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Abstract
For over two centuries, epigenetic traits were considered minor variations in trait
expressions found on the human skull, and largely disregarded. It is now known many of these
traits are heritable and potentially define population affinity. Native American skeletal collections
have been diminishing after the 1990 Native American Graves Protection and Repatriation Act
(NAGPRA). Epigenetic traits have the potential to indicate population affinity in the event cultural
affiliation cannot be determined. When Native American remains are repatriated from the Penn
Museum’s Physical Anthropology section, the only primary data collection source is their
Computerized Tomography (CT) scan on the Open Research Scan Archive (ORSA). As systematic
data collection of epigenetic traits has not been undertaken at the current time, it is crucial to
determine the accuracy of CT scans for diagnosing cranial epigenetic traits. The methods for
epigenetic trait diagnosis (whether binaries or in gradations) are non-destructive, but require
manipulation of the physical crania. It is important to ascertain which epigenetic traits should be
scored when the physical remains are available.
A population of 38 crania were scored for 172 epigenetic traits. A regression analysis
tested the epigenetic trait score of 50 of the traits collected on the CT scan as a predictor for the
score of the trait on each physical specimen. The resulting analysis indicates that for 27 of the 50
traits tested, CT scans were not a strong predictor for the score on the Physical specimen and
data collection will potentially suffer in the event of repatriation or loss of the remains.
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Chapter 1: Epigenetic Traits
Definition and History of Epigenetic Traits
Various standards have been derived for collecting data from the human skeleton such as
cranial metrics, cranial nonmetrics, dental metrics, dental nonmetrics and postcranial metrics
(Buikstra and Ublecker 1994). The nonmetric traits are also referred to as ‘Epigenetic Traits.’ As
defined by Hauser and De Stefano, Epigenetic traits are ‘intrinsically innocuous minor skeletal
variants of the human skull, phenotypic expressions which were considered mere skeletal
anomalies by most authors for more than two centuries.’ (1989). All traits analyzed later in this
thesis are all specifically epigenetic traits of the human cranium (i.e. no epigenetic traits of the
dentition, mandible or postcrania will be discussed). Before detailing the biology of these traits
and the mechanisms which lead to their development, an introduction of epigenetics and its
application to the human crania will be detailed.
The earlier understanding of ‘epigenetics’ was first applied in order to comment on the
‘gradual emergence of complexity seen in embryonic development from the preformation of
early doctrines.’ (Hauser and De Stefano 1989). It was not until 1977 that the term ‘epigenetics’
was applied to a more evolutionary context in which it was used to ‘denote phylogenetic change.’
(Hauser and De Stefano 1989). The modern understanding of epigenetics and its application was
derived by Waddington (1956) who undertook the task of describing the mechanisms which
underlie ‘progressive determination,’ and the processes by which cells and tissues undergo
differentiation as a result of the environment interacting with the original genome of the
organism (Hauser and De Stefano 1989). It was not until Berry and Searle (1963) that ‘epigenetic’
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was applied to the context of skeletal variants, as discussed in the original definition of epigenetic
traits in this section (Hauser and De Stefano 1989).
The early studies on epigenetic traits and skeletal material were able to demonstrate that
each of the variants observed are determined by a group of genes which acted together in an
additive manner – it is not until ‘a developmental threshold or thresholds in the genotype
distribution leads to the manifestation of phenotypic alternatives or variants,’ rather than a trait
which is distributed in a continuous manner (Hauser and De Stefano 1989). It is also possible that
the threshold can vary in the event that modifying genes are introduced, or if the conditions of
the environment lend themselves to influence change (Hauser and De Stefano 1989).
The terms used to denote ‘minor variants’ have changed throughout the history of their
study. Berry (1968, 1969) referred to these traits as ‘non-metrical variants’ as to avoid making a
statement or comment on determination, and this term was used by scholars who followed
(Hauser and De Stefano 1989). Another group of researchers, such as Thoma (1978, 1979, 1981)
utilized the term ‘quasi-continuous,’ a phrase initially implemented by Grüneberg (1952) (Hauser
and De Stefano 1989). Additionally, other researchers maintained the expression of these traits
were two-fold and referred to them as ‘discontinuous’ (Ossenberg 1969), ‘discrete’ (Rightmire
1972, 1976), or ‘discreta’ (Rösing 1982a) (Hauser and De Stefano 1989).
By definition, epigenetic traits are non-metric and thus cannot be measured with devices
such as calipers or osteometric boards. Rather, the best methods for their diagnosis are
categorical, whether as binaries such as ‘present or absent,’ or as gradations, such as ‘trace,
moderate, or severe expression.’ Many of the methods used for diagnosing epigenetic traits
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(Berry and Berry 1967, de Villiers 1969, Hauser and De Stefano 1989) may require the palpation
and rotation of the cranium in addition to close inspection of subtle gross features.
Epigenetic is a ‘proper’ designation for these terms as the traits that have been studied
to this point appear to show no evidence of Mendelian transmission (Hauser and De Stefano
1989). Trinkaus (2005) cited a study which found the differences in bilateral expression fit a
Mendelian distribution, however critiqued the authors’ a priori assumption that asymmetry is a
variant which has a normal distribution. Rather, Trinkaus (2005) asserts the authors’ suggested
that most traits have an equal probability of being asymmetrical on the right as the left and is
independent of the total asymmetry existing in the sample. Grüneberg’s (1965) work suggests
that each trait has a corresponding ‘threshold’ on a continuum dictating the difference between
phenotypic expression or absence of the trait in question. Thus, how strongly a trait is expressed
and even the frequency of its occurrence in a population is influenced by the individual’s
environment while they are developing (Grüneberg 1965). Trinkaus (2005) maintains that
although Grüneberg’s model applies to traits such as dental agenesis, there is lack of clarity
concerning how accurate this is in the context of ‘minor’ skeletal traits’ such as foramina or
sutural variations. Even with these considerations, epigenetic traits are still regarded as
important as they are useful indicators of population affiliation when the genetic data cannot be
collected to the contamination or degradation of a DNA in bone collagen.
The potential information to be gained from the analysis of epigenetic traits has been
explored by a variety of researchers. As discussed previously, epigenetic traits have basis in an
individual’s genetic material which is a factor that may have great potential for informing on an
individual’s ancestral affiliation. At the point in time that Epigenetic Variants of the Human Skull
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was authored in 1989, it was believed that the potential for epigenetic traits and other minor
skeletal variants as a means by which to investigate inheritance was limited, and the authors
maintained there were not many epigenetic traits that evidenced known familial relationships
(Hauser and De Stefano 1989). Other researchers such as Symmers (1985) and Szilvassy (1986)
aimed to inform on the heritability of epigenetic traits, and found evidence which suggested
these traits were concentrated in familial contexts, with additional demonstration of high
estimates for heritability for some of those tested (Hauser and De Stefano 1989). Sjøvold (1984),
however, found the same heritability estimates were low, and additionally some traits tested did
not demonstrate significant difference from zero (Hauser and De Stefano 1989). Additionally,
many of the estimates derived during these studies relied on ‘alternative expression,’ rather than
a ‘gradation of expression,’ suggesting potential directions for refining this kind of research in the
future (Hauser and De Stefano 1989). Richtsmeier and McGrath (1986) additionally tested the
heritability of traits previously suggested to have genetic heritability. They note that heritability
of epigenetic traits tends to be low, and agree with the environmental variance found in studies
such as Self and Leamy (1978) and Searle (1954) (Richtsmeier and McGrath 1986). They further
suggest that continued research on heritability has potential, but that results should be critically
evaluated.
Even with all of these considerations, de Villiers (1968) was able to successfully
demonstrate significant tribal differences within the South African groups tested. Her study and
others serve as contrasting examples for the potential success epigenetic traits may serve for
determinations of ancestral affiliation. If more specific understandings of the heritability of
epigenetic traits can be determined, it has immediate relevance to forensic cases in which the
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police must identify human remains. If epigenetic traits can inform on ancestral affiliation, they
additionally have the potential to inform on biological affiliation in archaeological contexts.
Additionally, standard texts such as Standards for Data Collection from Human Skeletal Remains:
Proceedings of a Seminar at the Field Museum of Natural History organized by Jonathan Haas
(Buikstra and Ublecker 1994) rely on traits of the crania considered epigenetic traits by Hauser
and De Stefano (1989) or de Villiers (1968) as those which may inform on sex determination such
as expression of the mastoid process, or the glabellar prominence. More recent studies suggest
many of the epigenetic traits in the literature are able to undergo influence by environmental
factors and additionally show degrees of correlation with sex, age and other epigenetic traits
(Trinkaus 2005).

Bone Growth and Development
In order to understand the true nature of epigenetic traits and how they are differentiated
from other traits typically used in anthropological and osteological research, it is important to
contextualize their development in human osteology. Each epigenetic trait each has their own
mechanism for development and there is more known about some of these mechanisms than
others. Generally, for each of the epigenetic traits detailed there is some information that exists
considering their embryological development within the existing literature. For some traits, there
is almost a complete knowledge of timing stages as is the case with the hypoglossal canal (Hauser
and De Stefano 1989). For other traits, simply knowing that natural variation in the differentiation
of nerves and other vessels or even the variation of muscle attachment points can help explain
how the trait is expressed (for example; trace, medium strong expression), how it appears (for
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example; ‘k-shape’ or ‘v-shape’ pattern) or even its positionality on the cranium (for example, an
extrasutural bone on the suture or along side the suture) (Hauser and De Stefano 1989). As noted
by Hauser and De Stefano, a trait which may be considered within this context may be the the
formation of ‘double or multiple canals or their orifices,’ due to the growth and development of
nerves and vessels as they branch and expand throughout the body (1989). In this case the
mechanism underlying the branching of the nerves and vessels in question is influenced by the
action of genetic coding, but the formation of the canals or orifices is dependent on the
‘interdependencies’ between the mesenchymal tissue of the skull and the nerves and vessels
which are developing (Hauser and De Stefano 1989). More simply put, genes code for nerves and
vessels to grow, develop and eventually branch, but the ways in which they branch and
potentially cause the expression of the canal to express bridging is determined on an individual
life and their environment.
Bone development within the human skeleton comes from three primary pathways –
stomites aid in the development of the axial skeleton, the lateral plate mesoderm develops into
the limbs, and the cranial neural crest develops in to the branchial arch in addition to the bones
and cartilage found in the craniofacial region (Gilbert 2000). From these tissues, there are two
main mechanisms which result in osteogensis (i.e. bone formation), intramembranous
ossification and endochondral ossification. Both mechanisms produce the bones which compose
the cranium.
Both ossification mechanisms involve the mesenchymal stem cells, which have the
potential to develop in to a broad range of tissues such as fat, muscle, and other types of cells
(White et al. 2012). During the differentiation process to bone cells, the potential of the
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mesenchymal stem cells begins to narrow focus and they proliferate into either osteoblasts or
chondroblasts, the beginning cells of osteological and cartilaginous tissues, respectively (White
et al. 2012). Intramembranous ossification is the mechanism which produces the ‘flat bones’
which can be found within the skull (Gilbert 2000). Some of the stem cells develop in to capillaries
whereas others become osteoblasts (Gilbert 2000). The activity of osteoblasts results in a
‘collagen-proteoglycan matrix’ which binds to calcium salts, and the resulting calcification of this
osteoid matrix produces the bone cells, or osteocytes (Gilbert 2000). As the calcification process
continues, the spicules of bone continue to grow and are surrounded by other mesenchymal cells
forming a membrane surrounding the bone called the periosteum (Gilbert 2000). Further
osteoblastic activity occurs in the layer between the periosteum and existing bone, and additional
layers of bone are formed (Gilbert 2000). The facial bones and the bones which compose the
sides and roof of the skull are produced by intramembranous ossification.
The second mechanism for bone formation is endochondral ossification, and differs from
intramembranous ossification in that the mesenchymal cells first develop in to cartilaginous cells
(Gilbert 2000). The chondrocytes (cartilage forming cells) thus multiply at an accelerated rate in
order to form a cartilaginous model for later bone formation (Gilbert 2000). After cell
proliferation slows down, the chondrocytes cease division and instead ‘increase their volume
dramatically’ (Gilbert 2000). Finally, blood vessels permeate the the cartilaginous model at which
time the chondrocytes undergo apoptosis or, cellular death) and in this space bone marrow is
created (Gilbert 2000). These dead cartilage cells become osteoblasts which in turn form bone
tissue on the cartilaginous matrix until it is all replaced by bone. This form of ossification produces
most of the bones within the cranium, especially those of the braincase (White et al. 2012).
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At birth the skull is composed of 45 separate pieces, and later in development the skull
bones contact via sutures which are ‘joints with interlocking, sawtooth, or zipper-like
articulations.’ (White et al. 2012). Various studies have demonstrated that the growth and
development of the skull generally follows a timetable or schedule, and thus the morphology has
the ability to be influenced by the integration of the various components which exist at birth
(Hauser and De Stefano 1989). This suggests that the various epigenetic traits which exist should
be considered within the context of a growth and development schedule of mesenchymal tissue
development, and it is important to keep in mind that the genetic control of the details which
are specific to a particular trait should be considered within this context, too (Hauser and De
Stefano 1989).
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Chapter 2: The Samuel G. Morton Collection
History of the Samuel G. Morton Collection
The University of Pennsylvania Museum of Archaeology and Anthropology currently
houses the Samuel G. Morton collection. Samuel George Morton (1799-1851) was a Philadelphia
native, and was very involved within the dynamic scientific and medical community that was
growing in the United States at that point in time (Renschler and Monge 2008). Morton was very
active within this community from an early age, attending medical lectures at the University of
Pennsylvania Medical school at the age of 17 before practicing medicine in Philadelphia in 1820
upon completion of his medical degree (MERMS 1851, Renschler and Monge 2008). Around this
time, German anatomist Johann Freidrich Blumenbach proposed racial categories for humans –
Renschler and Monge (2008) suggest Morton’s motivation to begin collection human crania in
1832 was due to a desire to form a sizable collection in which to provide examples of these racial
categories. Morton’s affiliation with the Academy of Natural Sciences in addition to his ‘genial
personality’ allowed Morton to quickly increase the size of his cranial collection (Renschler and
Monge 2008). His personality and position of power afforded him the ability to correspond with
a variety of scientists in the global community (Renschler and Monge 2008).
Samuel G. Morton first authored a book on the crania within his expanding collection in
1893, at which time Crania Americana; or, A Comparative View of the Skulls of Various Aboriginal
Nations of North and South America was published (MERMS 1851). This book addressed the races
of man, the crania within the Morton Collection, discussed the customs of the indigenous nations
represented within his collection, and additionally included illustration of 71 crania by John
Collins (MERMS 1851, Renschler and Monge 2008). Later, in 1844 Morton published on the
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Egyptian crania within his collection in his second craniometric publication Crania Aegyptiaca, or
Observations on Egyptian Ethnography (MERMS 1851, Renschler and Monge 2008). Much of this
second book addressed the racial differences observed in ‘Caucasoid’ and ‘Negroid’ crania. Both
publications relied heavily on metric traits (i.e. those which can be measured with devices such
as calipers or an osteometric board – they are quantifiable numerical values that can be
empirically measured such as a distance between two points) which were observed within the
crania in his collection (Renschler and Monge 2008). Morton’s metric data concerned cranial
capacity, or the volume of the brain case of the skull (Lewis et al. 2011, Gould 1981). Morton’s
volumetric measurements of cranial capacity were used to perpetuate his support for polygeny
(Lewis et al. 2011, Renschler and Monge 2008). Polygeny is the belief that different races existed
in modern humans due to differing origins, rather than one common origin (which is referred to
as mongenism) (Gould 1981)1. Prior to this point in time, scholarly support for polygenism relied
more so on religious, philosophical or political arguments (Renschler and Monge 2008).
Much of Morton’s research was used to substantiate his own belief that ‘a ranking of
races could be established objectively by physical characteristics of the brain, particularly by its
size.’ (Gould 1981). As Morton believed the cranial capacity of the skull was a measure of the size
of the brain of that individual, as a bigger brain size would require a larger volume (reflected in
the space that remained) and thus ranking of ‘racial superiority’ could be determined by the
average size of their brains as measured by the cranial capacity (Gould 1981). At first, Morton’s
measurements were taken by filling the cranial vault with white mustard seed, which were

1

The five largest classification groups being Mongolians, Modern Caucasians, Native Americans,
Malays, Ancient Caucasians, and Africans (Gould 1981). For a more comprehensive listing of
Morton’s racial classifications and tribal affiliations, see Appendix A [Figures 1-5]
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poured in to a graduated cylinder and the metric value noted and used for statistical comparison
was the volume in cubic inches (Lewis et al. 2011, Gould 1981). Morton later traded the
‘unreliable’ mustard seeds for 1/8’’ diameter lead shots in order to collect more consistent results
(Lewis et al. 2011, Gould 1981).
At the time of Morton’s death in 1851 at the age of 52, his collection of crania was
comprised of 867 human crania in addition to other skulls from non vertebrates (Renschler and
Monge 2008). Each of the crania represented were carefully prepared and additionally labeled
with Morton’s racial classifications. Later, the Morton Collection was purchased for $4,000 and
donated to the Academy of Natural Sciences in Philadelphia (Renschler and Monge 2008). A
friend and member of the Academy, James Aitken Meigs, continued to collect crania which he
added to the Morton Collection (Renschler and Monge 2008). By 1872 the collection was
comprised of 1,225 human crania, which Meigs subsequently published on (Renschler and Monge
2008).
The Samuel G. Morton Collection was put on display at the Academy of Natural Sciences
in Philadelphia, where the public could enter on Tuesdays and Saturdays for free (Renschler and
Monge 2008). The crania remained available for the public to see and loaned to other intuitions
for display until the 1960s, at which time the collection was loaned to the University of
Pennsylvania Museum of Archaeology and Anthropology (Renschler and Monge 2008). It was not
until later that the collection was officially gifted to the Penn Museum, where approximately half
of the collection remains on display at the present date either in museum exhibits or in the Center
for the Analysis of Archaeological Materials (CAAM).
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The Samuel G. Morton Collection and this Thesis
As this study seeks to inform on a methodological question, any sample of skulls could
potentially be used for analysis. However, the systematic collection of nonmetric data not only
allows for testing the accuracy of Computerized Tomography (CT) scans for epigenetic trait
diagnosis, but presents an opportunity to inform on a variety of novel anthropological and
biological questions that may not be answered by metric data alone. Native American crania from
the 19th century are represented in the Samuel G. Morton Collection and represent an excellent
study population.
The Native American Graves Protection and Repatriation Act (NAGPRA), which is to be
detailed in the following section, has impacted the University of Pennsylvania Museum of
Archaeology and Anthropology Physical Anthropology section directly. Due to repatriation (i.e.
return) legislation of the Museum, the section’s collection of Native American remains has been
decreasing in size in an effort to work with the Native American community. The imminent
repatriation of the crania used in this study means that these physical specimens will only be
available for a limited period of time.
Currently, an extensive amount of data collection has been conducted on the Native
American crania represented in Samuel G. Morton Collection. Data collected includes (but is not
limited to) photographs (which remain private to the keeper of collections), metric
measurements, descriptions of pathologies and other unique identifiers, and as discussed
previously the crania’s CT scan. Data collection efforts have included epigenetic traits, however
large-scale systematic data collection of epigenetic traits (i.e. on the scale of 90 discrete traits for
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a total of 172 when accounting for bilateral expression as was done for this study) has not been
conducted in the Samuel G. Morton Collection.
As discussed previously, epigenetic traits are useful indicators of population affiliation
when genetic data cannot be collected due to the contamination or degradation of DNA in bone
collagen. This phenomenon occurs frequently in museum specimens excavated from
archaeological sites, burial grounds, battlefields, etc. or even due to storage in varying conditions
within the museum itself or other such institutions. This is relevant to the Native American crania
in the Samuel G. Morton Collection as many originate from archaeological contexts, and all have
been housed in various institutions since the time of Morton’s death in 1851. Furthermore,
epigenetic traits are interesting as they can reveal facets of life history, health, and other features
of an individual’s lived experience.
The techniques required for the scoring of epigenetic traits are nondestructive in nature.
Only direct observation of the cranium itself is required. For situations in which ancestral
affiliation may need to be determined, DNA analysis may not be possible either due to the degree
to which the bone collagen has degraded, or because the methods for DNA analysis require an
element of destruction of the cranial specimen in question. As maintaining the integrity of these
human remains in skeletal collections is important, the nondestructive scoring of epigenetic traits
would serve a particularly useful function in the physical anthropology research community.
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Chapter 3: The Native American Graves Protection and Repatriation Act
The collection of human remains is not a recent phenomenon. Beginning in the 1840s,
skeletal collections throughout the United States amassed hundreds of skeletal remains of Native
American individuals and associated funerary objects, including the Samuel G. Morton Collection
currently housed at the University of Pennsylvania Museum of Archaeology and Anthropology.
Native American remains collected for research and teaching in physical anthropology or for
display in museums persisted for over one hundred years. This practice reached prolific periods
of collection during the Great Depression and the River Basin Survey projects in the midtwentieth century (Rose et al. 1996).
The 1960s heralded vast political and cultural change in the United States. Perhaps the
most recognizable political movement of the time was that of the Civil Rights movement.
Although this movement is traditionally associated with the political advancement of African
Americans, many minority groups were able to take advantage of the rapidly changing political
climate in the country in order to increase their own influence within the American political
system (Bray 1995). This additionally allowed these groups to increase their own influence within
the political system itself and receive a level of recognition that they had not received prior to
this point in history (Bray 1995). It is within this context Native Americans in the United States
began to speak out against the violation of their religious and cultural beliefs, to which they have
historically been subject to since arrival of foreign groups to the Americans. Violations addressed
by Native American groups include the removal of Native American human remains from their
burial contexts, in addition to the study and display of said remains in museums and related
institutions (Bray 1995).
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The American Indians Against Desecration activist group formed in 1974 with a goal of
‘bringing political oppression to bear on the return and reburial of Native American remains’
(Bray 1995). It is a traditional belief among Native American groups that all peoples are connected
spiritually, and it is for this reason that a responsibility is placed on present day Native American
peoples to protect the remains of their ancestors (Bray 1995). As discussed by James Riding In, a
self-described member of the Pawnee culture, the Pawnee tribe believes:
Wandering spirits often beset the living with psychological and health problems…
Pawnees have ceremoniously buried [their] dead within Mother Earth.
Disinterment can occur only for a compelling religious reason. Equally critical to
our perspective are cultural norms that stressed that those who tampered with the
dead did so with profane, evil, or demented intentions. From this vantage point,
the study of stolen remains constitutes abominable acts of sacrilege, desecration,
and depravity (Riding In 1996).
Native American groups and the academic community are in opposing paradigms. The academic
community at large, and anthropologists in particular, had pursued the collection of Native
American material culture and human remains but neglected to acquire consent from the tribes
to which the remains and artifacts were taken. Indigenous human remains hold deep religious
meaning to Native Americans, but this significance is lost in the data collection and research
process where individuals are depersonalized and their value is placed in the information that
the researcher can ascertain from the remains (Bray 1995). Many Native American groups pushed
for the return of the artifacts and human remains previously acquired without consent by
archaeologists and artifact collectors.
In light of these demands from Indigenous activist groups, the US Government passed the
Native American Graves Protection and Repatriation Act (NAGPRA) in 1990 (Rose et al. 1996).
The NAGPRA legislation attempted to define and establish the rights of Native American groups
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with regards to how they, their material culture, and their deceased were to be treated with the
ultimate goal of increasing cultural awareness and preserving Native American identity. One
provision directly addressed details concerning the issue of Native American remains
disinterment. This new provision stipulated that any museum or institution in possession of
Native American remains were now required by law to inform Native American groups affiliated
with the remains in question that the institution was in possession of the remains (Weaver 1997).
The Native American group in turn has the right to request the human remains be repatriated
(returned) for eventual reburial, or allow the institution to maintain possession of the remains
(Weaver 1997).
There is continued dissonance between the academic and Native American communities
today with regards to the repatriation of human remains, largely in the form of how to define
and prove affiliation of Native American remains to surviving Native American groups today. In
October 2007, the United States Department of Interior proposed a new rule to be added to the
existing NAGPRA legislation, titled ‘Native American Graves Protection and Repatriation Act
Regulations – Disposition of Culturally Undeniable Human Remains.’ This new rule aimed to
‘specify procedures for disposition of culturally unidentifiable human remains in the possession
or control of museums or federal agencies’ (Strickland 2010). This rule was finalized in 2010, and
ultimately declared that ‘Native American tribes and Native Hawaiian organization may request
disposition of the remains. The museum or Federal agency would then publish a notice and
transfer control to the tribe, without first being required to appear before the Review Committee
to seek a recommendation for disposition of approval’ (Strickland 2010).
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This prior history between Native Americans and American colonial institutions and the
implementation of NAGPRA directly impacts the University of Pennsylvania Museum of
Archaeology and Anthropology Physical Anthropology section today. At the present date, the
Physical Anthropology Section has a sizable collection of over 700 Native American human
remains in their skeletal collection. The quantity of human remains in this collection has been
decreasing in size as the remains are repatriated to the Native American groups from which they
were collected. At present, over two hundred human remains have been repatriated to their
Indigenous groups of origin (Penn Museum 2016). The repatriation process is complex, involving
the interaction of museum administration, anthropologists, biologists, historians, lawyers, Native
American representatives, and many other groups. For this reason, many Native American
remains in the University of Pennsylvania Museum of Archaeology and Anthropology and other
institutions await repatriation as these groups actively work to determine the details of biological
identity, cultural identity, history, and legal status of these Indigenous human remains.
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Chapter 4: NAGPRA, the Morton Collection, and this Thesis
In compliance with the Native American Graves Protection and Repatriation Act
(NAGPRA) legislation, the University of Pennsylvania Museum of Archaeology and Anthropology
makes every effort to work towards timely and accurate affiliation determination allowing for as
efficient of a repatriation process as possible. The Penn Museum recently repatriated a significant
number of remains culturally affiliated to the Cherokee Nation in September 2013, and a great
deal more culturally affiliated to the Seminole Tribe of Florida in October 2015. The remains
repatriated to the Seminole Tribe of Florida were one of the largest groups represented in the
Physical Anthropology Section’s collection of Native American remains, including those used for
the collection of epigenetic traits in this study.
As the Native American crania in the Physical Anthropology section (including those in the
Samuel G. Morton Collection) are repatriated, the only record of these remains left for primary
data collection efforts are their respective Computerized Tomography (CT) scans on the Open
Research Scan Archive (ORSA). The NAGPRA affiliated human remains represent just a small
percentage of the more than 10,000 individuals stored in the Physical Anthropology section
alone. These human remains have served as an incredible resource to researchers across the
globe, as the collections that comprise the section are represented not only by a global
distribution of populations but a wide temporal span, too.
In order to make these skeletal remains widely available for open access research, an
effort to digitally preserve the Native American and other skeletal remains was initiated in 2004.
Dr. Janet Monge and Dr. Richard Leventhal of the University of Pennsylvania Museum of
Archaeology and Anthropology, and Dr. P. Thomas Schoenemann, currently at Indiana University,
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were awarded an NSF Grant for “Expansion and Improvement of the Penn Cranial Database.”
(number 0447271) This grant served as an effort to expand and improve the Penn Cranial CT
Database, a ‘high-resolution 3-dimensional (3D) Computerized Tomography (CT) images’ of
human and non-human primate skeletal and fossil remains that were part of the collections at
the University of Pennsylvania Museum of Archaeology and Anthropology (Schoenemann et al.
2005).
Now completed, this database, the Open

Research

Scan

Archive (ORSA)

[http://plum.museum.upenn.edu/~orsa/], provides researchers and students in biological
anthropology, bioarchaeology, biomedical sciences, paleoanthropology, and other disciplines
around the world open access to the Penn Museum and other collaborating institutions’
Computerized Tomography (CT) scans of fossil and other skeletal material. Specimens are not
limited to historical human remains (i.e. the Samuel G. Morton Collection), but additionally
images from ‘prosimians, monkeys and apes from the American Museum of Natural History and
Columbia University,’ mummified remains, and individuals from various geographical and
temporal origins (Monge 2008). The efforts of this project have resulted in over 200 publications
(Dr. Janet Monge, personal communication).
CT scans are beneficial in skeletal analysis for their ability to allow researchers to observe
the internal and external structures and features of the bone represented in the scan (Monge
2008). Manipulation of the CT scan within imaging software (e.g. OsiriX) also provide a means by
which researchers may observe internal bone structures otherwise obscured in visual analysis
(Monge 2008). Additionally, the imaging software allow for ‘mathematical analysis’ of the
remains, which include the ability to ‘generate contours, calculate volumes, and develop even
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more complex understandings of the skulls.’ (Monge 2008). The resolution of the ORSA CT scans
are such that metric analyses of skeletal material can be accurately and efficiently performed on
imaging software, obviating the need for researchers to physically be present to study a physical
skeletal specimen in many instances. Though metric analyses may reveal much about the
morphology, variation, and evolution of various skeletal elements, other features of the skeleton,
particularly nonmetric traits of the skull (i.e. epigenetic traits) can reveal more information and
provide new perspectives about the individual whose remains are being studied that may
otherwise be missed in metric analysis alone.
As CT scans arguably provide a wealth of potential data as a primary data collection source
and the Penn Museum continues its efforts to comply with NAGPRA legislation (i.e. the
repatriation of Native American human remains), the importance of ascertaining the accuracy of
Computerized Tomography (CT) scans for diagnosing epigenetic traits is essential. This project
was designed with the goal of informing on the following crucial methodological question: are
Computerized Tomography (CT) scans accurate for diagnosing epigenetic traits of the human
cranium?
Inaccuracy has the potential to arise in data collection from Computerized Tomography
(CT) scans for a variety of reasons. For example, protocol error has the potential to produce
inaccurate CT scans. Calibration to the CT/Hounsfield values which define the material properties
of the target for the CT scanner to image, (in this case bone) could also produce error in CT
imaging. Additionally, technician error has the potential to produce errors in the final rendering
of a Computerized Tomography (CT) scan. (Beckett et al. 2009).
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The research detailed in this thesis directly impacts what data should or should not be
collected from a physical cranial specimen before repatriation is completed. If CT scans
statistically demonstrate that there is high confidence in their accuracy for representation of the
physical epigenetic trait diagnosis, then then the collection of said epigenetic traits can be carried
out at any point in time before or after the repatriation of the NAGPRA affiliated human remains.
That is, the repatriation of the Native American skeletal remains would not greatly hamper
continuing osteological research seeking to inform on anthropological and biological questions
relevant to these populations. Epigenetic traits which are consistently scored incorrectly or
present consistent difficulties with diagnosis will be highlighted, therefore suggesting where
researchers may augment their efforts to systematically collect the relevant data on the physical
specimens and allow for continued work towards the timely repatriation of Native American
remains. Furthermore, it provides further direction for which traits better methods should
potentially be developed when diagnosing epigenetic traits on CT scans, if possible.
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Chapter 5: Methodology
In an effort to address the accuracy of CT Scans for diagnosing epigenetic traits of the
human cranium, data was collected on various epigenetic traits defined in classic craniological
texts, Epigenetic Variants of the Human Skull by Hauser and De Stefano (1989), and The Skull of
the South African Negro2 by Hertha de Villiers (1968). Any traits which are expressed bilaterally
were scored on both the left and right side of each crania when present. A total of 172 traits were
collected per cranium and are part of the larger data set. Any epigenetic traits used in this study
may be found in Appendix B, which additionally includes information on the original source from
which the trait’s scoring methodology was adapted, the score coding utilized within this study, in
addition to other nomenclature which may be used to name the epigenetic trait.
Prior to conducting the main study, an initial pilot study was carried out in order to test
intraobserver reliability with the aim of minimizing bias in the scoring of these 172 traits between
the physical crania and their corresponding Computerized Tomography (CT) scan. The remains of
ten native African individuals represented in the Samuel G. Morton Collection were scored in the
fall of 2013. After a waiting period of greater than two weeks, the crania were scored again and
diagnoses were compared for accuracy. The temporal disjunct method implemented in this pilot
study was used in Hefner (2009), in which five crania were scored with a span of only two weeks
between data collection events of the same physical specimens. Intraobserver reliability was
assessed using Cohen’s kappa statistic (Cohen 1960, Hefner 2009). The pilot study demonstrated
that intra-observer error was not significant, and the data collection protocol was sound. This
2

It should be noted that while this work is an invaluable treatment of epigenetic cranial
variation, it was written in apartheid South Africa and is outdated in its understanding of racial
categorization and human variation. This is further evidenced in its unfortunately chosen title.
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additionally allowed for refinement of the data collection sheets in order to allow for more
efficient systematic data collection for the main study.
For the main study, the epigenetic traits were systematically scored on each of the
physical crania specimens (sample size n=38), followed by systematic scoring on all
corresponding CT scans for each specimen in the study (sample size n=38). The numeration of
each specimen additionally allowed for the minimization of bias in this study. Each skull in the
Samuel G. Morton Collection at the University of Pennsylvania Museum of Archaeology and
Anthropology Physical Anthropology section possesses a unique collection number within,
approximately, the range of 1 to 3,000. Specimens are not marked in this data collection protocol
by geographic, ‘ethnic,’ ‘tribal,’ or other identifiers during the data collection process, but rather
only by their unique collection number.3
Data collection from the physical specimens was completed in random collection
identification number order during the fall of 2013. The data collection of the CT specimens was
completed in numerical collection order in the summer of 2014, almost 8 months later. This
temporal span, again, was greater than the two week waiting period used in Hefner (2009),
allowing for the minimization of observer bias. Additionally, the sample size of n=38 and
collection of over 172 epigenetic traits for each specimen produced a significant volume of data
points, a degree to which minimizes bias purely based on the volume of information gathered
during the data collection process.

3

Morton prepared each of his specimens with his own ‘racial,’ ‘ethnic,’ ‘tribal,’ etc. affiliations.
For a more comprehensive list of these affiliations, see Appendix A [Figures 1-5].
23

Of the 172 epigenetic traits collected, X are discussed within this specific study. As the
focus of this study is to assess the accuracy of CT scans for the diagnosis of epigenetic traits in
the context of Native American remains due to repatriation and loss of the original data source
(i.e. the physical crania), the selection of the epigenetic traits focused on those with significant
impact in analysis (i.e. information to be gained) such as sex or biological (i.e. ancestral)
affiliation. The left supraorbital margin, right supraorbital margin, glabellar prominence, left
mastoid process, right mastoid process, and nuchal crest were specifically selected for analysis
first as they are used as traits for determining sex of an individual in Standards for Data Collection
from Human Skeletal Remains: Proceedings of a Seminar at the Field Museum of Natural History
(Buikstra and Ublecker 1994) – a quintessential text in skeletal data collection. Other epigenetic
traits such as the appearance of the lambdoid ossicle, the posterior condylar canal, and
hypoglossal canal bridging have been tested in literature as epigenetic traits which have
heritability potential. The superciliary eminence, inferior frontal eminence, mons
temporosphenoidalis, postglenoid tubercle, tympanic plate, supra-orbital foramen, infra-orbital
foramina, contour of the dental arcade, pterygospinus bar, and pterygo-alar bar were tested due
to their demonstrated ability to inform on ‘intertribal’ differences in South African crania as
evaluated by de Villiers (1986). The squamomastoid suture (and the lambdoid ossicle is relevant
here, too) was tested due to their potential to aid in forensic identification (Jayaprakash and
Srinivasan 2013, Rogers 2004, Sekaharan 1985) and aging determination in forensic contexts
(Harth et al. 2009). In addition, the supramastoid crest, posterior root of zygoma, mastoid crest,
zygomaticofacial foramina, mastoid foramina, glenoid fossa, occipital condyle size, intermediate
condylar canal, and pterion sutural variation were evaluated for diagnostic accuracy.
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Analysis was completed via Data Analysis function within Excel, during which a regression
analysis was performed. As this study seeks to test the reliability of the CT scan specimen as a
predictor of the Physical Specimen CT Scan, the score for the CT was selected as the x-input and
the score for the physical specimen was selected as the y-input. The p-value selected is p=0.05
to be considered a statistically significant finding. If the Significance F is statistically significant, it
suggests that the x-input is perhaps a reliable indicator for the y-input Therefore, if the Significant
F value is less than 0.05 for a specific epigenetic trait it suggests that in the context of this study
study and with these specimens, the CT scan specimen was a reliable predictor of the score for
the Physical specimen. Therefore, the CT Scan specimen in the context of this study was accurate
for epigenetic trait diagnosis observed in the original Physical specimen and thus epigenetic trait
diagnosis via CT Scans, although not perfect, may be used for reliable diagnosis assuming the
researcher is willing to accept the 5% or less error represented within this study. Each trait
analyzed within this study is detailed in Appendix B, includes information on the original source
from which the trait’s scoring methodology was adapted, the score coding utilized within this
study, in addition to other nomenclature which may be used to name the epigenetic trait.
Appendix C includes diagrams for each trait scored, including further details on how scoring was
potentially adjusted (if at all) for this study. Appendix C additionally details whether or not a trait
exhibits sexual dimorphism, and if the trait was scored bilaterally whenever relevant. The
statistical figures which resulted for each trait are included in the appendix under Tables [1-50]
The plot analysis for each trait is additionally included under Figures [1-50].
Within the plot analysis graphs in Figures [1-50], the score for each epigenetic trait on the
CT Scan specimen vs. the score of the same trait on the Physical specimen is represented with

25

the blue points. The regression line (in green) is a representation of what the CT Scan score of
the specific epigenetic trait being tested predicts as the score on the physical specimen of that
same epigenetic trait.
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Chapter 6: Results
[1] The Superior Orbital Margin (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.6637 implying that approximately 66.37% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 71.0573
and the p-value associated with this observed value of F was 4.8363E-10* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.2559 with a standard error of 0.1530. The complete statistical output is included in Table 1. The
linear regression representation of score on Physical specimen on score on CT specimen is given
in Figure 1.
[2] The Superior Orbital Margin (R) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.5722 implying that approximately 57.22% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 48.1429
and the p-value associated with this observed value of F was 3.9533E-08* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.4103 with a standard error of 0.0380. The complete statistical output is included in Table 2.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 2.
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[3] The Glabellar Prominence contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.3632 implying that approximately 36.32% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 20.5328 and
the p-value associated with this observed value of F was 6.2304E-05* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.1306 with a standard error of 0.0007. The complete statistical output is included in Table 3.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 3.
[4] The Mastoid Process (L) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.1138 implying that approximately 11.38% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 4.6208 and the
p-value associated with this observed value of F was 0.0383* which is a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.1319 with
a standard error of 0.0013. The complete statistical output is included in Table 4. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 4.
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[5] The Mastoid Process (R) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0178 implying that approximately 1.78% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 0.6553 and the
p-value associated with this observed value of F was 0.4236 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.7728 with
a standard error of 8.1847E-05*. The complete statistical output is included in Table 5. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 5.
[6] The Nuchal Crest contained a sample size of n=38. The y-input is the score on Physical
specimen and the x-input is the score on CT specimen. The regression statistics are as follows.
First, R2 = 0.2386 implying that approximately 23.86% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 11.2807 and
the p-value associated with this observed value of F was 0.0019* which is a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.5996 with
a standard error of 7.3757E-05*. The complete statistical output is included in Table 6. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 6.
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[7] The Hypoglossal Canal Bridging (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0084 implying that approximately 00.84% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 0.3045
and the p-value associated with this observed value of F was 0.5848 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.2432 with a standard error of 0.0715. The complete statistical output is included in Table 7.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 7.
[8] The Hypoglossal Canal Bridging (R) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.2963 implying that approximately 29.63% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 15.1579
and the p-value associated with this observed value of F was 0.0004* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.1111 with a standard error of 0.05238. The complete statistical output is included in Table 8.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 8.

30

[9] The Lambdoid Ossicle (L) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.6280 implying that approximately 62.80% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 60.7777 and
the p-value associated with this observed value of F was 3.05E-09* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.3525 with a standard error of 0.1436. The complete statistical output is included in Table 9.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 9.
[10] The Lambdoid Ossicle (R) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.4262 implying that approximately 42.62% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 26.7412
and the p-value associated with this observed value of F was 8.90E-06* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.47773 with a standard error of 0.2330. The complete statistical output is included in Table 10.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 10.
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[11] The Postcondylar Canal (L) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.2786 implying that approximately 27.86% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 12.9063
and the p-value associated with this observed value of F was 0.0007* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.5 with a standard error of 0.0927. The complete statistical output is included in Table 11. The
linear regression representation of score on Physical specimen on score on CT specimen is given
in Figure 11.
[12] The Postcondylar Canal (R) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.1620 implying that approximately 16.20% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 6.9598
and the p-value associated with this observed value of F was 0.01223* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.5625 with a standard error of 0.09996. The complete statistical output is included in Table 12.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 12.
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[13] The Superciliary Eminence contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.3371 implying that approximately 33.71% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 18.3060
and the p-value associated with this observed value of F was 0.0001* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.7571 with a standard error of 0.2682. The complete statistical output is included in Table 13.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 13.
[14] The Inferior Frontal Eminence (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.2104 implying that approximately 21.04% of the variation
in score on Physical specimen explained the score for the CT specimen. The observed value for
F was 9.5921 and the p-value associated with this observed value of F was 0.0038* which is a
statistically significant finding. The regression line is represented by the formula y=a+bx, where
x is the score on the CT scan specimen and y is the predicted score on the Physical specimen.
The estimate of b is 0.2857 with a standard error of 0.0852. The complete statistical output is
included in Table 14. The linear regression representation of score on Physical specimen on
score on CT specimen is given in Figure 14.
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[15] The Inferior Frontal Eminence (R) contained a sample size of n=38. The y-input is
the score on Physical specimen and the x-input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.2266 implying that approximately 22.66% of the variation
in score on Physical specimen explained the score for the CT specimen. The observed value for
F was 10.5470 and the p-value associated with this observed value of F was 0.0025* which is a
statistically significant finding. The regression line is represented by the formula y=a+bx, where
x is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 0.2963 with a standard error of 0.0865. The complete statistical output is
included in Table 15. The linear regression representation of score on Physical specimen on
score on CT specimen is given in Figure 15.
[16] The Mons Temporosphenoidalis (L) contained a sample size of n=38. The y-input is
the score on Physical specimen and the x-input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.0003 implying that approximately 00.03% of the variation in
score on Physical specimen explained the score for the CT specimen. The observed value for F
was 0.0107 and the p-value associated with this observed value of F was 0.9184 which is not a
statistically significant finding. The regression line is represented by the formula y=a+bx, where x
is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 1.5with a standard error of 0.2736. The complete statistical output is included in
Table 16. The linear regression representation of score on Physical specimen on score on CT
specimen is given in Figure 16.
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[17] The Mons Temporosphenoidalis (R) contained a sample size of n=38. The y-input is
the score on Physical specimen and the x-input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.0550 implying that approximately 05.50% of the variation in
score on Physical specimen explained the score for the CT specimen. The observed value for F
was 2.0937 and the p-value associated with this observed value of F was 0.1566 which is not a
statistically significant finding. The regression line is represented by the formula y=a+bx, where x
is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 1.0731 with a standard error of 0.2588. The complete statistical output is included
in Table 17. The linear regression representation of score on Physical specimen on score on CT
specimen is given in Figure 17.
[18] The Postglenoid Tubercle (L) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.1203 implying that approximately 12.03% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 4.9242
and the p-value associated with this observed value of F was 0.0329* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.0444 with a standard error of 0.2677. The complete statistical output is included in Table 18.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 18.
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[19] The Postglenoid Tubercle (R) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.0867 implying that approximately 08.67% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 3.4202
and the p-value associated with this observed value of F was 0.0726 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.1139 with a standard error of 0.2783. The complete statistical output is included in Table 19.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 19.
[20] The Tympanic Plate (L) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0721 implying that approximately 07.21% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 2.7968 and the
p-value associated with this observed value of F was 0.1031 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.4353 with
a standard error of 0.3413. The complete statistical output is included in Table 20. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 20.
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[21] The Tympanic Plate (R) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0452 implying that approximately 04.52% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 1.7031 and the
p-value associated with this observed value of F was 0.2002 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.5899 with
a standard error of 0.3357. The complete statistical output is included in Table 21. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 21.
[22] The Supra-Orbital Foramina (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.4105 implying that approximately 41.05% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 25.0691
and the p-value associated with this observed value of F was 1.4711E-05* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.9612 with a standard error of 0.3165. The complete statistical output is included in Table 22.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 22.
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[23] The Supra-Orbital Foramina (R) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.6144 implying that approximately 61.44% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 57.3564
and the p-value associated with this observed value of F was 5.90E-09* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.3885 with a standard error of 0.1917. The complete statistical output is included in Table 23.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 23.
[24] The Infra-Orbital Foramen (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0871 implying that approximately 08.71% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 3.4358
and the p-value associated with this observed value of F was 0.0720 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.9612 with a standard error of 0.3165. The complete statistical output is included in Table 24.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 24.
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[25] The Infra-Orbital Foramen (R) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.1425 implying that approximately 14.25% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 5.9804
and the p-value associated with this observed value of F was 0.0195* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.8712 with a standard error of 0.2207. The complete statistical output is included in Table 25.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 25.
[26] The Contour of Dental Arcade contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.0269 implying that approximately 02.69% of the variation
in score on Physical specimen explained the score for the CT specimen. The observed value for
F was 0.9934 and the p-value associated with this observed value of F was 0.3256 which is not a
statistically significant finding. The regression line is represented by the formula y=a+bx, where
x is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 1.7203 with a standard error of 0.4574. The complete statistical output is
included in Table 26. The linear regression representation of score on Physical specimen on
score on CT specimen is given in Figure 26.
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[27] The Pterygospinus Bar (L) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.1299 implying that approximately 12.99% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was
5.3750 and the p-value associated with this observed value of F was 0.0262* which is a
statistically significant finding. The regression line is represented by the formula y=a+bx, where
x is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 0.0917 with a standard error of 0.1069. The complete statistical output is
included in Table 27. The linear regression representation of score on Physical specimen on
score on CT specimen is given in Figure 27.
[28] The Pterygospinus Bar (R) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.0952 implying that approximately 09.52% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 3.7865
and the p-value associated with this observed value of F was 0.0595 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.0755 with a standard error of 0.0830. The complete statistical output is included in Table 28.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 28.
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[29] The Pterygo-Alar Bar (L) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0444 implying that approximately 04.44% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 1.6722 and the
p-value associated with this observed value of F was 0.2042 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 0.1869 with
a standard error of 0.0877. The complete statistical output is included in Table 29. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 29.
[30] The Pterygo-Alar Bar (R) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0613 implying that approximately 06.13% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 2.3501 and the
p-value associated with this observed value of F was 0.1340 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 0.2142 with
a standard error of 0.0956. The complete statistical output is included in Table 30. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 30.
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[31] The Supramastoid Crest (L) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.1660 implying that approximately 16.60% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 7.1665
and the p-value associated with this observed value of F was 0.0111* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.3726 with a standard error of 0.3322. The complete statistical output is included in Table 31.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 31.
[32] The Supramastoid Crest (R) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.1228 implying that approximately 12.28% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 5.0414
and the p-value associated with this observed value of F was 0.0310* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.4291 with a standard error of 0.3582. The complete statistical output is included in Table 32.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 32.
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[33] The Posterior Root of Zygoma (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.1780 implying that approximately 17.80% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 7.7942
and the p-value associated with this observed value of F was 0.0083* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.4179 with a standard error of 0.2858. The complete statistical output is included in Table 33.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 33.
[34] The Posterior Root of Zygoma (R) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.2394 implying that approximately 23.94% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 11.3327
and the p-value associated with this observed value of F was 0.0018* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.1443 with a standard error of 0.3057. The complete statistical output is included in Table 34.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 34.
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[35] The Mastoid Crest (L) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.1121 implying that approximately 11.21% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 4.5458 and the
p-value associated with this observed value of F was 0.0399* which is a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.1009 with
a standard error of 0.2944. The complete statistical output is included in Table 35. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 35.
[36] The Mastoid Crest (R) contained a sample size of n=38. The y-input is the score on
Physical specimen and the x-input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.1914 implying that approximately 19.14% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 8.5209 and the
p-value associated with this observed value of F was 0.0060 which is a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 0.9518 with
a standard error of 0.3379. The complete statistical output is included in Table 36. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 36.
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[37] The Zygomaticofacial Foramina (L) contained a sample size of n=38. The y-input is the
score on Physical specimen and the x-input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.1853 implying that approximately 18.53% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 8.1888
and the p-value associated with this observed value of F was 0.0070* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.5469 with a standard error of 0.1832. The complete statistical output is included in Table 37.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 37.
[38] The Zygomaticofacial Foramina (R) contained a sample size of n=38. The y-input is
the score on Physical specimen and the x-input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.2024 implying that approximately 20.24% of the variation in
score on Physical specimen explained the score for the CT specimen. The observed value for F
was 9.1373 and the p-value associated with this observed value of F was 0.0046* which is a
statistically significant finding. The regression line is represented by the formula y=a+bx, where x
is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 0.4338 with a standard error of 0.1603. The complete statistical output is included
in Table 38. The linear regression representation of score on Physical specimen on score on CT
specimen is given in Figure 38.
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[39] The Squamomastoid Suture (L) contained a sample size of n=38. The y input is the
score on Physical specimen and the x input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0029. implying that approximately 00.29% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 0.1055
and the p-value associated with this observed value of F was 0.7472 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.1176 with a standard error of 0.1667. The complete statistical output is included in Table 39.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 39.
[40] The Squamomastoid Suture (R) contained a sample size of n=38. The y input is the
score on Physical specimen and the x input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0408 implying that approximately 04.08% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 1.5325
and the p-value associated with this observed value of F was 0.2238 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.8981 with a standard error of 0.1819. The complete statistical output is included in Table 40.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 40.
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[41] The Mastoid Foramina (L) contained a sample size of n=38. The y input is the score
on Physical specimen and the x input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0625 implying that approximately 06.25% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 2.3996 and the
p-value associated with this observed value of F was 0.1301 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 0.8870 with
a standard error of 0.2661. The complete statistical output is included in Table 41. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 41.
[42] The Mastoid Foramina (R) contained a sample size of n=38. The y-input is the score
on Physical specimen and the x-input is the score on CT specimen. The regression statistics are
as follows. First, R2 = 0.1208 implying that approximately 12.08% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 4.9446
and the p-value associated with this observed value of F was 0.0325* which is a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
0.7730 with a standard error of 0.1647. The complete statistical output is included in Table 42.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 42.
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[43] The Glenoid Fossa (L) contained a sample size of n=38. The y input is the score on
Physical specimen and the x input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0471 implying that approximately 04.71% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 0.1907 and the
p-value associated with this observed value of F was 0.1907 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.4631 with
a standard error of 0.2469. The complete statistical output is included in Table 43. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 43.
[44] The Glenoid Fossa (R) contained a sample size of n=38. The y input is the score on
Physical specimen and the x input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0526 implying that approximately 05.26% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 0.1658 and the
p-value associated with this observed value of F was 2.0004 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.3940 with
a standard error of 0.2661. The complete statistical output is included in Table 44. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 44.
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[45] The Occipital Condyle Size (L) contained a sample size of n=38. The y input is the score
on Physical specimen and the x input is the score on CT specimen. The regression statistics are as
follows. First, R2 = 0.0092 implying that approximately 00.92% of the variation in score on Physical
specimen explained the score for the CT specimen. The observed value for F was 33.52 and the
p-value associated with this observed value of F was 0.5662 which is not a statistically significant
finding. The regression line is represented by the formula y=a+bx, where x is the score on the CT
specimen and y is the predicted score on the Physical specimen. The estimate of b is 1.4855 with
a standard error of 0.2727. The complete statistical output is included in Table 45. The linear
regression representation of score on Physical specimen on score on CT specimen is given in
Figure 45.
[46] The Occipital Condyle Size (R) contained a sample size of n=38. The y input is the
score on Physical specimen and the x input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0177 implying that approximately X=01.77% of the variation in score
on Physical specimen explained the score for the CT specimen. The observed value for F was
0.6482 and the p-value associated with this observed value of F was 0.4260 which is not a
statistically significant finding. The regression line is represented by the formula y=a+bx, where x
is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 1.2667 with a standard error of 0.2779. The complete statistical output is included
in Table 46. The linear regression representation of score on Physical specimen on score on CT
specimen is given in Figure 46.
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[47] The Intermediate Condylar Canal (L) contained a sample size of n=38. The y input is
the score on Physical specimen and the x input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.0389 implying that approximately 03.89% of the variation in
score on Physical specimen explained the score for the CT specimen. The observed value for F
was 1.4597 and the p-value associated with this observed value of F was 0.2349 which is not a
statistically significant finding. The regression line is represented by the formula y=a+bx, where x
is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 0.7816 with a standard error of 0.1816. The complete statistical output is included
in Table 47. The linear regression representation of score on Physical specimen on score on CT
specimen is given in Figure 47.
[48] The Intermediate Condylar Canal (R) contained a sample size of n=38. The y input is
the score on Physical specimen and the x input is the score on CT specimen. The regression
statistics are as follows. First, R2 = 0.0275 implying that approximately 02.75% of the variation in
score on Physical specimen explained the score for the CT specimen. The observed value for F
was 1.0165 and the p-value associated with this observed value of F was 0.3201 which is not a
statistically significant finding. The regression line is represented by the formula y=a+bx, where x
is the score on the CT specimen and y is the predicted score on the Physical specimen. The
estimate of b is 0.6846 with a standard error of 0.20143. The complete statistical output is
included in Table 48. The linear regression representation of score on Physical specimen on score
on CT specimen is given in Figure 48.
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[49] The Pterion Suture Variation (L) contained a sample size of n=38. The y input is the
score on Physical specimen and the x input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0039 implying that approximately 00.39% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 0.1411
and the p-value associated with this observed value of F was 0.7094 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.4167 with a standard error of 0.2116. The complete statistical output is included in Table 49.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 49.
[50] The Pterion Suture Variation (R) contained a sample size of n=38. The y input is the
score on Physical specimen and the x input is the score on CT specimen. The regression statistics
are as follows. First, R2 = 0.0010 implying that approximately 00.10% of the variation in score on
Physical specimen explained the score for the CT specimen. The observed value for F was 0.0378
and the p-value associated with this observed value of F was 03.78 which is not a statistically
significant finding. The regression line is represented by the formula y=a+bx, where x is the score
on the CT specimen and y is the predicted score on the Physical specimen. The estimate of b is
1.5769 with a standard error of 0.2595. The complete statistical output is included in Table 50.
The linear regression representation of score on Physical specimen on score on CT specimen is
given in Figure 50.
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Discussion
If there is a perfect relationship between diagnosing an epigenetic trait via CT scan (i.e.
CT Scans are accurate for diagnosing epigenetic traits of the human cranium), then there should
be a 1:1 linear relationship as evidenced by the Predicted Physical Specimen line in addition to a
1:1 relationship of each score on a CT Specimen score point to it’s predicted score on Physical
specimen value; that is, there should only be dots appearing in a linear 1:1 relationship matching
up with a linear 1:1 trend relationship line. Within the data set, this would be represented as
(Score on CT Scan, Score on Physical) like (0,0), (1,1) or (4,4), for example.
This further suggests that if the Predicted Physical Specimen deviates from the 1:1 ratio
and significance of the F value is closer to or greater than 0.05, CT Scans may not be a reliable
predictor for the physical specimen for the specific epigenetic trait being analyzed. This would be
represented by dots which deviate from the 1:1 relationship (for example, (2,3) or (4, 2)) and
additionally it is expected the Predicted Physical Specimen line would deviate from a line
beginning at the origin with a slope of 1.

[1] The Significance F for Superior Orbital Margin (L) was a significant result with a value
of 4.8363E-10*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Superior Orbital Margin (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
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[2] The Superior Orbital Margin (R) was a significant result with a value of 3.9533E-08*.
This suggests that the score on the CT Scan of the trait for these specimens was a reliable
predictor of how the trait was scored on the Physical specimen. As the value of F was highly
significant, it suggests that scoring the Superior Orbital Margin (R) via CT Scan is a strong predictor
for the score on the Physical specimen and data collection will not be greatly hampered in the
event that the crania is repatriated or lost.
[3] The Glabellar Prominence was a significant result with a value of 6.2304E-05*. This
suggests that the score on the CT Scan of the trait for these specimens was a reliable predictor
of how the trait was scored on the Physical specimen. As the value of F was highly significant, it
suggests that scoring the Glabellar Prominence via CT Scan is a strong predictor for the score on
the Physical specimen and data collection will not be greatly hampered in the event that the
crania is repatriated or lost.
[4] The Mastoid Process (L) was a significant result with a value of 0.0383*. This suggests
that the score on the CT Scan of the trait for these specimens was a reliable predictor of how the
trait was scored on the Physical specimen. As the value of F was highly significant, it suggests that
scoring the Mastoid Process (L) via CT Scan is a strong predictor for the score on the Physical
specimen and data collection will not be greatly hampered in the event that the crania is
repatriated or lost.
[5] The Mastoid Process (R) was not a significant result with a value of 0.4236. This
suggests that the score on the CT Scan of the trait for these specimens was not a reliable predictor
of how the trait was scored on the Physical specimen. As the value of F was not highly significant,
it suggests that scoring the Mastoid Process (R) via CT Scan is not a strong predictor for the score
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on the Physical specimen and data collection will be greatly hampered in the event that the crania
is repatriated or lost.
[6] The Nuchal Crest was a significant result with a value of 0.0019*. This suggests that
the score on the CT Scan of the trait for these specimens was a reliable predictor of how the trait
was scored on the Physical specimen. As the value of F was highly significant, it suggests that
scoring the Nuchal Crest via CT Scan is a strong predictor for the score on the Physical specimen
and data collection will not be greatly hampered in the event that the crania is repatriated or
lost.
[7] The Significance F for Hypoglossal Canal Bridging (L) was not a significant result with
a value of 0.5848. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Hypoglossal Canal Bridging (L) via CT Scan is
a not a strong predictor for the score on the Physical specimen and data collection will potentially
be hampered in the event that the crania is repatriated or lost.
[8] The Significance F for Hypoglossal Canal Bridging (R) was a significant result with a
value of 0.0004*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
significant, it suggests that scoring the Hypoglossal Canal Bridging (R) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
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[9] The Significance F for Lambdoid Ossicle (L) was a significant result with a value of
3.05E-09*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
significant, it suggests that scoring the Lambdoid Ossicle (L) via CT Scan is a strong predictor for
the score on the Physical specimen and data collection will not be greatly hampered in the event
that the crania is repatriated or lost.
[10] The Significance F for Lambdoid Ossicle (R) was a significant result with a value of
8.90E-06*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
significant, it suggests that scoring the Lambdoid Ossicle (R) via CT Scan is a strong predictor for
the score on the Physical specimen and data collection will not be greatly hampered in the event
that the crania is repatriated or lost.
[11] The Significance F for Postcondylar Canal (L) was a significant result with a value of
0.0007*. This suggests that the score on the CT Scan of the trait for these specimens was a reliable
predictor of how the trait was scored on the Physical specimen. As the value of F was significant,
it suggests that scoring the Postcondylar Canal (L) via CT Scan is a strong predictor for the score
on the Physical specimen and data collection will not be greatly hampered in the event that the
crania is repatriated or lost.
[12] The Significance F for Postcondylar Canal (R) was a significant result with a value of
0.01223*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
significant, it suggests that scoring the Postcondylar Canal (R) via CT Scan is a strong predictor for
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the score on the Physical specimen and data collection will not be greatly hampered in the event
that the crania is repatriated or lost.
[13] The Significance F for the Superciliary Eminence was a significant result with a value
of 0.0001*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Superciliary Eminence via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[14] The Significance F for the Inferior Frontal Eminence (L) was a significant result with a
value of 0.0038*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Inferior Frontal Eminence (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[15] The Significance F for Inferior Frontal Eminence (R) was a significant result with a
value of 0.0025*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Inferior Frontal Eminence (R) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
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[16] The Significance F for the Mons Temporosphenoidalis (L) was not a significant result
with a value of 0.9183. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Mons Temporosphenoidalis (L) via CT Scan is
not a strong predictor for the score on the Physical specimen and data collection will potentially
be hampered in the event that the crania is repatriated or lost.
[17] The Significance F for the Mons Temporosphenoidalis (R) was not a significant result
with a value of 0.1566. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Mons Temporosphenoidalis (R) via CT Scan is
not a strong predictor for the score on the Physical specimen and data collection will potentially
be hampered in the event that the crania is repatriated or lost.
[18] The Significance F for the Postglenoid Tubercle (L) was a significant result with a value
of 0.0329*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Postglenoid Tubercle (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[19] The Significance F for the Postglenoid Tubercle (R) was not a significant result with a
value of 0.0726. This suggests that the score on the CT Scan of the trait for these specimens was
not a reliable predictor of how the trait was scored on the Physical specimen. As the value of F
was not significant, it suggests that scoring the Postglenoid Tubercle (R) via CT Scan is not a strong
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predictor for the score on the Physical specimen and data collection will potentially be hampered
in the event that the crania is repatriated or lost.
[20] The Significance F for the Tympanic Plate (L) was not a significant result with a value
of 0.1031. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Tympanic Plate (L) via CT Scan is not a strong predictor for
the score on the Physical specimen and data collection will potentially be hampered in the event
that the crania is repatriated or lost.
[21] The Significance F for the Tympanic Plate (R) was not a significant result with a value
of 0.2002. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Tympanic Plate (R) via CT Scan is not a strong predictor for
the score on the Physical specimen and data collection will potentially be hampered in the event
that the crania is repatriated or lost.
[22] The Significance F for the Supra-Orbital Foramina (L) was a significant result with a
value of 1.4711E-05*. This suggests that the score on the CT Scan of the trait for these specimens
was a reliable predictor of how the trait was scored on the Physical specimen. As the value of F
was significant, it suggests that scoring the Supra-Orbital Foramina (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[23] The Significance F for the Supra-Orbital Foramina (R) was a significant result with a
value of 5.90E-09*. This suggests that the score on the CT Scan of the trait for these specimens
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was a reliable predictor of how the trait was scored on the Physical specimen. As the value of F
was highly significant, it suggests that scoring the Supra-Orbital Foramina (R) via CT Scan is a
strong predictor for the score on the Physical specimen and data collection will not be greatly
hampered in the event that the crania is repatriated or lost.
[24] The Significance F for the Infra-Orbital Foramen (L) was not a significant result with
a value of 0.0720. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Infra-Orbital Foramen (L) via CT Scan is not a
strong predictor for the score on the Physical specimen and data collection will potentially be
hampered in the event that the crania is repatriated or lost.
[25] The Significance F for Infra-Orbital Foramen (R) was a significant result with a value
of 0.0195*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Infra-Orbital Foramen (R) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[26] The Significance F for the Contour of Dental Arcade was not a significant result with
a value of 0.3256. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Contour of Dental Arcade via CT Scan is not a
strong predictor for the score on the Physical specimen and data collection will potentially be
hampered in the event that the crania is repatriated or lost.

59

[27] The Significance F for the Pterygospinus Bar (L) was a significant result with a value
of 0.0262*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Pterygospinus Bar (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[28] The Significance F for the Pterygospinus Bar (R) was not a significant result with a
value of 0.0595. This suggests that the score on the CT Scan of the trait for these specimens was
not a reliable predictor of how the trait was scored on the Physical specimen. As the value of F
was not significant, it suggests that scoring the Pterygospinus Bar (R) via CT Scan is not a strong
predictor for the score on the Physical specimen and data collection will potentially be hampered
in the event that the crania is repatriated or lost.
[29] The Significance F for the Pterygo-Alar Bar (L) was not a significant result with a value
of 0.2042. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Pterygo-Alar Bar (L) via CT Scan is not a strong predictor
for the score on the Physical specimen and data collection will potentially be hampered in the
event that the crania is repatriated or lost.
[30] The Significance F for the Pterygo-Alar Bar (R) was not a significant result with a value
of 0.1340. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Pterygo-Alar Bar (R) via CT Scan is not a strong predictor
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for the score on the Physical specimen and data collection will potentially be hampered in the
event that the crania is repatriated or lost.
[31] The Significance F for the Supramastoid Crest (L) was a significant result with a value
of 0.0111*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the the Supramastoid Crest (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[32] The Significance F for the Supramastoid Crest (R) was a significant result with a value
of 0.0310*. This suggests that the score on the CT Scan of the trait for these specimens was a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the the Supramastoid Crest (R) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[33] The Significance F for the Posterior Root of Zygoma (L) was a significant result with a
value of 0.0083*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Posterior Root of Zygoma (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
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[34] The Significance F for Posterior Root of Zygoma (R) was a significant result with a
value of 0.0018*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Posterior Root of Zygoma (R) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[35] The Significance F for the Mastoid Crest (L) was a significant result with a value of
0.0399*. This suggests that the score on the CT Scan of the trait for these specimens was a reliable
predictor of how the trait was scored on the Physical specimen. As the value of F was highly
significant, it suggests that scoring the the Mastoid Crest (L) via CT Scan is a strong predictor for
the score on the Physical specimen and data collection will not be greatly hampered in the event
that the crania is repatriated or lost.
[36] The Significance F for the Mastoid Crest (R) was a significant result with a value of
0.0060*. This suggests that the score on the CT Scan of the trait for these specimens was a reliable
predictor of how the trait was scored on the Physical specimen. As the value of F was highly
significant, it suggests that scoring the the Mastoid Crest (R) via CT Scan is a strong predictor for
the score on the Physical specimen and data collection will not be greatly hampered in the event
that the crania is repatriated or lost.
[37] The Significance F for Zygomaticofacial Foramina (L) was a significant result with a
value of 0.0070*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
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highly significant, it suggests that scoring the Zygomaticofacial Foramina (L) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[38] The Significance F for Zygomaticofacial Foramina (R) was a significant result with a
value of 0.0046*. This suggests that the score on the CT Scan of the trait for these specimens was
a reliable predictor of how the trait was scored on the Physical specimen. As the value of F was
highly significant, it suggests that scoring the Zygomaticofacial Foramina (R) via CT Scan is a strong
predictor for the score on the Physical specimen and data collection will not be greatly hampered
in the event that the crania is repatriated or lost.
[39] The Significance F for the Mastoid Crest (L) was not a significant result with a value
of 0.7472. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Mastoid Crest (L) via CT Scan is not a strong predictor for
the score on the Physical specimen and data collection will potentially be hampered in the event
that the crania is repatriated or lost.
[40] The Significance F for the Mastoid Crest (R) was not a significant result with a value
of 0.2238. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Mastoid Crest (R) via CT Scan is not a strong predictor for
the score on the Physical specimen and data collection will potentially be hampered in the event
that the crania is repatriated or lost.
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[41] The Significance F for the Mastoid Foramina (L) was not a significant result with a
value of 0.1301. This suggests that the score on the CT Scan of the trait for these specimens was
not a reliable predictor of how the trait was scored on the Physical specimen. As the value of F
was not significant, it suggests that scoring the Mastoid Crest (L) via CT Scan is not a strong
predictor for the score on the Physical specimen and data collection will potentially be hampered
in the event that the crania is repatriated or lost.
[42] The Significance F for Mastoid Foramina (R) was a significant result with a value of
0.0325*. This suggests that the score on the CT Scan of the trait for these specimens was a reliable
predictor of how the trait was scored on the Physical specimen. As the value of F was highly
significant, it suggests that scoring the Mastoid Foramina (R) via CT Scan is a strong predictor for
the score on the Physical specimen and data collection will not be greatly hampered in the event
that the crania is repatriated or lost.
[43] The Significance F for the Glenoid Fossa (L) was not a significant result with a value
of 0.1907. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Glenoid Fossa (L) via CT Scan is not a strong predictor for
the score on the Physical specimen and data collection will potentially be hampered in the event
that the crania is repatriated or lost.
[44] The Significance F for the Glenoid Fossa (R) was not a significant result with a value
of 0.1659. This suggests that the score on the CT Scan of the trait for these specimens was not a
reliable predictor of how the trait was scored on the Physical specimen. As the value of F was not
significant, it suggests that scoring the Glenoid Fossa (R) via CT Scan is not a strong predictor for
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the score on the Physical specimen and data collection will potentially be hampered in the event
that the crania is repatriated or lost.
[45] The Significance F for the Occipital Condyle Size (L) was not a significant result with
a value of 0.5662. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Occipital Condyle Size (L) via CT Scan is not a
strong predictor for the score on the Physical specimen and data collection will potentially be
hampered in the event that the crania is repatriated or lost.
[46] The Significance F for the Occipital Condyle Size (R) was not a significant result with
a value of 0.4260. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Occipital Condyle Size (R) via CT Scan is not a
strong predictor for the score on the Physical specimen and data collection will potentially be
hampered in the event that the crania is repatriated or lost.
[47] The Significance F for the Intermediate Condylar Canal (L) was not a significant result
with a value of 0.2348. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Intermediate Condylar Canal (L) via CT Scan
is not a strong predictor for the score on the Physical specimen and data collection will potentially
be hampered in the event that the crania is repatriated or lost.
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[48] The Significance F for the Intermediate Condylar Canal (R)was not a significant result
with a value of 0.3201. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Intermediate Condylar Canal (R) via CT Scan
is not a strong predictor for the score on the Physical specimen and data collection will potentially
be hampered in the event that the crania is repatriated or lost.
[49] The Significance F for the Pterion Suture Variation (L) was not a significant result with
a value of 0.7094. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Pterion Suture Variation (L) via CT Scan is not
a strong predictor for the score on the Physical specimen and data collection will potentially be
hampered in the event that the crania is repatriated or lost.
[50] The Significance F for the Pterion Suture Variation (R) was not a significant result with
a value of 0.8469. This suggests that the score on the CT Scan of the trait for these specimens
was not a reliable predictor of how the trait was scored on the Physical specimen. As the value
of F was not significant, it suggests that scoring the Pterion Suture Variation (R) via CT Scan is not
a strong predictor for the score on the Physical specimen and data collection will potentially be
hampered in the event that the crania is repatriated or lost.
In summary, this study suggests that the scoring of the superior orbital margin, glabellar
prominence, nuchal crest, lambdoid ossicle, postcondylar canal, superciliary eminence, inferior
frontal eminence, supraorbital foramina, supramastoid crest, posterior root of the zygoma,
mastoid crest, and zygomaticofacial foramina may take place at any time before (that is, using

66

the physical crania) or after (that is, using its respective Computerized Tomography (CT) scan) the
repatriation process. As the Computerized Tomography (CT) scan was not a reliable predictor for
epigenetic trait score on its respective Physical specimen, it is recommended that scoring the
mastoid process, hypoglossal canal bridging, mons temporosphenoidalis, postglenoid tubercle,
tympanic plate, contour of the dental arcade, pterygospinus bar, pterygo-alar bar,
squamomastoid suture, mastoid foramina, glenoid fossa, occipital condyle size, intermediate
condylar canal, and pterion sutural variation should occur using the physical cranium itself (i.e.
before the repatriation process) in order to ensure reliable data collection efforts.
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Chapter 7: Concluding Remarks and Future Directions
The potential use for epigenetic traits (including the larger dataset from which this study
is derived) in the future is quite significant. Researchers such as Joseph T. Hefner have devoted
their career to informing upon their use to differentiate ancestral groups, which serves an
immediate purpose within the field of forensic anthropology and person identification in criminal
cases. The scale of data collection of epigenetic traits which occurred during the initial collection
period of this project allows for various avenues to be pursued with the data set in the future.
For example, one question of perennial anthropological interest is the dynamic between cultural
and biological relationship. Given that the Native American human remains from the University
of Pennsylvania Museum of Archaeology and Anthropology Physical Anthropology section come
from a variety of distinct ‘tribes’, culturally and geographically (Morton 1839), one can test
whether heritable epigenetic traits (Hauser and De Stefano 1989) cluster according to the cultural
or tribal affiliations that were applied to these crania upon collection (Morton 1849). It is possible
that other cranial collections do not possess the same degree of historical documentation, or
there is the possibility that tribal and cultural affiliations can be inappropriately and/or
incorrectly) applied to these remains by field collectors in some cases. In situations such as these,
better methods for ascertaining biological affinity are of great importance in validating the
recorded provenience of remains in doubtful cases.
There is a possibility that the analysis of epigenetic traits does not differentiate Native
American populations well. However, the epigenetic method has been successfully tested on
populations that are known to be distinct (de Villiers 1968, Hefner 2009) and can be further
refined in this study. For instance, the collection of data from North Amerindian and South
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Amerindian samples as well as samples from other regions such as Africa, Austronesia, and
Eurasia would allow for the testing of hypotheses about phenotypic variation associated with the
genetic variation present as a result of human population history. Future research could perhaps
examine crania from each of these distinct populations, and a comparison can reveal if they
cluster as discrete as biological groups in the epigenetic trait analysis. If this is the case, the
epigenetic method works for intercontinental variation in this analysis, and the epigenetic trait
scoring method can then be applied to a new question: does the epigenetic trait scoring method
work for intracontinental variation among Native American groups? That is, can epigenetic trait
scoring be used to distinguish Native American groups who exhibit geographic variation within a
larger cultural group that exists within one continent?
The Samuel G. Morton Collection at the University of Pennsylvania Museum of
Archaeology and Anthropology represents a prime sample for testing of hypotheses about
modern human population history and biological affinity, as this collection has representation
from all major geographic regions and is large enough to supply sufficient sample sizes for study.
Although some recent work (i.e. Crevecoeur et al. 2009) with large samples from a wide
geographic distribution has attempted to show concordance between phenotypic skeletal
variation and genetic variation in human populations in the last 10,000 years, little work has
directly addressed the question of phenotypic skeletal variation among modern populations in
relation to the amount of genetic variation in each population.
As bioarchaeologists and paleoanthropologists cannot always extract DNA from the
skeletal materials they seek to study, comparisons of epigenetic trait variance in genetically more
diverse populations such as Africans (i.e. Tishkoff et al. 2009) versus less genetically diverse
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populations such as North and Central Americans (Schurr et al. 1990) can reveal if epigenetic
phenotypic trait variance is a useful proxy for genetic variance in past populations in some
contexts, as studies of cranial metric variation suggest (Relethford and Harpending 1994, Howells
1989). Finally, given that much of the scoring for this project involves bilateral traits, comparisons
of intraindividual laterality can reveal skeletal asymmetry, linked to injury, developmental
disturbance, pathology, and other factors (Brasili-Gualandi et al. 1989), and the prevalence of
asymmetries in different populations. These crucial bio-anthropological questions can be asked
of the same data that is being collected to assess the accuracy of using Computerized
Tomography (CT) scans to diagnose epigenetic traits, providing unique insight into both technical
issues of common methodologies in the field as well as the lived behaviors and lifeways of past
populations.
As researchers continue to learn more about epigenetic traits and their potential use, the
study of epigenetic traits of the crania may emerge as an important and informative methodology
with which scholars may learn more about current and past peoples of the earth.
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Figures
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Figure 2 Superior Orbital Margin (R)
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Figure 3 Glabellar Prominence
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Figure 4 Mastoid Process (L)
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Figure 5 Mastoid Process (R)
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Figure 6 Nuchal Crest
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Figure 7 Hypoglossal Canal Bridging (L)
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Figure 8 Hypoglossal Canal Bridging (R)
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Figure 9 Lambdoid Ossicle (L)
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Figure 10 Lambdoid Ossicle (R)
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Figure 11 Posterior Condlylar Canal (L)
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Figure 12 Posterior Condlylar Canal (R)
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Figure 13 Superciliary Eminence
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Figure 14 Inferior Frontal Eminence (L)
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Figure 15 Inferior Frontal Eminence (R)
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Figure 16 Mons Temporosphenoidalis (L)
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Figure 17 Mons Temporosphenoidalis (R)
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Figure 18 Postglenoid Tubercle (L)
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Figure 19 Postglenoid Tubercle (R)
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Figure 20 Tympanic Plate (L)
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Figure 21 Tympanic Plate (R)
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Figure 22 Supra-Orbital Foramina (L)
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Figure 23 Supra-Orbital Foramina (R)
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Figure 24 Infra-Orbital Foramen (L)
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Figure 25 Infra-Orbital Foramen (R)
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Figure 26 Contour of Dental Arcade
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Figure 27 Pterygospinus Bar (L)
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Figure 28 Pterygospinus Bar (R)
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Figure 29 Pterygo-Alar Bar (L)
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Figure 30 Pterygo-Alar Bar (R)
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Figure 31 Supramastoid Crest (L)
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Figure 32 Supramastoid Crest (R)
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Figure 33 Posterior Root of Zygoma (L)
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Figure 34 Posterior Root of Zygoma (R)
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Figure 35 Mastoid Crest (L)
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Figure 36 Mastoid Crest (R)
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Figure 37 Zygomaticofacial Foramina (L)
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Figure 38 Zygomaticofacial Foramina (R)

Score on Physical Specimen

Zygomaticofacial Foramina (R) CT vs. Physical Specimen
3

2

1

0
0

1

2

Score on CT Specimen
CT Specimen

Linear (Predicted Physical Specimen)

111

Figure 39 Squamomastoid Suture (L)
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Figure 40 Squamomastoid Suture (R)
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Figure 41 Mastoid Foramina (L)
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Figure 42 Mastoid Foramina (R)
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Figure 43 Glenoid Fossa (L)
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Figure 44 Glenoid Fossa (R)
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Figure 45 Occipital Condyle Size (L)
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Figure 46 Occipital Condyle Size (R)
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Figure 47 Intermediate Condylar Canal (L)
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Figure 48 Intermediate Condylar Canal (R)
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Figure 49 Pterion Suture Variation (L)

Pterion Suture Variation CT vs. Physical Specimen
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Figure 50 Pterion Suture Variation (R)
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Appendix A - A List of Morton’s ‘Racial’ Classifications

Figure 1 ‘Table 2.1’ from Gould (1981)

‘Table 2.1 Morton’s summary table of cranial capacity by race’
from Gould (1981) pg. 86

Figure 2 ‘Table 2.2’ from Gould (1981)

‘Table 2.2 Cranial capacities for skulls from Egyptian tombs’
from Gould (1981) pg. 86

118

Figure 3 ‘Table 2.3’ from Gould (1981)

‘Table 2.3 Morton’s final summary of cranial capacity by race’
from Gould (1981) pg. 87

Figure 4 ‘Table 2.4’ from Gould (1981)

‘Table 2.4 Cranial capacity of Indian groups ordered
by Morton’s assessment of body stature’
from Gould (1981) pg. 96
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Figure 5 ‘Table 2.1’ from Gould (1981)

‘Table 2.5 Corrected values for Morton’s final tabulation’
from Gould (1981) pg. 98
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Appendix B Epigenetic Trait Sources and Scoring
Trait Name in
Original Source

Adapted
Source

Scoring

Supra-Orbital Margin

Buikstra and
Ublecker (1994)
pages 19-20,
Figure 4

Sharp or Rounded
See Rivera Prince 2016
Appendix C Figure C-1

Glabellar Prominence

de Villiers (1968)
pg. 84, Figure 3

I. Flat
II. Slight Curvature
III. Moderate Curvature
IV. Prominent Curvature
V. Marked Curvature
VI. Very Marked Curvature
See Rivera Prince 2016
Appendix C Figure C-2

Mastoid Process

de Villiers (1968)
pg. 94, Figure 13

Small, Medium, Large
See Rivera Prince 2016
Appendix C Figure C-3

Nuchal Crest

Buikstra and
Ublecker (1994)
pages 19-20,
Figure 4

Degree of expression scored
1-5, see Rivera Prince (2016)
Appendix C Figure C-4

Lambdoid Ossicle

Hauser and De
Stefano (1989)

Can be scored based on
number, size, and/or
position.
See Rivera Prince (2016)
Appendix C Figure C-5

Condylar Canal (Foramen)

Hauser and De
Stefano (1989)

Hypoglossal Canal

Superciliary Eminence

Inferior Frontal Eminence

Mons
Temporosphenoidalis

Rivera Prince 2016
Trait Name

Rivera Prince
2016 Scoring

Other Names
(if applicable)

Superior Orbital Margin

0 (Absent or could not
diagnose)
1 (Sharp)
2 (Rounded)

Supra-Orbital Margin
(de Villiers (1968)

Glabellar Prominence

0 (Absent or could
not diagnose)
1 (Flat) –
6 (Very marked
curvature)

Prominence of Glabella
(Buikstra and Ublecker
1994)

Mastoid Process

Nuchal Crest

0 (Absent or could
not diagnose)
1 (Small)
2 (Medium)
3 (Large)
0 (Absent or could
not diagnose)
1 (trace)
2 (Medium)
3 (Strong)
4 (Extreme)

Different from the
‘Highest Nuchal Line” as
defined by Berry and
Berry (1967) and Hauser
and De Stefano (1989)

Lambdoid Ossicle

0 (Absent or could not
diagnose)
All other numbers
indicate the number of
ossicles present

Lambdoidal wormion
bone (Richtsmeler
and McGrath 1986)

Present or Absent
See Rivera Prince (2016)
Appendix C Figure C-6

Posterior
Condylar Canal

0 (Absent or could
not diagnose)
1 (Present)

Postcondylar canal
(Richtsmeler and
McGrath 1986)

Hauser and De
Stefano (1989)

I. Undivided
II. Trace
III. Incomplete Division
IV. Partial Division (a and b)
5. Total division
See Rivera Prince (2016)
Appendix C Figure C-7

Hypoglossal
Canal Bridging

0 (Bridging absent or
could not diagnose)
1 (Bridging present)

Hypoglossal bridging
(Richtsmeler and
McGrath 1986)
(Deol 1955)

de Villiers (1968)

A. Absence
B. Slight Development
C. Moderate Development
D. Marked Development
See Rivera Prince (2016)
Appendix C Figure C-8

Superciliary Eminence

0 (Absent or could
not diagnose)
1 (Slight)
2 (Moderate)
3 (Marked)
4 (Extreme)

de Villiers (1968)

Present or Absent
See Rivera Prince (2016)
Appendix C Figure C-9

Inferior Frontal Eminence

de Villiers (1968)

Present or Absent
See Rivera Prince (2016)
Appendix C Figure C-10

Mons
Temporosphenoidalis
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0 (Absent or could
not diagnose)
1 (Present)
0 (Absent or could
not diagnose)
1 (Present)

de Villiers (1968)

A. Small
B. Medium
C. Prominent
See Rivera Prince (2016)
Appendix C Figure C-11

de Villiers (1968)

A. Delicate or foetal
B. Moderate development
C. Massive development
See Rivera Prince (2016)
Appendix C Figure C-12

de Villiers (1968)

Notch, bridging, or Foramen
See Rivera Prince (2016)
Appendix C Figure C-13

Postglenoid Tubercle

0 (Absent)
1 (Small)
2 (Medium)
3 (Prominent)

Tympanic Plate

0 (Absent or could
not diagnose)
1 (Delicate)
2 (Moderate)
3 (Massive)

Supra-Orbital Foramina

0 (Absent or could
not diagnose)
1 (Notch)
2 (Bridging)
3 (Foramen)

de Villiers (1968)

Present or Absent (and
number diagnosed)
See Rivera Prince (2016)
Appendix C Figure C-14

Infra-Orbital Foramen

0 (Absent or could
not diagnose)
All other numbers
indicate the
number of
foramen present

Dental Arcade Shape

de Villiers (1968)

A. Divergent U-shaped
B. Horseshoe-shaped
C. U-Shaped
See Rivera Prince (2016)
Appendix C Figure C-15

Contour of Dental Arcade

1 (Horseshoe-shaped)
2 (U-Shaped)
3 (Divergent U-Shaped)

Pterygospinus Bar

de Villiers (1968)

Present or Absent
See Rivera Prince (2016)
Appendix C Figure C-16

Pterygospinus Bar

0 (Absent or
could not diagnose)
1 (Incomplete)
2 (Complete)

de Villiers (1968)

Present or Absent
See Rivera Prince (2016)
Appendix C Figure C-17

Pterygo-Alar Bar

0 (Absent or
could not diagnose)
1 (Incomplete)
2 (Complete)

de Villiers (1968)

Slight, Moderate or
Marked expression
See Rivera Prince (2016)
Appendix C Figure C-18

Supramastoid Crest

de Villiers (1968)

Slight, Moderate or
Marked expression
See Rivera Prince (2016)
Appendix C Figure C-19

Posterior Root of Zygoma

de Villiers (1968)

Slight, Moderate or
Marked expression
See Rivera Prince (2016)
Appendix C Figure C-20

Mastoid Crest

Hauser and De
Stefano (1989)

Number of foramen,
positionality on the
zygomatic bone
See Rivera Prince (2016)
Appendix C Figure C-21

Zygomaticofacial
Foramina

Postglenoid Tubercle

Tympanic Plate of the
Temporal Bone

Supra-Orbital Foramina

Infra-Orbital Foramen

Pterygo-Alar Bar

Supramastoid Crest

Posterior Root of Zygoma

Mastoid Crest

Zygomaticofacial
Foramina
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0 (Absent or
could not diagnose)
1 (Slight)
2 (Moderate)
3 (Marked)
0 (Absent or
could not diagnose)
1 (Slight)
2 (Moderate)
3 (Marked)
0 (Absent or
could not diagnose)
1 (Slight)
2 (Moderate)
3 (Marked)
0 (Absent or could
not diagnose)
All other numbers
indicate the
number of
foramen present

Processus Pterygoideus
(Deol 1955)

0 (Absent or
could not diagnose)
1 (Weak)
2 (Partial)
3 (Complete)
0 (Absent or could
not diagnose)
All other numbers
indicate the
number of
foramen present
0 (Absent or
could not diagnose)
1 (Shallow)
2 (Moderate)
3 (Deep)
0 (Absent or
could not diagnose)
1 (Small)
2 (Medium)
3 (Large)

Hauser and De
Stefano (1989)

Weak, Partial or
Complete expression
See Rivera Prince (2016)
Appendix C Figure C-22

Squamomastoid Suture

Hauser and De
Stefano (1989)

Number of foramen,
exsutural or sutural
expression
See Rivera Prince (2016)
Appendix C Figure C-23

Mastoid Foramen

Glenoid Fossa

de Villiers (1968)

Shallow, Moderate
or Deep expression
See Rivera Prince (2016)
Appendix C Figure C-24

Glenoid Fossa

Occipital Condyle Size

de Villiers (1968)

Small, Medium or
Large expression
See Rivera Prince (2016)
Appendix C Figure C-25

Occipital Condyle Size

Hauser and De
Stefano (1989)

Absence of bridging,
Incomplete bridging
Complete bridging
See Rivera Prince (2016)
Appendix C Figure C-26

Intermediate
Condylar Canal

0 (Absent or
could not diagnose)
1 (Incomplete)
2 (Complete)

Pterion Sutural Variation

0 (Absent or
could not diagnose)
1 (A)
2 (B)
3 (C)
4 (D)
5 (E)
6 (F)

Squamomastoid Suture

Mastoid Foramen

Intermediate
Condylar Canal

Pterion Sutural Variation

de Villiers (1968)

A variation of 6 patterns,
See Rivera Prince (2016)
Appendix C Figure C-27
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Appendix C Description of Traits and Associated Diagrams
Figure C-1 Superior Orbital Margin

From Buikstra and Ublecker (1994) page 20, Figure 4
Rivera Prince (2016) scored ‘Sharp’ as expression states 1-3, and ‘Rounded’ as expression states
4-5. Additionally, this trait evidences sexual dimorphism, and was scored with consideration for
bilateral expression.

Figure C-2 Glabellar Prominence

From de Villiers (1968), Figure 3
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 3. Additionally, this trait evidences sexual dimorphism.
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Figure C-3 Mastoid Process

From de Villiers (1968), Figure 13
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 13. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.

Figure C-4 Nuchal Crest

From Buikstra and Ublecker (1994) page 20, Figure 4
Rivera Prince (2016) scored ‘trace’ as expression states 1-2, ‘medium’ as expression state 3,
‘strong’ as expression state 4, and ‘extreme’ as expression state 5. Additionally, this trait
evidences sexual dimorphism.
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Figure C-5 Hypoglossal Canal Bridging

From Hauser and De Stefano (1989) page 125, Figure 18
Rivera Prince (2016) scored grades I and II as absent and grades IVa IVb and V as present. No
grade III was observed. Additionally, this trait was scored with consideration for bilateral
expression.

Figure C-6 Lambdoid Ossicle

From Hauser and De Stefano (1989) page 27, Plate III
Rivera Prince (2016) scored present or absent as Hauser and De Stefano (1989), additionally the
number of ossicles represented were accounted for. Additionally, this trait was scored with
consideration for bilateral expression.
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Figure C-7 Post Condylar Canal

From Hauser and De Stefano (1989) page 104-105, Plate XVII
Rivera Prince (2016) made no changes for scoring from the expression states detailed in Hauser
and De Stefano (1989). Additionally, this trait was scored with consideration for bilateral
expression.
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Figure C-8 Superciliary Eminence

From de Villiers (1968), Figure 4
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 4. Additionally, this trait evidences sexual dimorphism.
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Figure C-9 Inferior Frontal Eminence

From de Villiers (1968), Figure 9
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 9. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.
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Figure C-10 Mons Temporophenoidalis

From de Villiers (1968), Figure 10
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 10. Additionally, this was scored with consideration for bilateral expression.
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Figure C-11 Postglenoid Tubercle

From de Villiers (1968), Figure 24
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 24. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.
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Figure C-12 Tympanic Plate

From de Villiers (1968), Figure 12
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 12. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.
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Figure C-13 Supra-Orbital Foramen

From de Villiers (1968), Figure 32
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 32. Additionally, this trait was scored with consideration for bilateral expression.
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Figure C-14 Infra-Orbital Foramina

From de Villiers (1968), Figure 33
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 33. Additionally, this trait was scored with consideration for bilateral expression.
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Figure C-15 Contour of Dental Arcade

From de Villiers (1968), Figure 44
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 44.
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Figure C-16 Pterygospinus Bar

From de Villiers (1968), Figure 21 A
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 21 A. Additionally, this trait was scored with consideration for bilateral expression.
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Figure C-17 Pterygo-alar Bar

From de Villiers (1968), Figure 21 B
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 21 B. Additionally, this trait was scored with consideration for bilateral expression.
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Figure C-18 Supramastoid Crest

From de Villiers (1968), Figure 8
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 8. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.
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Figure C-19 Posterior Root of Zygoma

From de Villiers (1968), Figure 8
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 8. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.
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Figure C-20 Mastoid Crest

From de Villiers (1968), Figure 13
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 13. Additionally, this trait was scored with consideration for bilateral expression.
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Figure C-21 Zygomaticofacial Foramina

From Hauser and De Stefano (1989) page 225, Fig. 35
Rivera Prince (2016) only evaluated the number of foramina diagnosed. Additionally, this trait
was scored with consideration for bilateral expression.
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Figure C-22 Squamomastoid Suture

From Hauser and De Stefano (1989) page 207, Fig. 32
Rivera Prince (2016) scored ‘Absent’ as expression state a, ‘Weak’ as expression states b-d,
‘Partial’ as expression states f-h, and ‘Complete’ as expression state e. Additionally, this trait was
scored with consideration for bilateral expression.
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Figure C-23 Mastoid Foramina

From Hauser and De Stefano (1989) page 202-204, plate XXX
Rivera Prince (2016) made no changes for scoring from the expression states detailed in Hauser
and De Stefano (1989). Additionally, this trait was scored with consideration for bilateral
expression.
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Figure C-24 Glenoid Fossa

From de Villiers (1968), Figure 23
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 23. Additionally, this trait evidences sexual dimorphism, and was scored with
consideration for bilateral expression.
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Figure C-25 Occipital Condyle Size

From de Villiers (1968), Figure 25
Rivera Prince (2016) made no changes for scoring from the expression states detailed in de Villiers
(1968), Figure 25. Additionally, this trait was scored with consideration for bilateral expression.
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Figure C-26 Intermediate Condylar Canal

From Hauser and De Stefano (1989) page 127, Fig. 19
Rivera Prince (2016) made no changes for scoring from the expression states detailed in Hauser
and De Stefano (1989), Fig. 19. Additionally, this trait was scored with consideration for bilateral
expression.
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Figure C-27 Pterion Sutural Variation

From de Villiers (1968), Figure 5
Rivera Prince (2016) scored 1 for expression state a, 2 for expression state b, 3 for expression
state c, 4 for expression state d, 5 for expression state e, and 6 for expression state f. Additionally,
this trait was scored with consideration for bilateral expression.
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