilizing a unique set of calculations. This study uses metric
approaches to gather information on the shape and size of the first and second ribs with
relation to sex.

Examining Gavit (2009)

To carry out this analysis I chose individuals from Gavit’s (2009) primary sample,
excluding those with rib anomalies and left rib substitutions, in order to perform stepwise
BLR. My goal was to evaluate whether this non-parametric approach, seemingly more
appropriate than linear discriminant analysis, reinforced or undermined her original
conclusions. I excluded the left rib substitutions and anomalies because I thought it
would be more useful to test first whether the method worked with a high-quality data
set, to prove or disprove the concept, rather than evaluating a perhaps more realistic
situation in which there were anomalies and substitutions because, obviously, the
substitutions and anomalies add additional uncontrolled variables to the study and
thereby make the results more difficult to interpret. I used the Minitab statistical program

to carry out my analysis. The modified sample consisted of 237 individual cases, 163
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males and 74 females. The modified dataset was analyzed using a stepwise binary
logistic regression. The statistical model indicated that a cutoff of 0.56 presented the
greatest amount of separation between the male and female samples. Thus, values below

0.56 were classified as female while values 0.56 or above were classified as male.

BLR model:

Y =-17.59 + (0.3081)First rib SIH + (0.298)Second rib SIH + (0.893)Second rib

APB
Y’ =¢Y
P=Y/1+Y))

Female: P <0.56

Male: P >0.56

A second sample of specimens was measured with permission from Florida
Atlantic University’s College of Medicine. The right first and second ribs were dissected
from eight human cadavers, four known male and four known females. Measurements as
specified by Gavit (2009) were taken of the first and second ribs using a digital sliding
caliper. The accuracy of the BLR formula and Gavit’s (2009) discriminant function
formula were tested. Both formulas were applied to measurements obtained from Gavit’s
sample and the new sample.

Output from the stepwise BLR, using the modified data set, indicates that the
most diagnostic dimensions collected were the first rib’s SIH and the second rib’s SIH
and APB. Using those three dimensions, the BLR formula accurately estimated 84.8% of
males and females within the modified data set. Applying measurements of the

secondary sample to the BLR equation resulted in the correct estimation of 7 cadavers;
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only one cadaver was incorrectly estimated (Table 1). When the BLR model was applied
to the primary sample obtained from Gavit (2009), there was an observed pooled
accuracy of 85.8% (Table 2). Gavit’s (2009) discriminant function formula relied upon
all four dimensions: the first rib SIH and APB, and the second rib SIH and APB. Based
on her model’s parameters, values above 0 indicate female, values below 0 indicate male.
Applying her discriminant function formula to the primary sample set produced
inconclusive results (Table 3). When her discriminant function formula was applied to

the secondary data set, the results were also inconclusive (Table 4).

Cadaver Known Sex Calculated P Estimated Sex

1 Female 0.01091 Female
2 Female 0.02275 Female
3 Female 0.18929 Female
4 Female 0.09731 Female
5 Male 0.69338 Male
6 Male 0.99625 Male
7 Male 0.68753 Male
8 Male 0.26688 Female

Table 1. Cadaver rib dimensions applied to the BLR equation.
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Known Male Known Female Total

Estimated Male 210 20 230
Estimated Female 26 67 93
Total 236 87 323
Accuracy 0.8898 0.7701 0.857585

Table 2. Cross validation of the BLR equation.

Known Male Known Female  Total

Estimated Male 236 87 323
Estimated Female 0 0 0
Total 236 87 323
Accuracy 1.00 0.00 0.73065

Table 3. Cross validation of the discriminant function formula proposed by Gavit (2009).

Cadaver Known Sex Calculated Value Estimated Sex

1 Female -27.8655883 Male
2 Female -27.8498029 Male
3 Female -30.0371871 Male

Female -30.3467035 Male
5 Male -32.3470294 Male
6 Male -36.6584723 Male
7 Male -31.9722443 Male
8 Male -30.3460192 Male

Table 4. Cadaver rib dimensions applied to Gavit’s (2009) discriminant function
equation.
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This preliminary study was intended to compare an alternative approach to
analyzing rib dimensions to Gavit’s (2009) proposed method. Unfortunately, my
inability to effectively use her method to distinguish between male and female
individuals prevented the successful comparison of either model. Gavit (2009) used a
linear discriminant analysis to examine her data, which is a parametric statistical test
preferred for normal data. Inability to apply her formula may be a result of the nature of
her data. The descriptive statistics of her original data revealed that it was non-normal.
Gavit (2009) used a linear discriminant analysis to examine her data, which is a
parametric statistical test utilizing normally distributed data. Additionally, when using
non-normal data, a nonparametric statistical analysis, such as the stepwise binary logistic
regression conducted, is preferred. Though it is possible to successfully apply a
parametric statistical test, like discriminant function analysis, to non-normal data, the
resulting error rate may be biased (SAS Institute Inc., 2010).

This study utilizes the BLR model to estimate sex using the sternal end of the first
and second ribs. It compares the accuracy of using the sternal end to using the overall
shape of the rib. Sexual dimorphism presented on the shape of the rib will be assessed
using geometric morphometric techniques.

Geometric Morphometrics

Geometric morphometrics is a suite of multivariate statistical analysis
methodologies that assess biological shape and its variation within the sample
population. The approach utilizes landmark and semilandmark coordinate points to
gather information; these points are then manipulated to isolate shape by removing

size. Shape is considered invariant to location, scale, and orientation. Separating shape
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from size allows for the mathematical evaluation of shape characteristics and the analysis
of shape changes in morphology. Calculating the distance between points and position
changes from one individual to the next accounts for the amount of variation that is
observable within the sample population group (Slice, 2002). This approach evaluates
variables such as ancestry, age, or sex and their influence on morphological similarities
or differences between and within populations. In doing so, it is possible to shed light on
the influence of these variables on skeletal anatomy through mapping population
variation; this will also aid in the development of a biological profile.
Landmarks and Semilandmarks

Assessment of morphological structure relies upon coordinate points, which are
analogous to landmark or semilandmark points. Landmark points are positions on the
subject that correspond to biologically or geometrically significant features (Polly,
2012). The points may correspond to a muscle insertion or origin site, the position of a
foramen, or the intersection of two sutures (Polly, 2012). Semilandmark points are taken
at positions that are arbitrarily chosen to capture topographic variation between landmark
points such as curvature or surface contours (Polly, 2012). Together, landmark and
semilandmark points capture shape variations on the outline and surface of the object. To
capture these landmark points, it is necessary to use instruments such as a Microscribe or
a NextEngine laser scanner to log the corresponding x, y, and z coordinates of the

position of specific landmarks.

Statistical analysis
Geometric morphometrics relies upon the analysis of shape variation. In order to

efficiently apply the statistical analysis, it is necessary to first isolate size through
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methods of standardization. The first step in standardization requires Procrustes
superimposition of the points; this process is effective in revealing small-scale variation
in the position of biological structures. Isolating shape from size and orientation using
the Procrustes approach cleans the data and retains information that is pertinent to the
object’s shape.

Once size and orientation variables are removed from the data, it is necessary to
create shape variables that quantify the position of the landmark points. One of the most
effective ways to do this is through calculating the Principal Component Analysis (PCA)
scores. PCA is a statistical approach that teases out the underlying principal components
of the data set while maintaining the measure of shape variation shown in the data
(Webster & Sheets, 2010). This is determined by calculating a vector direction that
measures the greatest amount of variance in the data points. The distance between the
points and the vector line is measured. The final output of the PCA provides two outputs:
eigenvector (direction of the line) and eigenvalue (the amount of variance), the highest of
which is the first principal component (Webster & Sheets, 2010). Using this form of
analysis allows for the identification and simplification of the data set, thus removing
non-pertinent information and allowing for analysis of variance within the data set.

Through processing data in this way, the meaningfulness of the variance within
the sample set can be assessed. Two of the most common forms of analysis are
regression analysis for continuous variables, and analysis of variance (ANOVA) or
multivariate analysis of variance (MANOVA) for categorical variables. The use of
ANOVA/MANOVA tests is most pertinent to this project; this statistical approach

assesses the relationship between the delineating variable and the associated geometric
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shape. It emphasizes the statistical differences in shape that can be used to differentiate

between two categories, as well as the amount of variation observed between the groups.

Research Design

My research was divided into three phases. The first phase, data acquisition,
consisted of collecting data on the first and second ribs from a blind sample of 140
skeletal remains of known sex and age. The sample was acquired from the William M.
Bass Donated Skeletal Collection, located at the University of Tennessee. The skeletal
collection consists of over 1,800 donated human remains, with 89% of the collection
being of European ancestry (Forensic Anthropology Center, UTK). 65% of the
population is male, and while the age range of this population is from 16 to 100 years old,
a majority of them are between 40 and 80 years old (Forensic Anthropology Center,
UTK). The first and second right ribs of 70 adult males and 70 adult females of
European ancestry were measured.

The experimental methodology was first be applied to the right first and second
ribs; this assessed the curvature of the rib using landmark and semilandmark points. A
linear regression to reveal the effects of sexual dimorphism in the sample population was
conducted. Next, the dimensions of the sternal end of the first and second ribs were
measured. The dimensions included the superior-inferior height (SIH) and anterior-
posterior breadth (APB).

The second phase of this research was statistical analysis of all data acquired

from phase 1 and the estimations of sex. The analysis of the rib’s curvature using both
landmark and semilandmark coordinate points required a geometric morphometric

approach. The analysis of the sternal end dimensions utilized the binary logistic
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regression model. The final phase of this project compared the variance observed
between using the rib’s shape and its sternal dimensions. Ultimately, the goal of this
final phase was to discern which method captures the greatest amount of variation with
regards to sexual dimorphism.

At the University of Tennessee, landmark coordinates corresponding to muscle
insertions sites and vessel grooves were identified on the first and second ribs. The
anatomical landmark points were selected for clarity and ease of identification, and the
significance of the vessels and musculature of the region. Though the degree to which
the landmarks are expressed varied, they were all easily identified through macroscopic
evaluation of the superior surface of the ribs. The chosen landmark points in Figures 2
and 3 were used to assess rib morphology based upon form and function. Because
landmark coordinates are focused on particular features on the rib, they cannot be
expected to capture all variation seen on the ribs. Sampling of the entire curve of the rib
was done using semilandmark points. A total of 20 semilandmark coordinate points were
positioned on each first and second rib. 10 semilandmark points were obtained on the

rib’s lateral border of the ribs, and 10 were taken on the medial border.
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Landmarks points on the first rib (Figure 2):

On lateral border:

al.
bl.
cl.
dl.
el.

fl.

gl.

Most posterior-medial point of the vertebral head
Medial border of costotranverse ligament insertion site
Most inferior-medial edge of tubercle

Most superior-lateral edge of tubercle

Posterior border of scalenus medius insertion site
Most anterior-medial points of the sternal end

Anterior border of subclavius origin site

On medial border:

hl.

Most posterior-medial point of sternal end

il. Anterior border of groove for subclavian vein

jl. Anterior border of scalene tubercle

k1.

Posterior border of scalene tubercle

11. Posterior border of groove for subclavian artery

ml. Anterior-medial point of vertebral body
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Figure 2. First rib landmark points.
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Landmark points on the second rib (Figure 3):

On lateral border:

a2.
b2.
c2.
d2.
e2.
2.

g2.
h2.

12.

Crest of neck

Medial border of articular facet of tubercle

Lateral border of articular facet of tubercle

Lateral border of tubercle

Costal angle

Posterior-lateral border of scalenus posterior insertion site
Anterior-lateral border of scalenus posterior origin site
Posterior-lateral border of tuberosity

Anterior-lateral border of tuberosity

j2. Most inferior-medial point of sternal end

On medial border:

k2.

12.

Most superior-medial point of sternal end

Medial border of rib parallel to crest of neck

m2. Most anterior medial point on vertebral head
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Figure 3. Second rib landmark points.
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Methodology

All data was acquired digitally through the use of a Next Engine 3D Laser
Scanner. The scans were then cleaned using the integrated ScanStudio HD software to
remove any captured elements of the modeling clay used to orient the rib for
scanning. Each rib was individually scanned, and then the digital model was input into
software to capture the coordinate points and measurements. The landmark coordinate
points and measurements needed for the BLR model were obtained through
Landmark. Landmark is a software program created and published by the Institute for
Data Analysis and Visualization (IDAV), within the University of California, Davis. The
program allowed points to be placed as desired on the surface of the scan. Landmark also
allowed for the distance between points to be measured. Points were placed
corresponding to the rib’s SIH and APB; the measurement of the distance between the
points was noted and used in the BLR model. The semilandmark points were acquired
using psDIG, which allowed the borders of the scanned ribs to be digitized. The
digitized curve of the lateral and medial borders of the rib was then resampled in order to
obtain the semi-landmark coordinate points.

Once all coordinate data was obtained and organized, geometric morphometric
analysis began. All statistical analysis was conducted using the Geomorph R package.
Statistical analysis of landmark and semilandmark data was conducted separately. The
first and second ribs were analyzed separately. For the landmark data, a Procrustes
analysis was used to remove size and orientation variables, allowing the data that
communicates shape to stand alone. Procrustes analysis is the size measure that is used to

scale a configuration of landmarks; the amount of size variation can be determined by
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understanding the degree to which the element was scaled (Slice 2007). In order to
incorporate the variable of size, the centroid size (Csize) of each first rib was used to
determine the significance of size differences with respect to sex. The normality of the
centroid size data was assessed using a Shapiro-Wilks normality test. Upon determining
the nature of the data a T-test or Mann-Whitney U test was used to measure the variance
between the means and determine the presence of significant differences between male
and female size adjustments

The coordinate points produced from the Procrustes were then used to conduct a
Principal Components Analysis (PCA). To produce a better depiction of the position of
males and females within the PCA plot females were color coded black, while the males
were coded red. The cumulative proportions of the PCA scores were assessed. PCA
scores that accounted for ~80% of the population variance, as indicated by the cumulative
proportions, were used to conduct a MANOVA. The Wilks’ Lambda statistic was used
to measure the significance of the variation between males and females.

Human variation is not only a product of sex, there are also genetic and
environmental factors that influence the morphology of the body. In order to detect the
degree to which this study was able to capture morphological variation with respect to
sex, a stepwise multiple linear regression was performed. The PC scores of both
landmark and semilandmark data of ribs 1 and 2 were analyzed to determine the amount
of variation of the variable was captured within each individual component. R? values
were also accounted for; however, in a data set such as this, where there is potential for

noise, the R? value cannot always be trusted. Thus it was necessary to conduct a cross-
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validation analysis to determine the predictive accuracy of the regression model and its
potential to be used to estimate the sex of unknown individuals.

To measure the presentation of sexual dimorphism on the sternal end of the rib,
the SIH and APB measurements of the dimensions were analyzed using the BLR sternal
end methodology. This was necessary to determine the accuracy of the method when
applied to the data set. A MANOVA was conducted on the sternal end dimensions to
identify the amount of variation seen between females and males. The amount of
variation detected from the ribs’ shape was then compared to the amount of variation
detected using the sternal end BLR model. The accuracy of the predictive models created

was also compared.
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III. RESULTS

Analysis of the statistical data obtained from the rib occurred in many stages.
Due to the exploratory nature of this study, results from each stage guided me in
determining how to proceed. Doing so allowed me to optimize the data used in each step
in order to better identify variability between the male and female groups. Results from
the principal component analysis (PCA) were especially important in that it provided
multidimensional scaling that is used to portray the greatest amount of information about
the sample. The principal component (PC) represents the various principal coordinate
planes that present some degree of the population variance. PC scores indicate the
position of an individual within the PC plane; these are used to create a plot that visually
represents the population variance observed on each PC plane.

The use of the proportion variance and cumulative proportion of those principal
components were especially important. Proportional variance depicts the amount of
variability that is identified within that particular principal component. PC1 always has
the greatest variance, whereas PC2 through n have progressively less variance; the
amount of variance decreases as one moves to higher principal components. Cumulative
proportion indicates the amount of variance that is accounted for within a given set of
principal components. The cumulative proportion statistic was used to determine how
many principal components would be needed to measure at least 80% of the variability

observed between males and females.
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The centroid size (Csize) adjustment obtained from the Procrustes analysis was
assessed for normality using the Shapiro-Wilks Normality test. Determining the
distribution of the data is important for identifying the best statistical analysis that can be
used to measure the variance between male and female Csize. The data were tested at a
95% confidence interval and yielded a p-value of 1.715e-11. From this output, p-value is
less than 0.05, indicating that the Csize data demonstrate a normal distribution; thus

normality was assumed.

Statistic Value
T -1.3996
Df 133.24
p-value 0.164
Female Male
95% confidence -498.55 85.36
Sample means 2822.31 3028.913

Table 5. T-test of the centroid size adjustments obtained from the Procrustes
analysis.

Using the results of the Shapiro-Wilks test a T-test was deemed appropriate for
measuring the significance of variance between the male and female groups (Table 5).
The sample mean of the female Csize is 2822.31, whereas male Csize sample mean is
3028.91. A test of the significance of the variance between the means at a 95%
confidence interval produced a p-value of 0.164. Based on this statistic, male and female

Csize adjustments do not differ significantly.
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Standard Deviation

Proportion of Variance

Cumulative Proportion

PCl1

PC2

PC3

PC4

PC5

PCé6

PC7

PC8

PC9

PC10
PCl11
PC12
PC13
PC14
PC15
PC16
PC17
PC18
PC19
PC20
PC21
PC22
PC23
PC24
PC25
PC26
PC27
PC28
PC29
PC30
PC31
PC32
PC33
PC34
PC35
PC36

0.3597
0.3104
0.2781
0.2531
0.19381
0.16614
0.15547
0.14407
0.133
0.12513
0.1126
0.10384
0.08973
0.08623
0.07624
0.06952
0.06177
0.05998
0.05731
0.05239
0.04985
0.04711
0.04118
0.03907
0.03727
0.035
0.03251
0.03106
0.02994
1.80E-16
1.44E-16
1.27E-16
1.14E-16
1.07E-16
8.80E-17
7.19E-17

0.2204
0.1641
0.1318
0.1091
0.06398
0.04701
0.04117
0.03535
0.03013
0.02667
0.0216
0.01837
0.01371
0.01266
0.0099
0.00823
0.0065
0.00613
0.00559
0.00467
0.00423
0.00378
0.00289
0.0026
0.00237
0.00209
0.0018
0.00164
0.00153
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

0.2204
0.3846
0.5163
0.6254
0.68938
0.73639
0.77756
0.81291
0.84304
0.86971
0.8913
0.90967
0.92339
0.93605
0.94595
0.95418
0.96068
0.96681
0.9724
0.97707
0.98131
0.98509
0.98798
0.99058
0.99294
0.99503
0.99683
0.99847

1
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00

Table 6. Principal components of landmark coordinate points on Rib 1
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Figure 4. Plot of PCI scores x PC2 scores from PCA of Rib 1 with landmark coordinate
points.

Analysis of landmark coordinate points on the first rib depicts a low proportion of
variance between the first two principal components. Within the first two principal
components only 0.3846 has been accounted for (Table 6). At least 0.80 of variance is
accounted for within the first eight principal components; the cumulative proportion of
PC8is 0.81291. A plot of PC1 and PC2 (Figure 4) reveals that there is no clear trend in

the organization of individuals.
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Standard deviation

Proportion of Variance

Cumulative Proportion

PCl1

PC2

PC3

PC4

PC5

PCo6

PC7

PC8

PC9

PC10
PCl11
PC12
PC13
PC14
PC15
PCl16
PC17
PC18
PC19
PC20
PC21
PC22
PC23
PC24
PC25
PC26
PC27
PC28
PC29
PC30
PC31
PC32
PC33

0.2577
0.232
0.20419
0.19427
0.17841
0.17488
0.16921
0.15207
0.1487
0.13467
0.1234
0.116
0.10972
0.104
0.0866
0.08406
0.07056
0.06087
0.05873
0.04986
0.04456
0.03599
0.02494
0.01976
0.01661
0.01146
4.46E-16
2.44E-16
1.37E-16
1.25E-16
9.02E-17
8.42E-17
7.18E-17

0.1511
0.1225
0.09486
0.08587
0.07242
0.06959
0.06515
0.05261
0.0503
0.04127
0.03464
0.03062
0.02739
0.0246
0.01706
0.01608
0.01133
0.00843
0.00785
0.00566
0.00452
0.00295
0.00141
0.00089
0.00063
0.0003
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

0.1511
0.2736
0.36845
0.45432
0.52674
0.59632
0.66147
0.71408
0.7644
0.80565
0.8403
0.87091
0.8983
0.9229
0.93997
0.95605
0.96737
0.9758
0.98365
0.98931
0.99382
0.99677
0.99819
0.99907
0.9997

1
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00

Table 7. Principal components of landmark coordinate points on Rib 2.
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Figure 5. Plot of PC1 scores x PC2 scores from PCA of Rib 2 with landmark coordinate

points.

An analysis of landmark coordinate points of the second rib present lower

proportions of variance than the first rib. PC1 and PC2 accounts for 0.2736 of the

sample’s variance (Table 7). Approximately 0.8056 of variance is accounted for within

the first ten principal components. A plot of PC1 and PC2 (Figure 5) shows individuals

are broadly mixed with respect to sex. Like the first rib’s landmark analysis (Figure 5),

they appear widely scattered between the first and second principal component axes.
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Standard deviation

Proportion of Variance Cumulative Proportion

PCl1

PC2

PC3

PC4

PC5

PCo6

PC7

PC8

PC9

PC10
PCl11
PC12
PC13
PC14
PC15
PCl16
PC17
PC18
PC19
PC20
PC21
PC22
PC23
PC24
PC25
PC26
PC27
PC28
PC29
PC30
PC31
PC32
PC33
PC34
PC35
PC36
PC37
PC38
PC39
PC40

0.1338
0.1052
0.05557
0.04203
0.03466
0.02627
0.01724
0.01544
0.01384
0.009742
0.009263
0.007872
0.007314
0.006656
0.006497
0.006175
0.005267
0.004481
0.003928
0.003709
0.003321
0.003008
0.002777
0.002699
0.002448
0.002398
0.001707
0.001591
0.001255
0.0009919
0.0008188
0.0007334
0.0007116
0.0006199
0.0005774
0.000564
1.40E-16
6.54E-17
4.36E-17
3.05E-17

0.4837
0.2992
0.08351
0.04776
0.03248
0.01867
0.00804
0.00645
0.00518
0.00257
0.00232
0.00168
0.00145
0.0012
0.00114
0.00103
0.00075
0.00054
0.00042
0.00037
0.0003
0.00024
0.00021
0.0002
0.00016
0.00016
0.00008
0.00007
0.00004
0.00003
0.00002
0.00001
0.00001
0.00001
0.00001
0.00001
0.00E+00
0.00E+00
0.00E+00
0.00E+00

0.4837
0.7829
0.86641
0.91417
0.94665
0.96532
0.97336
0.97981
0.98498
0.98755
0.98987
0.99154
0.99299
0.99419
0.99533
0.99636
0.99711
0.99765
0.99807
0.99844
0.99874
0.99899
0.99919
0.99939
0.99955
0.99971
0.99979
0.99986
0.9999
0.99993
0.99994
0.99996
0.99997
0.99998
0.99999

1
1.00E+00
1.00E+00
1.00E+00
1.00E+00

Table 8. Principal components of semilandmark coordinate points on Rib 1.
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Figure 6. Plot of PC1 scores x PC2 scores from PCA of Rib 1 with semilandmark
coordinate points. Outliers are present in the sample.
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Figure 7. Plot of Rib 1 Semilandmark PC1 x PC2 plot with outliers removed.
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Compared to landmark points, principal component analysis of semilandmark
coordinate points reveal better proportions of variance. Within PC1 and PC2 a 0.7829
cumulative proportion of variance is observed between individuals (Table 8).
Approximately 0.8664 of variance is accounted for within the first three principal
components. A plot of PC1 and PC2 (Figure 6) portrays a clearer organization of
individuals on the principal component axes. The plot also reveals few individuals who
appear as outliers who are a mixture of both male and female individuals. Further
inspection of these outliers did not reveal any strange or anomalous shape of those ribs. It
is unclear why these specific individuals were so far from the rest of the cluster (Figure

7).
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Standard deviation Proportion of Variance Cumulative Proportion

PCl1

PC2

PC3

PC4

PC5

PCo6

PC7

PC8

PC9

PC10
PCl11
PC12
PC13
PC14
PC15
PCl16
PC17
PC18
PC19
PC20
PC21
PC22
PC23
PC24
PC25
PC26
PC27
PC28
PC29
PC30
PC31
PC32
PC33
PC34
PC35
PC36
PC37
PC38
PC39
PC40

0.1646
0.1119
0.03869
0.02967
0.0236
0.02011
0.01904
0.01271
0.009293
0.008332
0.007509
0.006355
0.005978
0.004417
0.004294
0.003526
0.003291
0.003122
0.002724
0.002583
0.002325
0.002184
0.001859
0.001771
0.001649
0.001497
0.001187
0.0009275
0.0007091
0.0005838
0.0004513
0.0004484
0.0003886
0.0003457
0.0002587
0.0002226
1.01E-16
5.07E-17
4.58E-17
4.33E-17

0.6176
0.2853
0.03411
0.02005
0.01269
0.00921
0.00826
0.00368
0.00197
0.00158
0.00128
0.00092
0.00081
0.00044
0.00042
0.00028
0.00025
0.00022
0.00017
0.00015
0.00012
0.00011
0.00008
0.00007
0.00006
0.00005
0.00003
0.00002
0.00001
0.00001
0

S O O OO

0.00E+00
0.00E+00
0.00E+00
0.00E+00

0.6176
0.9029
0.93702
0.95707
0.96976
0.97897
0.98723
0.99091
0.99288
0.99446
0.99574
0.99666
0.99748
0.99792
0.99834
0.99863
0.99887
0.99909
0.99926
0.99942
0.99954
0.99965
0.99973
0.9998
0.99986
0.99991
0.99994
0.99996
0.99997
0.99998
0.99999
0.99999
0.99999

1

1

1
1.00E+00
1.00E+00
1.00E+00
1.00E+00

Table 9. Principal components of landmark coordinate points on Rib 2.
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Figure 8. Plot of PC1 scores x PC2 scores from PCA of Rib 2 with semilandmark
coordinate points. Outliers are present in the plot.
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Figure 9. Primary cluster of Rib 2 Semilandmark PC1 x PC2 plot with outliers removed.
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Analysis of semilandmark coordinate points on the second rib present the highest
proportions of variance amongst PC1 and PC2. Together, PC1 and PC2 account for
0.9029 cumulative proportion of variance between individuals; PC1 alone measures
0.6176 of variance (Table 9). A plot of PC1 and PC2 (Figure 8) reveals the greatest
organization of individuals across the principal component axes. As with the
semilandmark points of the first rib, the plot also reveals outliers that are a mixture of
both male and female individuals. It is unclear why these individuals deviate from the
rest of the cluster, as their overall shapes do not appear anomalous in any way (Figure 9).

The completed principal component analysis of this study’s data provided over 30
principal component planes for each data set. The second rib landmark PCA possessed
the lowest rates of proportion variance and cumulative proportion; at least 0.80 of
cumulative proportion was observed until PC10 (Table 7). In contrast, the second rib
semilandmark PCA had the highest rates of proportion variance and cumulative variance,
with approximately 0.90 cumulative proportion observed at PC2 (Table 9). To maintain
consistency for each rib analyzed and method of assessing sexual dimorphism, PC scores

from PC1 to PC10 were used in each analysis of variance.

Df Wilks Approx. F num Df  Den Df p-value
as.factor (Sex) 1 0.92148 0.71364 16 134 0.7763
Residuals 149

Table 10. Results from MANOVA on PC scores of landmark coordinate points on Rib 1.
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Df Wilks Approx. F num Df  Den Df  p-value
as.factor (Sex) 1 0.95132 0.43177 16 135 0.9717
Residuals 150

Table 11. Results from MANOVA on PC scores of landmark coordinate points on Rib 2.

Multivariate analysis of variance (MANOVA) of principal component scores of
each individual from PC1 through PC10 is used to measure the Wilks’ Lambda test
statistic. For landmark coordinate points on the first rib p = 0.7763; there are no
significant differences between male and female first ribs using landmark coordinate
points (Table 10). On the second rib’s landmark coordinates, p =0.9717 (Table 11). As
with the first rib, the coordinate points do not present any significant differences between
male and females. These analyses suggest that the use of landmark points is ineffective

for identifying sexual dimorphism on the first and second ribs.

Df Wilks Approx. ' num Df Den Df p-value

as.factor (Sex) 1 0.88212 1.7239 10 129 0.08193
Residuals 138

Table 12. Results from MANOVA on PC scores from semilandmark coordinate points
on Rib 1.

Df Wilks Approx. F num Df Den Df p-value

as.factor (Sex) 1 0.78188 3.5988 10 129 0.000306
Residuals 138

Table 13. Results from MANOVA on PC scores from semilandmark coordinate points
on Rib 2.

46



MANOVA of semilandmark coordinate points reveal significant differences
between male and female ribs. For semilandmark coordinate points on the first rib, the p-
value is approximately 0.082 suggesting that there is some difference between male and
female first ribs using semilandmark coordinate points; these are not significant
differences as they do not satisfy the alpha level of 0.05 (Table 12). On the second rib’s
semilandmark coordinates, the p-value is approximately 0.0003 1, indicating that there are
strong significant differences between male and female ribs (Table 13). The analysis of
semilandmark coordinate points indicates that there are significant differences between
male and female first and second ribs. However, these differences were not detectable
using landmark coordinate points. This suggests that the use of semilandmark coordinate

points is most appropriate for capturing variability on the first and second ribs.
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PCscore Coefficients Std. Error t-value p-value

PC5 0.373426 0.2119 1.781 0.0771
PC8 -0.493179 0.2842 -1.736 0.0848
Landmark
1* Rib PC9 0.471659 0.3004 1.570 0.1186
y-intercept=  PC22 -1.19632 0.8559 -1.398 0.1642
464
0.4643 PC24 1.460478 1.023 1.428 0.1555
PC36  -7.3739¢+14 4.084¢e+14 -1.805 0.0731
PC10 -0.492551 0.2995 -1.645 0.1022
Landmark  pcog  -1.259556 0.8027 1569  0.1188
2" Rib
PC25 -5.655612 2.375 -2.381 0.0185
y-intercept =
04655 PC27  -1.835le+14 9.623¢e+13 -1.906 0.0586
PC33  -5.9255¢+14 4.138¢e+14 -1.432 0.1542
PC1 -0.5325651 0.3594 -1.482  0.140889
PC6 4.582353 1.277 3.588  0.000479
PC7 3.616818 1.967 1.839  0.068368
PC10 9.385628 3.445 2.725  0.007366
PC11 7.091056 3.628 1.955  0.052881
PC13 -16.94633 4.587 3.695  0.003850
Semlﬂfnll{dlr)nark PCI15 1523214 5.171 2946  0.003850
stRj
PC17 20.55082 6.368 3.227  0.001600
y-intercept =
0.5109 PC18 -18.87029 7.48 2.522  0.012948
PC19 -17.29265 8.539 2.025  0.044996
PC24 40.50556 12.54 3.229  0.001590
PC33 106.1973 47.26 2247  0.026398
PC36 124.0379 59.60 2.081  0.039478
PC37 -7.342426e+14 2.510e+14 2.925  0.004095
PC40  1.844290e+15 9.864e+14 1.870  0.063878
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PCl1 0.4549723 0.2243 2.028  0.044627

PC4 2.2696791 1.2450 1.823 0.070645

PC5 2.3030489 1.5652 1.471 0.143642

PCé6 4.4015133 1.8354 2.398 0.017934

Semilandmark PC8 -11.0451 2.9043 -3.803  0.000221
2" Rib PC9 -11.00824 4.242 -2.549  0.012348
y-intercept = PC13 18.193408 6.1786 2.945 0.003847
04929 PC17 -18.35177 11.2280 -1.634  0.104637
PC18 17.81134 11.8245 1.506  0.134471

PC25 -30.35032 22.3996 -1.355  0.177840

PC29 70.54579 52.0864 1.354  0.178014

PC34 -178.03104 106.8454 -1.666 0.09812

Table 14. Stepwise multiple linear regression of PC scores.

A stepwise multiple linear regression of each data set’s PC scores revealed only a
few components to use to capture sexual variations on the first and second ribs. PC
scores from the landmark points on the first rib produced an R? value of 0.0441,
suggesting there is low fitness of the data and poor predictive abilities of the model. PC
scores of the landmark points on the second rib produced an R? value of 0.0628,
revealing that it is also a poor predictive model. Regression of PC scores using
semilandmark points produced an R? value of 0.3793 for the first rib, and 0.2468 for the
second rib. This indicates that semilandmark coordinate points have better a predictive

accuracy than the landmark coordinate points, though still poor.
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Regression Model of First Rib Landmark PC scores:

X = 0.4643 +(0.373426*PC5) + (-0.493179*PC8) + (0.471659*PC9) +
(-1.19632*PC22) + (1.460478*PC24) + ((-7.3739E+14)*PC36)

Known Male Known Female Total

Estimated Male 45 34 79
Estimated Female 25 36 61
Total 70 70 140
Accuracy 0.643 0.514 0.579

Table 15. Cross validation of regression model.

Regression Model of Second Rib Landmark PC scores:

X = 0.4655+ (-0.4926*PC10) + (-1.26¥PC20) + (-5.656*PC25) +
((-1.834e+14)*PC27) + ((-5.925e+14)*PC33)

Known Male Known Female Total

Estimated Male 46 32 78

Estimated Female 24 38 62
Total 70 70 140
Accuracy 0.657 0.543 0.60

Table 16. Cross validation of regression model.
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Regression Model of First Rib Semilandmark PC scores:

X = 0.5109 + (-0.5326*PC1) + (4.5824*PC6) + (3.6168*PC7) + (9.3856*PC10)
+(7.0911*PC11) + (-16.9463*PC13) + (15.2321*PC15) + (20.5508*PC17)
+ (-18.8702*PC18) + (-17.2927*PC19) + (40.5056*PC24) +
(106.1973*PC33) + (124.0379*PC36) + ((-7.3424E+14)*PC37) +
((1.8443E+15)*PC40)

Known Male Known Female Total

Estimated Male 57 14 71
Estimated Female 13 56 69
Total 70 70 140
Accuracy 0.814 0.80 0.807

Table 17. Cross Validation of regression model.

Regression Model of Second Rib Semilandmark PC scores:

X = 0.4929 + (0.4549723*PC1) + (2.2696791*PC4) + (2.3030489*PC5) +
(4.4015133*PC6) + (-11.0451*PC8) + (-11.00824*PC9) +
(18.193408*PC13) + (-18.35177*PC17) + (17.81134*PC18) +
(-30.35032*PC25) + (70.54579*PC29 + (-178.03104*PC34)

Known Male Known Female Total

Estimated Male 53 19 72

Estimated Female 17 51 68

Total 70 70 140
Accuracy 0.757 0.729 0.729

Table 18. Cross validation of regression model.
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To thoroughly assess the predictive accuracy of the PC scores using the linear
regression models, a cross-validation analysis was completed. Females in this study were
coded I and males were coded 0; X < 0.5 is classified as male, X > 0.5 is classified as
female. The regression models of semilandmark PC scores were better predictive models
in this study; the first rib had an accuracy rate of 80.7% (Table 17), the second rib had an
accuracy of 72.9% (Table 18). The regression models of landmark PC scores were not
very effective in estimating sex; the first rib’s accuracy was 57.9% (Table 15), while the
second rib had an accuracy of 60% (Table 16). All models showed slightly better

performance in correctly estimating male individuals than female individuals.

Known Male Known Female Total

Estimated Male 28 4 32

Estimated Female 8 36 44

Total 36 40 76
Accuracy 0.777 0.9 0.842

Table 19. BLR model applied to the sample of ribs.

Df Wilks Approx. F num Df Den Df  p-value

as.factor (Sex) 1 0.53471 15.446 4 71 3.904e-09
Residuals 74

Table 20. Results from MANOVA on the measurements taken for the BLR model.
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Applying the binary logistic regression model to the individuals within the sample
used a subset of 76 individuals, 40 females and 36 males. Within this subsample, 28 of
the 36 males sampled were correctly identified and 36 of the 40 females sampled were
correctly identified (Table 19). An 84.2% overall accuracy was observed within this
population. A MANOVA was then performed on the measurements taken, and produced

a p-value of 3.09e-09, indicating that there are significant differences between males and

females (Table 20).
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V. DISCUSSION AND CONCLUSION

The human rib presents an interesting depiction of the morphological variation
between males and females; however, size also plays a role. Within the human species,
size variation between males and females is one of the clearest markers of sexual
dimorphism. There is overlap in size amongst various populations though males tend to
be distinctly larger and more robust. Geometric morphometric approaches function
through focusing on the position of the points, and the proportional variation between and
within the groups. From the t-test that was conducted (Table 5) it is evident that some
degree of sexual dimorphism present on the ribs was lost due to the removal of size.

Comparing success of both landmark and semilandmark coordinate points
presents insight into geometric morphometric methodologies and their application. The
landmark points used in this study indicate that there are no significant differences in the
shape of male and female first and second ribs. In contrast, the use of semilandmark
points indicates that there are significant differences between the rib’s shapes. The
difference in results seen between the landmark and semilandmark approaches are
engrained in the function of geometric morphometrics.

The landmark points chosen were associated with anatomical structures that
interacted with the bone, including muscle attachment sites and grooves produced from
the vessels that lay atop the bone. The positions of these landmarks are proportional to

the size of the individual. Regardless of the individual, the expressions of those features
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are generally unified across the population. When size variation is removed in the
Procrustes analysis, the new coordinate points represent the proportions of the landmark’s
positions; because the proportions between male and female musculature is equivalent,
there are no significant differences. Thus, the PCA and MANOVA are unable to detect
significant variation between males and females of the sample population. Though this
does not reveal any significant differences in the male and female ribs through the
landmark coordinates, it does confirm proportional anatomical development between
males and females. These results suggest that sexual dimorphism of the thorax may not
be attributed to the interaction of the muscle or mechanical demands; further research is
needed to thoroughly examine this.

The semilandmark points applied to the first and second ribs were able to reveal
significant differences between male and female rib morphology. The semilandmark
points captured the overall curvature of the lateral and medial borders of the rib. While
this does not exclude the influence that size has on the rib, shape variation at each
semilandmark point is identifiable after the removal of the size component. Landmark
morphometrics is applicable for identifying shape variations in humans; however, it is not
best suited for distinguishing sexual dimorphism on the first and second ribs.
Semilandmark points are better suited for capturing the significant shape differences of
the rib. This is further supported by the stepwise multiple linear regressions performed
on each principal component data set. Regression models created from the semilandmark
points PC scores showed to possess a better predictive accuracy, ranging from 80.71% to

72.86%.
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The female reproductive requirements may be one source of the variability
observed on the first and second ribs through the use of semilandmark coordinate points.
The need to accommodate a fetus impacts the structure of the pelvis as well as the thorax
(Bastir et al., 2014; Garcia-Martinez et al., 2016). Examining the orientation of the rib
cage revealed that the female thorax declined more than the male’s; thus, the rib curves
further inferiorly in females than in males (Bellamare, 2003; Bastir et al., 2014; Garcia-
Martinez et al., 2016). In-depth exploration of the elements influencing the morphology
of the thorax is needed to properly understand the sources of variation.

The age range of the individuals within this sample was fairly limited. All
individuals within the population were adults, a majority of them being over the age of
50. Age is known to play a role in the shape of other skeletal elements due to hormone
fluctuations, however this factor does not appear to significantly obscure sexual
dimorphism on the ribs. One issue that was caused by the older age of the individuals in
the sample is calcification of the costal cartilage. The calcification observed occurs
locally and is common in aging. The costal cartilage bridging the sternum and rib of
several individuals was calcified or in the process of becoming calcified. In several
individuals the sternal end of the rib developed additional bone deposits, causing it to
become enlarged and flared; in extreme cases the rib became completely fused to the
sternal bodies.

The calcification did not negatively impact the morphometric coordinate points
taken, but it did affect the ability to properly measure the sternal end dimensions for the
BLR model. It was necessary to exclude any individuals who presented any anomalous

bone on the sternal end of either the first and second ribs to prevent the additional
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calcification from skewing results. Eliminating those individuals reduced the sample size
to 76 individuals. Within that subsample the BLR model was able to accurately estimate
the sex of 84.2% of the group. The MANOVA performed on the sternal end
measurements of the first and second ribs produced a p-value significantly lower than the
p-value of any morphometric analysis of the rib’s shape. While there is a significant
difference in the shape of the ribs, the use of sternal end dimensions may be better suited
for distinguishing sexual dimorphism. This success may be because the size of the rib is
the component being assessed in the model.

The goal of this study was to examine variability in the shape of the first and
second rib with respect to sex. Through measuring the shape of the rib using both
landmark and semilandmark coordinate points it is clear that morphological variability
exists between males and females on the upper thorax. A regression model to estimate
sex using the PC scores of unknown individuals does prove to be an effective
methodology, though less accurate than the BLR model. Geometric morphometric
models have been applied to create programs such 3D-ID and Biolmage XD, which are
used to estimate elements of the biological profile. Unfortunately, designing a similar
program for estimating sex using morphological variation of the first and second rib was
beyond the scope of this project. The simplified binary logistic model refined from
Gavit’s (2009) research currently shows greater promise as a tool for biological
anthropologists. The model can be easily applied to measurements taken on the sternal
end of the ribs and has been applied to several sample sets with relatively consistent

SucCcess.
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This research expands upon the discussion of human morphological variation
observed on the thorax. Through examining ribs, it lends insight to an often-overlooked
element of the skeletal anatomy. While the tested approach to examine sexual
dimorphism through overall shape of the rib may be complex, the outcome of this study
identifies ribs as a skeletal element that should not be overlooked in sex estimation.
While it may take several studies to properly understand the factors influencing the shape
and dimensions of the ribs and to validate its use, the use of the BLR methodology does
have real applications for biological anthropologists. Continued research on variability
observed on the thorax as a whole contributes to the understanding of factors influencing
of human evolution, sexual dimorphism, adaptations, age, ancestry and other factors
influencing morphological variation.

Geometric Morphometrics has been used globally to model and analyze biological
systems. While the use of landmark coordinates may appear well suited because it
focuses on established features, its use is not always appropriate. In this case, removal of
the size variability actual appears to render it unfit for this purpose. A simpler approach
that shows consistency and lends good insight into the variation has greater viability and
chance of application. Due to the complexity of geometric morphometric techniques, it
does require further refinement to become an effective and applicable model that can be

tested and applied in forensic anthropology and bioarchaeology.

58



REFERENCES

Bastir, M., Higuero, A., Rios, L., & Martinez, D. G. (2014). Three-dimensional analysis
of sexual dimorphism in human thoracic vertebrae: Implications for the

respiratory system and spine morphology. American Journal of Biological
anthropology, 155(4), 513-521. http://doi.org/10.1002/ajpa.22604

Belin, P. (2006). Voice processing in human and non-human primates. Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences,
361(November), 2091-2107. http://doi.org/10.1098/rstb.2006.1933

Bellemare, F., Fuamba, T., & Bourgeault, A. (2006). Sexual dimorphism of human ribs.
Respiratory Physiology and Neurobiology, 150(2-3), 233-239.
http://doi.org/10.1016/j.resp.2005.04.002

Bellemare, F., Jeanneret, A., & Couture, J. (2003). Sex differences in thoracic dimensions
and configuration. American Journal of Respiratory and Critical Care Medicine,
168(3), 305-312. http://doi.org/10.1164/rccm.200208-8760C

Bertrand, S., Laporte, S., Parent, S., Skalli, W., Mitton, D., Laporte, S., ... Mitton, D.
(2005). Computer Methods in Biomechanics and Biomedical Engineering
Reproducibility evaluation of rib cage 3D reconstruction from stereoradiography
Reproducibility evaluation of rib cage 3D reconstruction from stereoradiography.
Computer Methods in Biomechanis and Biomedical Engineering, 8(21), 37-38.
http://doi.org/10.1080/10255840512331388146

Betti, L. (2014). Sexual dimorphism in the size and shape of the os coxae and the effects
of microevolutionary processes. American Journal of Biological anthropology,
153(2), 167-177. http://doi.org/10.1002/ajpa.22410

Boyd, C., & Boyd, D. C. (2011). Theory and the scientific basis for forensic
anthropology. Journal of Forensic Sciences, 56(6), 1407-1415.
http://doi.org/10.1111/j.1556-4029.2011.01852.x

Brown, K. M. (2015). Selective pressures in the human bony pelvis: Decoupling sexual
dimorphism in the anterior and posterior spaces. American Journal of Biological
anthropology, 157(3), 428-440. http://doi.org/10.1002/ajpa.22734

59



Cavaignac, E., Savall, F., Faruch, M., Reina, N., Chiron, P., & Telmon, N. (2016).
Geometric morphometric analysis reveals sexual dimorphism in the distal femur.
Forensic Science International, 259, 246.e1-246.¢5.
http://doi.org/10.1016/j.forsciint.2015.12.010

Chen, J. H., Liu, C., You, L., & Simmons, C. A. (2010). Boning up on Wolft’s Law:
Mechanical regulation of the cells that make and maintain bone. Journal of
Biomechanics, 43(1), 108—118. http://doi.org/10.1016/j.jbiomech.2009.09.016

Comeau, A. R. (2010). Age-related Changes in geometric characteristics of the pediatric
thoracic cage and comparison of thorax shape with a pediatric CPR manikin.
Drexel University.

Dansereau, J., & Stokes, I. A. F. (1988). Measurements of the Three-Dimensional Shape
of the Rib Cage. Journal of Biomechanics, 21(11), 893-901.

Devlin, M. J. (2011). Estrogen, exercise, and the skeleton. Evolutionary Anthropology,
20(2), 54-61. http://doi.org/10.1002/evan.20299

Dudzik, B., & Langley, N. R. (2015). Estimating age from the pubic symphysis: A new
component-based system. Forensic Science International, 257.
http://doi.org/10.1016/j.forsciint.2015.07.047

Falys, C. G., & Prangle, D. (2015). Estimating age of mature adults from the
degeneration of the sternal end of the clavicle. American Journal of Biological
anthropology, 156(2). http://doi.org/10.1002/ajpa.22639

Fanton, L., Gustin, M. P., Maujean, G., Bernard, O., Telmon, N., & Malicier, D. (2012).
Geometric and harmonic study of the aging of the fourth rib. International Journal
of Legal Medicine, 126(5), 685—691. http://doi.org/10.1007/s00414-012-0714-6

Forensic Anthropology Center, University of Tennessee Knoxville [UTK]. Age, Sex and
Ancestry Distribution. From http://fac.utk.edu/age-sex-and-ancestry-distribution/.

Franklin, D., Cardini, A., & Flavel, A. (2012). The application of traditional and
geometric morphometric analyses for forensic quantification of sexual
dimorphism : preliminary investigations in a Western Australian population.
International Journal of Legal Medicine, 126, 549-558.
http://doi.org/10.1007/s00414-012-0684-8

Franklin, D., Oxnard, C. E., O’Higgins, P., & Dadour, I. (2007). Sexual dimorphism in
the subadult mandible: Quantification using geometric morphometrics. Journal of
Forensic Sciences, 52(1), 6-10. http://doi.org/10.1111/j.1556-4029.2006.00311.x

Frost, H. M. (1998). Changing Concepts in Skeletal Physiology: Wolff ’ s Law , the
Mechanostat , and the “‘ Utah Paradigm .”” American Journal of Human Biology,

60



10(July 1997), 599-605. http://doi.org/10.1002/(SICI)1520-
6300(1998)10:5<599:: AID-AJHB6>3.0.CO;2-9.

Frost, H. M. (1999). Muscle, bone, and the Utah paradigm: a 1999 overview. Basic
Sciences, 911-917.

Frost, H. M. (1999). Why do bone strength and “mass” in aging adults become
unresponsive to vigorous exercise? Insights of the Utah paradigm. Journal of
Bone and Mineral Metabolism, 17(2), 90-97.
http://doi.org/10.1007/s007740050070

Frost, H. M. (2000). The Utah paradigm of skeletal physiology: an overview of its
insights for bone, cartilage and collagenous tissue organs. Journal of Bone and
Mineral Metabolism, 18(6), 305-316. http://doi.org/10.1007/s007740070001

Frost, H. M. (2001). From Wolff’s law to the Utah paradigm: Insights about bone
physiology and its clinical applications. Anatomical Record, 262(4), 398—419.
http://doi.org/10.1002/ar.1049

Frost, H. M. (2003). Bone’s mechanostat: A 2003 update. The Anatomical Record Part a,
275A(August), 1081-1101. http://doi.org/10.1002/ar.a.10119

Gage, T. B. (2003). The evolution of human phenotypic plasticity: Age and nutritional
status at maturity. Human Biology, 75(4), 521-537.

Garcia-Martinez, D., Torres-Tamayo, N., Torres-Sanchez, 1., Garcia-Rio, F., & Bastir, M.
(2016). Morphological and functional implications of sexual dimorphism in the
human skeletal thorax. American Journal of Biological anthropology, 161(3),
467-477. http://doi.org/10.1002/ajpa.23051

Garvin, H. M., Sholts, S. B., & Mosca, L. A. (2014). Sexual dimorphism in human
cranial trait scores: Effects of population, age, and body size. American Journal of
Biological anthropology, 154(2), 259-269. http://doi.org/10.1002/ajpa.22502

Gavit, K. R. (2009). Estimating Sexual Dimorphism from Sternal Rib Ends. Masters of
Arts, Texas State University-San Marcos.

Gayzik, F. S., Yu, M. M., Danelson, K. A., Slice, D. E., & Stitzel, J. D. (2008).
Quantification of age-related shape change of the human rib cage through
geometric morphometrics. Journal of Biomechanics, 41(7), 1545-1554.
http://doi.org/10.1016/j.jbiomech.2008.02.006

Geller, P. L. (2005). Skeletal analysis and theoretical complications. World Archaeology,
37(4), 597-609. http://doi.org/10.1080/00438240500404391

Gelvartas, J. (n.d.). Geometric morphometrics. Italian Journal of Zoology, 1-4.

61



Gilroy Jr., R. J., Lavietes, M. H., Loring, S. H., Mangura, B. T., & Mead, J. (1985).
Respiratory mechanical effects of abdominal distension. J Appl Physiol, 58(6),
1997-2003. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/3159715

Gluckman, P. D., & Hanson, M. A. (2006). Evolution, development and timing of

puberty. Trends in Endocrinology and Metabolism, 17(1), 7—12.
http://doi.org/10.1016/j.tem.2005.11.006

Gonzalez, P. N., Bernal, V., & Perez, S. 1. (2009). Geometric morphometric approach to
sex estimation of human pelvis. Forensic Science International.
http://doi.org/10.1016/j.forsciint.2009.04.012

Gonzalez, P. N., Bernal, V., & Perez, S. I. (2011). Analysis of sexual dimorphism of
craniofacial traits using geometric morphometric techniques. International Journal
of Osteoarchaeology, 21(1), 82-91. http://doi.org/10.1002/0a.1109

Green, H., & Curnoe, D. (2009). Sexual dimorphism in Southeast Asian crania: A
geometric morphometric approach. HOMO- Journal of Comparative Human
Biology, 60(6), 517-534. http://doi.org/10.1016/].jchb.2009.09.001

Griffith, J. D., & Curran, S. C. (2009). Human ribs six through nine : sexual dimorphism
and seriation using geometric morphometrics. POSTER, 53(2007), 2008.

Hassett, B. R., & Lewis-Bale, T. (2016). Comparison of 3D Landmark and 3D Dense
Cloud Approaches to Hominin Mandible Morphometrics Using Structure-From-
Motion. Archaeometry, (November 2015). http://doi.org/10.1111/arcm.12229

Heath, D., & Wiliams, D. R. (1979). The Lung at High Altitude. Investigative and Cell
Pathology, 2(3), 147-156.

Henderson, C. Y. (2013). Do diseases cause entheseal changes at fibrous entheses?
International Journal of Paleopathology, 3(1).
http://doi.org/10.1016/5.1jpp.2013.03.007

Hughes, J. M. (2010). Revisiting Harold Frost’s Mechanostat Theory of Bone Functional
Adaptation: New Interpretations Based on New Evidence. University of
Minnesota.

Ibafiez-Gimeno, P., Galtés, 1., Jordana, X., Fiorin, E., Manyosa, J., & Malgosa, A. (2013).
Entheseal Changes and Functional Implications of the Humeral Medial

Epicondyle. International Journal of Osteoarchaeology, 23(2).
http://doi.org/10.1002/0a.2299

Jang, 1. G., & Kim, I. Y. (2008). Computational study of Wolff’s law with trabecular
architecture in the human proximal femur using topology optimization. Journal of
Biomechanics, 41(11), 2353-2361. http://doi.org/10.1016/j.jbiomech.2008.05.037

62



Jones, G. (2014). Not A Yes or No Question: Critical Perspectives in Sex and Gender in
Forensic Anthropology. University of Windsor.

Jordanoglou, J. (1970). Vector analysis of rib movement. Respiration Physiology, 10(1),
109-120. http://doi.org/10.1016/0034-5687(70)90031-9

Kogak, A., Aktas, E. O., Ertiirk, S., Aktas, S., & Yemisgigil, A. (2003). Sex
determination from the sternal end of the rib by osteometric analysis. Legal
Medicine, 5(2), 100—104. http://doi.org/10.1016/S1344-6223(03)00045-2

Krishan, K., Chatterjee, P. M., Kanchan, T., Kaur, S., Baryah, N., & Singh, R. K. (2016).
A review of sex estimation techniques during examination of skeletal remains in

forensic anthropology casework. Forensic Science International, 261.
http://doi.org/10.1016/j.forsciint.2016.02.007

Kubicka, A. M., & Piontek, J. (2015). Sex estimation from measurements of the first rib

in a contemporary Polish population. International Journal of Legal Medicine,
130(1), 265-272. http://doi.org/10.1007/s00414-015-1247-6

Kurki, H. K., & Decrausaz, S. L. (2016). Shape variation in the human pelvis and limb
skeleton: Implications for obstetric adaptation. American Journal of Biological
anthropology, 159(4), 630—638. http://doi.org/10.1002/ajpa.22922

L’Abbé¢, E. N., Kenyhercz, M., Stull, K. E., Keough, N., & Nawrocki, S. (2013).
Application of fordisc 3.0 to explore differences among crania of north american
and south african blacks and whites. Journal of Forensic Sciences, 58(6), 1579—
1583. http://doi.org/10.1111/1556-4029.12198

Leah, M., Fink, W. L., Swiderski, D. L., Barbara, L., & Url, S. (2013). Society of
Systematic Biologists On Applications of Geometric Morphometrics to Studies of
Ontogeny and Phylogeny: A Reply to Rohlf Reviewed work ( s ): Published by:
Oxford University Press for the Society of Systematic Biologists. Systematic
Biology, 47(1), 147-158.

Loomba-albrecht, L. A., & Styne, D. M. (2009). Effect of puberty on body composition.
Current Opintion in Endocrinology, Diabetes, & Obesity, 16(10), 10-15.
http://doi.org/10.1097/MED.0b013e328320d54c

Loring, H., Gilroy, J., Lavietes, M. H., Mangura, T., Robert, J., Lavietes, M. H., ...
Mead, J. (1985). Respiratory mechanical effects of abdominal distension. The
American Physiological Society.

Lovejoy, C. O., Cohn, M. J., & White, T. D. (1999). Morphological analysis of the
mammalian postcranium: a developmental perspective. Proceedings of the

63



National Academy of Sciences of the United States of America, 96(23), 13247—
13252. http://doi.org/10.1073/pnas.96.23.13247

Maddux, S. D., Sporleder, A. N., & Burns, C. E. (2015). Geographic Variation in
Zygomaxillary Suture Morphology and its Use in Ancestry Estimation. Journal of
Forensic Sciences, 60(4), 966—973. http://doi.org/10.1111/1556-4029.12774

Mays, S. A., & Cox, M. (2000). Sex determination in skeletal remains. Human Osteology
in Archaeology and Forensic Science, 117-129.

McPherson, F. J., & Chenoweth, P. J. (2012). Mammalian sexual dimorphism. Animal
Reproduction Science, 131(3), 109—-122.
http://doi.org/10.1016/j.anireprosci.2012.02.007

Meena, M. C., Rani, Y., & Sharma, G. K. (2014). Age Estimation from the Rib by
Components Method Analysis in Indian females. Biological anthropology, 10,
143-149.

Nikita, E. (2014). Age-associated Variation and Sexual Dimorphism in Adult Cranial
Morphology: Implications in Anthropological Studies. International Journal of
Osteoarchaeology, 24(5). http://doi.org/10.1002/0a.2241

Noldner, L. K., & Edgar, H. J. H. (2013). 3D representation and analysis of enthesis
morphology. American Journal of Biological anthropology, 152(3).
http://doi.org/10.1002/ajpa.22367

Openshaw, P., Edwards, S., & Helms, P. (1984). Changes in rib cage geometry during
childhood. Thorax, 39(8), 624—7. http://doi.org/10.1136/thx.39.8.624

Padmakumar, K., Girish, S., & Geetha, O. (2009). Age Estimation from the Rib by Phase
analysis — An autopsy study in males. Indian Internet Journal of Forensic
Medicine & Toxicology, 7(3), 79-86. Retrieved from
http://www.indianjournals.com/ijor.aspx ?target=ijor:iijfmt&volume=7&issue=3 &
article=001

Penhos, J. C., Houssay, B. A., & Lujan, M. A. (1965). Total Pancreatectomy in Lizards.
Effects of Several Hormones. Endocrinology, 76(February), 989-993.
http://doi.org/10.1002/ajpa

Pietrusewsky, M. (2007). Metric Analysis of Skeletal Remains: Methods and
Applications. Biological Anthropology of the Human Skeleton: Second Edition,
485-532. http://doi.org/10.1002/9780470245842.ch16

R, A. (2010). Age-related Changes in geometric characteristics of the pediatric thoracic
cage and comparison of thorax shape with a pediatric CPR manikin. Thorax,
(June).

64



Rabey, K. N., Green, D. J., Taylor, A. B., Begun, D. R., Richmond, B. G., & McFarlin, S.
C. (2015). Locomotor activity influences muscle architecture and bone growth but
not muscle attachment site morphology. Journal of Human Evolution, 78.
http://doi.org/10.1016/j.jhevol.2014.10.010

Ramsthaler, F., Kreutz, K., & Verhoff, M. A. (2007). Accuracy of metric sex analysis of
skeletal remains using Fordisc ® based on a recent skull collection. International
Journal of Legal Medicine, 121, 477-482. http://doi.org/10.1007/s00414-007-
0199-x

Richtsmeier, J. T., DeLeon, V. B., & Lele, S. R. (2002). The promise of geometric
morphometrics. Yearbook of Biological anthropology, 45, 63-91.
http://doi.org/10.1002/ajpa.10174

Robb, J. (2000). Analysing Human Skeletal Data. Human Osteology in Archaeology and
Forensic Science, 475—490.

Roberto, C., Lauretani, F., Seeman, E., Bartali, B., Bandinelli, S., D1, A., ... Ferrucci, L.
(2006). Structural adaptations to bone loss in aging men and women. BONE, 38,
112-118. http://doi.org/10.1016/j.bone.2005.07.025

Roberts, Sanford (School of Engineering and Applied Science, U. of C. (1972). Global
geometric characteristics of typical human ribs. Journal of Biomechanics, 5, 191—
201.

Roberts, Sanford (School of Engineering and Applied Science, U. of C., & Chen, P.H
(School of Engineering and Applied Science, U. of C. (1972). Global Geometric
Characteristics of Typical Human Ribs. Journal of Biomechanics, 5(2), 191-201.

Rohlf] F. J. (1998). On Applications of Geometric Morphometrics to Studies of Ontology
and Phylogeny. BMC Systems Biology, 47(1), 147—158.

Rohlf, F. J. (2003). Bias and error in estimates of mean shape in geometric
morphometrics. Journal of Human Evolution, 44(6), 665—683.
http://doi.org/10.1016/S0047-2484(03)00047-2

Rohlf, F. J., & Marcus, L. F. (1993). A Revolution in Morphometrics. TREE, 8(4), 129—
132.

Ruff, C. B. (1995). Biomechanics of the hip and birth in early Homo. American Journal
of Biological anthropology, 98(4), 527-574.
http://doi.org/10.1002/ajpa.1330980412

Ruff, C. B., & Higgins, R. (2013). Femoral neck structure and function in early hominins.
American Journal of Biological anthropology, 150(4), 512-525.
http://doi.org/10.1002/ajpa.22214

65



Russell, K. F., Simpson, S. W., Genovese, J., Kinkel, M. D., Meindl, R. S., & Lovejoy,
C. 0. (1993). Independent test of the fourth rib aging technique. American Journal
of Biological anthropology, 92(1), 53—62. http://doi.org/10.1002/ajpa.1330920105

Sandoz, B., Badina, A., Lambot, K., Mitton, D., & Skalli, W. (2013). Quantitative
geometric analysis of rib , costal cartilage and sternum from childhood to

teenagehood. International Federation for Medical and Biological Engineering,
51, 971-979. http://doi.org/10.1007/s11517-013-1070-5

Santos, F., Guyomarc’h, P., & Bruzek, J. (2014). Statistical sex determination from
craniometrics: Comparison of linear discriminant analysis, logistic regression, and
support vector machines. Forensic Science International, 245.
http://doi.org/10.1016/j.forsciint.2014.10.010

Schug, G. R., & Goldman, H. M. (2014). Birth is but our death begun: A
bioarchaeological assessment of skeletal emaciation in immature human skeletons
in the context of environmental, social, and subsistence transition. American
Journal of Biological anthropology, 155(2). http://doi.org/10.1002/ajpa.22536

Skerry, T. M. (2006). One mechanostat or many? Modifications of the site-specific
response of bone to mechanical loading by nature and nurture. Journal of
Musculoskeletal Neuronal Interactions, 6(2), 122—127.

Slice, D. (2007). Geometric Morphometrics. Annual Review of Anthropology, 36, 261—
281. http://doi.org/10.1146/annurev.anthro.34.081804.120613

Srivastava, R., Ph, D., Saini, V., Ph, D., Rai, R. K., & Pandey, S. (2012). A Study of
Sexual Dimorphism in the Femur Among North Indians. Journal of Forensic
Sciences, 57(1), 19-23. http://doi.org/10.1111/j.1556-4029.2011.01885.x

Srivastava, R., Ph, D., Saini, V., Ph, D., Rai, R. K., & Pandey, S. (2013). Sexual
Dimorphism in Ulna: An Osteometric Study from India. Journal of Forensic
Sciences, 58(5), 1251-1256. http://doi.org/10.1111/1556-4029.12158

Steyn, M., & Yas, M. (1999). Osteometric variation in the humerus: sexual dimorphism
in South Africans. Forensic Science International, 106, 77-85.

Stull, K. E., Kenyhercz, M. W., & L’Abb¢, E. N. (2014). Ancestry estimation in South
Africa using craniometrics and geometric morphometrics. Forensic Science
International, 245. http://doi.org/10.1016/j.forsciint.2014.10.021

Stull, K. E., Tise, M. L., Ali, Z., & Fowler, D. R. (2014). Accuracy and reliability of
measurements obtained from computed tomography 3D volume rendered images.
Forensic Science International, 238. http://doi.org/10.1016/j.forsciint.2014.03.005

66



Sutter, R. C. (2003). Nonmetric Subadult Skeletal Sexing Traits: A Blind Test of the
Accuracy of Eight Previously Proposed Methods Using Prehistoric Known-Sex
Mummies from Northern Chile *. Journal of Forensic Sciences, 48(5), 1-9.

Tommasini, S. M., Nasser, P., & Jepsen, K. J. (2007). Sexual dimorphism affects tibia
size and shape but not tissue-level mechanical properties. BONE, 40, 498-505.
http://doi.org/10.1016/j.bone.2006.08.012

Verna, E., Piercecchi-Marti, M.-D., Chaumoitre, K., & Adalian, P. (2015). Relevance of
discrete traits in forensic anthropology: From the first cervical vertebra to the
pelvic girdle. Forensic Science International, 253, 134.e1-134.e7.
http://doi.org/10.1016/j.forsciint.2015.05.005

Vioarsdottie, U. S., Higgins, P. O., & Stringer, C. (2002). A geometric morphometric
study of regional differences in the ontogeny of the modern human facial
skeleton. Journal of Anatomy, 201, 211-229.

Wallace, 1. J., Judex, S., & Demes, B. (2015). Effects of load-bearing exercise on skeletal
structure and mechanics differ between outbred populations of mice. Bone, 72.
http://doi.org/10.1016/j.bone.2014.11.013

Weaver, A. A., Schoell, S. L., & Stitzel, J. D. (2014). Morphometric analysis of variation
in the ribs with age and sex. Journal of Anatomy, 225(2), 246-261.
http://doi.org/10.1111/joa.12203

Weiss, E. (2015). Examining Activity Patterns and Biological Confounding Factors:
Differences between Fibrocartilaginous and Fibrous Musculoskeletal Stress
Markers. International Journal of Osteoarchaeology, 25(3), 281-288.
http://doi.org/10.1002/0a.2290

Weiss, E., Corona, L., & Schultz, B. (2012). Sex differences in musculoskeletal stress
markers: Problems with activity pattern reconstructions. International Journal of
Osteoarchaeology, 22(1), 70—-80. http://doi.org/10.1002/0a.1183

Wilczak, C. A. (1998). Consideration of Sexual Dimorphism, Age, and Asymmetry in
Quantitative Measurements of Muscle Insertion Sites. International Journal of
Osteoarchaeology Int. J. Osteoarchaeol, 8(June), 311-325.
http://doi.org/10.1002/(SICI)1099-1212(1998090)8:5<311::AID-
0A443>3.0.CO;2-E

67



