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ABSTRACT

The purpose of this study is to examine fracture patterns formed through the induction of
blunt force trauma on stillborn pigs. The researcher will focus on the consistency of fracture pattern
production for the purpose of identifying specific types of blunt force trauma which, create
recognizable patterns characteristic of that form of trauma. The findings of this study offer
potential implications for forensic anthropological examination of child abuse. A pig model is
selected based on past research that infant pig characteristics are more in line with modern humans
than other animal models. The main approach that will be used in this research is the reconstruction
of fracture patterns and measurements which will be recorded to quantify the fractures produced
in an effort to test for any consistency among the specimens. The findings of this research will

impact those investigating potential cases of child abuse.
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CHAPTER 1
INTRODUCTION
Statement of Purpose

This thesis examines fracture patterns formed through the induction of blunt force trauma
on stillborn domestic pig specimens. The basis of this research stems from an interest in
determining if recognizable fracture patterns can be seen in a specific type of blunt force trauma
caused by non-machine induced trauma. Also, the basis of this research stems from an interest in
the consistency of fracture patterns in blunt force trauma cases. The results of this research will
have a great impact on the way anthropologists investigate trauma in children, especially in child

abuse cases.

We do have some knowledge regarding the recognizable characteristics of fracture patterns
caused by blunt force trauma in adults. However, we do not know for sure if there are recognizable
characteristics that can be seen in fracture patterns in the infant skull that can be associated with
specific kinds of trauma. The purpose of this research is to achieve an answer to that question. This
will be accomplished by examining: what effect blunt force trauma has on the infant skull, the
similarities or differences in the location of any fractures induced by the blunt force trauma, and
the size and configuration of any fractures that occur. If this research finds that there are
recognizable characteristics that can be seen in fracture patterns associated with a specific kind of
blunt force trauma then that will aid in future investigations of trauma in children. If this study
finds that there are not recognizable characteristics that can be seen then it will serve as a warning

to investigators to be extremely cautious in investigating trauma in children in the future.



The impact of this research will fall on those who deal with the investigation of fractures in
infants. This research will add to the current knowledge of infant fractures with potential
implications as to how blunt force trauma in infants is recognized. Specifically, this research
will expand the knowledge of how blunt force trauma presents itself in a specific age range of
infants. Also, the knowledge gained from this research will expand the knowledge of fracture
production in a specific type of blunt force trauma. Finally, the knowledge gained from this
research could greatly affect the way anthropologists examine blunt force trauma injuries found

in infant cranial material.



CHAPTER 2
BACKGROUND
Bone Fracture Biomechanics

When a force is applied to a bone it passes through several stages. First is elastic
deformation which is when a bone can return to its original shape after the release of the force
(Galloway, 1999). The second stage is plastic deformation which is when a bone cannot return to
its original shape after the release of the force (Galloway, 1999). Finally, when more energy is
applied to a bone than it can absorb, the bone will fracture. A fracture is defined as a disruption in
the continuity of a bone and is dependent upon the direction, energy, loading rate, and duration of
the load (Galloway, 1999). Fractures are produced by a direct or an indirect application of force to

a bone; these forces are tension, compression, and shear.

Tensile forces are produced when equal and opposite loads are applied to a bone, pulling
it apart (Iscan and Steyn, 2013; Dirkmaat, 2012). Compression occurs when equal and opposite
loads are applied to bone, pushing it together (Iscan and Steyn, 2013; Dirkmaat, 2012). Shear
forces are produced when a load is applied parallel to the surface of bone (Iscan and Steyn, 2013;
Dirkmaat, 2012). There are other forces that can be applied to bone that combine tensile,
compressive, and/or shear forces. For example, bending occurs when tensile forces are applied
along one side of the bone, while the opposite side experiences compression, and shear forces are
produced in the middle (Galloway, 1999). In addition, torsion results when a load is applied to a

structure causing it to twist around an axis (Galloway, 1999).
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Image 1: The forces of fracture, (Wedel and Galloway, 2013, p. 36).

Bone is anisotropic, meaning that it will react differently in different areas, depending on
the direction of the load applied to it (Iscan and Steyn, 2013). In general bone is better able to
withstand compressive stress than tensile or shear stress (Galloway, 1999). This means that bone,
specifically long bones, will fail, or fracture, first on the side of the bone that is under tension. In
general, research suggests that on the skull, fractures initiate at sites of outbending surrounding the
central area of inbending (impact site), then travel both toward the center of the impact area and

away from the outbending area (Digangi and Moore, 2013).

The forces that fracture bone can be a result of skeletal trauma, which is a modification of
bone based on a slow or rapid loaded impact with an object (Dirkmaat, 2012). There are three
major types of trauma that can occur in the skeleton: sharp force, ballistic, and blunt force trauma.
Sharp force trauma involves injury to bone with a sharp object that forms an incision (narrow or
wide) or a puncture/cleft (Iscan and Steyn, 2013). Ballistic trauma is also referred to as projectile
trauma, and involves a much higher rate of acceleration and can be trauma sustained from any type

of firearms or munitions (DiGangi and Moore, 2012). Finally, blunt force trauma is produced by



low velocity impact from a blunt object or the low velocity impact of a body with a blunt surface

(SWAGANTH, 2011). For the purposes of this study, blunt force trauma was the focus.

What is Blunt Force Trauma?

For the forensic anthropologist, blunt force trauma can be understood as skeletal fractures
that occur from a means of slow-load application to bone (Dirkmaat, 2012). Due to the fact that
blunt force trauma is slow loading, the bone takes a longer time to reach the failure point and will
display more plastic deformation (DiGangi and Moore, 2012). This means that there are a
multitude of ways for blunt force trauma to appear in bones and it is for this reason that Symes et
al. (2012) describe blunt force trauma as being the most difficult form of trauma to assess.
Consequently, studies like this one, are vitally important as they contribute to our knowledge of
the variety of ways blunt force trauma can manifest itself. They provide insight as to how trauma
might appear in certain situations (such as certain kinds of blunt force trauma) and in specific age

groups.

Blunt Force Trauma Fractures

How a bone will fracture when exposed to blunt force trauma depends upon intrinsic and
extrinsic factors. Intrinsic factors are factors that are determined by the bone itself, such as the
morphology, density, buttressing, and microstructure of the bone (Passalacqua and Fenton, 2012).
Extrinsic factors are factors that are determined by the object striking the bone or the individual
doing the striking, such as the shape, weight, loading rate, and loading duration (Passalacqua and

Fenton, 2012).

There are two general types of fractures that are common in blunt force trauma: these are
incomplete fractures and complete fractures. Incomplete fractures are characterized by retention

of some continuity between the portions of the fractured bone (Iscan and Steyn, 2013; Christensen,
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Passalacqua, and Bartelink, 2014). In other words, the fracture does not continue all the way
through the bone; a portion of the bone is still attached. A complete fracture, on the other hand, is
one that does continue completely through the bone, leaving it in at least two pieces. Fractures
common to blunt force trauma can be seen in virtually any bone of the body, but for the purposes
of this research the researcher focused on the fractures induced by blunt force trauma on the skull

specifically.

Types of Skull Fractures

Fractures on the skull can be classified by where they occur. The two most common
locations where skull fractures occur are on the cranial vault and on the facial bones. Cranial vault
fractures are further divided into five categories based on the morphology of the fractures (Wedel
and Galloway, 2014). Seventy to eighty percent of all cranial vault fractures are linear fractures,
five percent of cranial vault fractures are diastatic, and the remaining fifteen percent are depressed,
comminuted, or stellate fractures. Linear fractures are displaced or non-displaced fractures that
take a linear path across the skull (Wedel and Galloway, 2014; Love, Derrick, and Wiersema,
2011; Iscan and Steyn, 2013). These can include any single fracture that passes through the outer
and/or inner table. Depressed fractures in the skull result from direct blows that cause “caving-in”
of the bone’s cortex. A depressed fracture is common among neonates who have been abused
(Love, Derrick, and Wiersema, 2011). Diastatic fractures are linear fractures that divert into a

suture and cause the suture to widen (Galloway, 1999; Love, Derrick, and Wiersema, 2011).

A common area for facial fractures to be seen is on the malar bone. Malar fractures
normally occur at the zygomatic arch, the malar-frontal suture, and at the inferior orbital rim
medial to the malar-maxillary suture (Galloway, 1999). Malar fractures have been classified into

three basic categories. The first category are the isolated fractures of one of the processes (frontal,



temporal, or maxillary) of the malar bone. The first category also includes fractures of the
zygomatic arch; these fractures are frequently on the temporal process, but they may involve the
temporal portions of the arch. The first category of malar fractures also includes the separation of

the superior portion of the frontal process.

The second category of malar fractures involves fractures of all three processes and
involves the orbital floor. The final category includes additional fragmentation of the malar bone
itself in addition to the complete fracturing of the processes. Zygomatic arch or malar fractures
that include the orbit are usually unilateral and are dependent upon direct impact. These fractures
are common due to the prominence of the malars in the face. Another type of facial fracture are
fractures to the maxillae. The maxillae are one of the most easily fractured bone of all the facial

bones because it is so thin. Fractures in the maxillae tend to be depressed and comminuted.



A. Linear B. Diastatic

D. Stellate

Image 2: Cranial vault fractures. A. Linear fracture, B. Diastatic fracture, C. Depressed fracture,

and D. Stellate fracture (Wedel and Galloway, 2013, p. 139).

Child Abuse

The identification of fractures is important in any forensic case, but it is especially
important in cases of suspected child abuse. Child abuse has been defined as nonaccidental
physical attack or physical injury, including minimal as well as fatal injury, inflicted upon children
by persons caring for them. Abuse can happen to a child of any age, but ninety-four percent of
cases are under three years of age and sixty-five percent of those were under eighteen months of

age (Green and Swiontkowski, 2003).

Abuse can cause a variety of injuries to a child; however, fractures and other skeletal
injuries are usually the only manifestations of abuse that forensic anthropologists encounter. There
are no fracture patterns that are absolutely indicative of child abuse, but there are patterns that are

highly associated with child abuse (Green and Swiontkowski 2003). Fractures associated with



child abuse can be seen in nearly every bone in the body, but there are a few bones where a fracture
located there is highly associated with child abuse. These bones are, the bones of the skull, the
ribs, and the metaphyses of long bones. The skull is a common site of fractures associated with
abuse (Galloway, 1999; Green and Swiontkowski, 2003). Fractures on these bones can be
categorized into four different types: linear, depressed, and diastatic (Love, Derrick, and
Wiersema, 2011; Iscan and Steyn, 2013). Linear fractures are the most common fracture seen in

child abuse followed by depressed fractures (Love, Derrick, and Wiersema, 2011).

Human Adult versus Human Infant Cranial Anatomy

There are many differences between the adult and infant skeletons that extend beyond size
difference. The pediatric skeleton differs significantly in its structure, mechanics, and anatomy
from the adult skeleton (Love et al., 2011; Ross and Abel, 2011). One example of the differences
between adult and infant bone is the amount of organic content (collagen) in the bone. Infant bone,
and all growing bone, has a higher proportion of organic content (collagen) in the bone (Galloway,
1999; Marguiles and Thibault, 2000; Nigg and Herzog, 1994; Iscan and Steyn, 2013, and Kerley,
1976). This makes the bones of an infant more elastic and less stiff than its adult counterpart
(Galloway, 1999). This higher elasticity and greater flexibility allows the bones to undergo more
strain in plastic deformation before the bone fails (Marguiles and Thibault, 2000; Iscan and Steyn,
2013). In other words, the bones of an infant are more resistant to fracture than the bones of an
adult. The Haversian canals in infant bone occupy a greater portion of the cortex than in adult
bones which adds to the greater flexibility seen in infant bones. The bones of infants also contain
a large of amount of cartilaginous material which holds a larger amount of fluid which makes the

bone more resistant to compression.



Also, many skeletal elements that are singular in adults have multiple segments in children.
At birth the juvenile skeleton is comprised of roughly 450 ossification centers or elements
(Humphries, 2011). The skull alone makes up 45 of those elements (White, Black, and Folkens,
2012). The adult skeleton, however, is comprised of 8 cranial bones and 14 facial bones (Wedel
and Galloway, 2014). Another difference between the adult and pediatric skeleton lies in the type
of bone that comprises the majority of the skeletal elements. In humans there are four main types
of bone: cortical bone, primary lamellar bone, cancellous and woven bone. Cortical bone is a solid
external layer of material comprising the walls of the diaphysis and external surface of bone (Nigg
and Herzog, 1994; Hillier, 2007). Primary lamellar bone is arranged in circular rings around the
endosteal and periosteal circumference of a bone (Nigg and Herzog, 1994). Cancellous bone is
bone of a reticular or spongy structure formed by thin spicules (trabeculae) (Nigg and Herzog,
1994). This type of bone can be found in larger quantities in children (Kerley, 1976). Finally,
woven bone is composed of collagen fibers that are randomly oriented which results in a less dense
bone (Nigg and Herzog, 1994; Galloway, 1999; Hillier, 2007). This type of bone is found in rapidly
developing or healing bone (Nigg and Herzog, 1994; Galloway, 1999). Woven bone composes the
majority of newborn and infant bone; it provides a quickly developing source of mechanical
strength and the framework for the slower development of lamellar bone (Nigg and Herzog, 1994;

Hillier, 2007).

Morphologically speaking the juvenile skeleton is vastly different from the adult skeleton,
primarily because the juvenile skeleton has not fully fused. The majority of the differences between
the adult and the pediatric skeleton can be found in the skull. The skull of a newborn consists of
thin, flexible plates composed of partially calcified bony tissue joined at their margins by patent,

membranous sutures (Margulies and Thibault, 2000). These plates of bone are comprised of a

10



cartilaginous matrix in which the stiff hydroxyapatite crystals are deposited to form the dense
cortical bone seen in adults (Margulies and Thibault, 2000). Also, the diplo€ seen in adult skulls
is not present in newborn and infant skulls, and the sutures are composed of a series of periosteal
and endosteal membranes spanning the gap between adjacent bony plates (Margulies and Thibault,
2000; Love, Derrick, and Wiersema, 2011). This is strikingly different from an adult where the
bones make contact with interlocking, saw-tooth, or zipper-like sutures (White, Black, and

Folkens, 2012).

The anatomical differences between pediatric bones and adult bones lead to significant
differences in the biomechanical properties of each age group. For example, pediatric cortical bone
exhibits a lower bending strength and modulus of elasticity compared to adult cortical bone;
however, it also absorbs more energy and will deform more before failing than its adult counterpart
(Nuckley, 2013). The different anatomical features of the newborn and infant skull leave the child
with little ability to resist and absorb the large energies associated with traumatic loading
(Margulies and Thibault, 2000). Nuckley (2013) states that the bones of the adult skull exhibit a

resistance to fracture eleven times greater than the bones of the neonatal skull.

Human versus Porcine Skeletal Anatomy

Pigs have long been used as a substitute for human remains when ethical issues or lack of
specimens has made studies using human remains impossible. Pigs are a suitable substitute for
humans because their bones grow similarly to human bones and they decompose in a similar
pattern as humans (Jordana et al, 2013). While they might be similar in many ways there are a
variety of differences between the skeletons of the two species. One obvious difference between
humans and pigs is that humans are bipeds (walk upright on two legs) and pigs are quadrupeds

(walk on all fours). This major difference causes differences in the skeleton. For example, in the
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human skull the foramen magnum is located on the inferior surface, while in the pig it is located
on the posterior surface. Also, the adult human has fourteen bones in the facial skeleton while the

pig has nineteen (Odlaug, 1955).

Another difference between human and pig bones is the shape of the skull. The pig skull is
shorter and more elongated than a human skull. The parietals are large and convex laterally in a
human, but small and quadrilateral in a pig (Jordana et al, 2013). This creates differences in how
the bones react to stress which leads to differences in how the bones of the two species fracture.
Also, in humans, the sutures of the skull are very jagged and overlapped; in pigs, the sutures are

more linear (Jordana et al, 2013).

Despite the number of differences there are important similarities between the bones of
humans and the bones of pigs. Powell et al. (2012) states that previous studies have established
correlations between the mechanical properties of developing human cranial bone and sutures and
those of the immature porcine model. This indicates that the stillborn pig specimens used for this
research should react to trauma in virtually the same manner as an infant human skull would. All
mammal bones grow in much the same way; it is just the arrangement of the osteons as well as the
type of osteons present and the shape of the bones that differs. Pig and human bone are very similar
microscopically, with both being composed of lamellar tissue, the only difference being that pigs
have a layer of plexiform bone and humans do not (Hillier and Bell, 2007). This layer of plexiform
bone is found in the cortical bone of the long bones and is what allows the pig and other large
animals to have the periods of rapid growth that characterize their early development (Hillier and
Bell, 2007). In human infants growth is accomplished by the deposition of woven bone into the
skeleton because it can be deposited rapidly. Human infants, however, do not need to be able to

put their bones through the stresses that the young of large animals do; a large animal like a pig
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needs to be able to bear weight almost immediately on their long bones and their bones need to be
able to handle the stress of locomotion soon after birth and during their growth periods. This layer
of plexiform bone, which is stronger and more organized that woven bone gives the long bones of

the larger animals the strength they need to withstand this stress (Hillier and Bell, 2007).
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Image 4: Pig Fetal Skull- lateral view

Image 5: Pig Fetal Skull- superior view
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CHAPTER 3
MATERIALS AND METHODS
Materials

Twenty-one preserved stillborn pig specimens between 14”-17” were purchased from Bio
Corporation for this research. Bio Corporation is a company with headquarters in Alexandria,
Minnesota that specializes in providing animal specimens, equipment, models, and reference
materials for science classrooms. This company was chosen for their ability to provide stillborn
pig specimens large enough for this experiment. Experimental studies on human infant remains
are limited due to ethical issues as well as underrepresentation of children in cadavers. Stillborn
pigs between 89 days in utero and 20 days postpartum were chosen because their structure is more
gracile than that of mature pigs and will more closely reflect the type of robusticity seen in modern

human children. Preserved specimens were chosen for the ease with which they could be obtained.

The question arises as to the effect the formalin preservative might have on the results of
this study. Studies researching this topic have found that formalin preservative has no significant
effect on the strength, hardness, or flexibility of the bones of the preserved specimen. Currey et al.
(1995) states that the overall differences between the fixed and unfixed specimens are completely
insignificant in strength and stiffness. Similarly, Ohman et al. (2008) states that no significant
differences were found among the fixed and unfixed groups in strength and stiffness. Finally, van
Haaren et al. (2008) found in their study that when comparing the test results for the embalmed
bone with those of not embalmed bones, no difference could be found in either stiffness or bending
strength. Also, they found that no statistically significant differences in torsion strength and energy

absorption occurred between the embalmed and non-embalmed bones. Thus, using preserved
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specimens in this research will not significantly affect the results. The research involving these
specimens was carried out at Skeleton Acres Research Facility (SARF) and the Wichita State

University Biological Anthropology Laboratory (WSU-BAL).

WSU-BAL

The Biological Anthropology Laboratory is housed in Neff Hall on the campus of Wichita
State University. This facility contains a fume hood, hot plates, metal pans, number 10 scalpels,
and the dental instruments used to deflesh the fetal pig specimens as they are collected. The
Biological Anthropology Laboratory also contains the calipers used to measure the fractures as

well as the equipment used to photograph the bones.

SARF

Skeleton Acres Research Facility (SARF) is an area of land in Butler County, Kansas,
leased to the anthropology department at Wichita State University for research purposes. This
research facility consists of a plateau leading down a hill that ends at forest line. Approximately
three-quarters of the distance down the hill is an outcropping of rocks and brush that extends half
way across the hill. Behind the forested area there is a small field leading to another forested area.
A small stream runs through southwest region of the facility that separates the forested area, the
hill, and the small field from a second smaller field that makes up the southwest corner of the
facility. Finally, Skeleton Acres Research Facility contains three chain-link cages for research

purposes.
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Google earth

Image 6: Map showing the location of Skeleton Acres Research Facility relative to Leon, KS

(Google Earth, 2015)
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SkeletoniAcresiResearchifacility g

Image 7: Map showing the boundaries of Skeleton Acres Research Facility. The red outline is the
boundary of the portion of Skeleton Acres Research Facility that is being used for research
purposes. The yellow outline shows the land that is part of the Skeleton Acres Research Facility,
but is not and will not be used for research. Finally, the blue line marks the small stream that runs

through the property (Google Earth, 2015).

Methods

Induction of Blunt Force Trauma and Tissue Removal
Twenty of the specimens were taken out to Skeleton Acres Research Facility for the
induction of the blunt force trauma. Prior to the induction of blunt force trauma, the researcher

conducted an external examination of the head region. This was done to look for and note any pre-
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existing trauma to the skull that could affect the results and conclusions of this research. The
remaining pig was used as a control and did not have blunt force trauma inflicted upon it. The
control specimen was chosen from a previous batch of pig specimens that were also order from

Bio Corporation.

The researcher used a 17 miniature wooden bat to induce the trauma to the pig specimens.
Each specimen was placed on the ground on their right side, with the right side of the skull and
torso resting on the ground. The area that was chosen for trauma induction was a grassy area that
was free of any rocks. The grass coverage was not full enough to provide a significant cushion for
the specimens, but was full enough to prevent the specimens from resting directly on the soil. Then
the researcher stood over each specimen and delivered one consistent blow to each specimen’s
skull. The skull was chosen because it is the most common site for non-accidental fracture in
children. Each blow was delivered standing over each specimen with the bat gripped in one hand.
The swing of the bat was into the specimens was done through the elbow, there was no involvement

of the shoulder or upper arm.

After each pig had been struck by the bat, the researcher removed the organs and as much
tissue as possible from the specimens. The specimens were then transported to the WSU-BAL for
complete tissue removal and analysis. The organs and tissue removed at Skeleton Acres were
places in plastic storage bags labelled with the specimen number and placed in the freezer in the
WSU-BAL for storage. A scalpel was used to detach the skull from the post-cranial skeleton and
the post-cranial skeleton was dried in the fume hood, places in a plastic storage bag, labelled with
the specimen number, and then frozen, while the remaining tissue on the skull was removed. The
method used to remove the remaining flesh from the skull must be gentle enough not to damage

the bone. Fenton et al. (2003) tested multiple methods of maceration, removing flesh from bone.
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They tested water submersion, powdered detergent (like Tide), and powdered sodium carbonate
(like Arm and Hammer Washing Soda) (Fenton et al. 2003). They discovered that chemical
maceration methods like the ones using powder detergent or powdered sodium carbonate can
produce significant results in only a few hours; however, they are methods most likely to damage
bone (Fenton et al., 2003). Fenton et al. (2003) also discovered that submersion in warm water is
the slowest method, but also the one least likely to damage bone. Due to it being least likely to
damage bone, while also being the most rapid method for tissue removal, water submersion with
the addition of an enzymatic laundry detergent (BIZ) and meat tenderizer was chosen as the

method for maceration of the specimens after collection.

A two-quart pan was filled with water and one cup of Biz and one-eighth of a cup of
Adolph’s unseasoned meat tenderizer were added to the water and stirred until dissolved. The
specimens flesh covered skull was then lowered into the mixture and then heated on low heat (70°
C) for several hours. Each hour the specimen was checked to test the ease of tissue removal. It was
necessary to check the skulls at regular intervals because if heated for too long the bone could
become damaged or even dissolve completely. When the tissue peeled easily off the skull, the
specimen was removed from the mixture and the outer tissue and brain were removed. The water
was then poured through a screen to catch any small pieces of bone. After all the remaining tissue
has been removed the bones were laid out to dry before analysis. In future experiments the length
and weight of each specimen will be recorded, but due to time constraints with this research, these

measurements were not taken.

Skull Inventory
Before any data was collected a bone inventory of each skull was conducted. Each skull

was examined and the presence or absence of each bone was recorded. The inventory began with
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the bones of the cranium: two frontal bones, two parietal bones, two temporal bones, one occipital
bone, one sphenoid bone, and one ethmoid bone. Then the facial bones were examined: two
maxillae, two nasals, two premaxillae, two malars, two lacrimals, one vomer, one palatine, and
one mandible. Each bone was examined for its degree of presence. If the bone was present in its
entirety it was given a score of one. If the bone was present, but only partially it was given a score

of two. Finally, if the bone was absent completely then it was given a score of three.

Dental Aging

In order to make sure the ages of the stillborn pigs used in this study are consistent the age
of the pigs was determined using dental eruption charts for juvenile pigs. Juvenile pigs have
twenty-eight deciduous teeth that erupt in utero and throughout adolescence (Tucker and
Widowski, 2008). There are fourteen teeth in the maxilla and fourteen in the mandible. Juvenile
pigs have three incisors, one canine, and four pre-molars each erupting at a different stage of
development (Matschke. 1967; Tucker and Widowski, 2008). When a piglet is born the third
incisor and the canine have already erupted in both the maxilla and the mandible (Matschke, 1967).
Following this the rest of the twenty-four teeth erupt starting at seven days and finishing around

one hundred and seventeen days (Tucker and Widowski, 2008).

The teeth begin to develop in utero and an examination of this development can assist in
aging a fetal pig. The gestation period for a fetal pig is one hundred and fourteen days; Bivin and
McClure (1976) used x-rays of the mandibles to examine fetal pig teeth across this time period to
determine stages of development for these teeth. They categorized the development of each tooth
as bud stage, cap stage, dentin formation, enamel formation, and erupted (Bivin and McClure,
1976). The bud stage of development is the first developmental state of the dental lamina (Aka et

al., 2016). The cap stage of dental development is the second stage of development, where the
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deepest part of the bud takes a concave form and then transforms into a cap shape. The bell stage

is the third stage of dental development where the crown form is designated.

The right half of each mandible was soaked in water overnight to make the bone easier to
cut. After the mandible had soaked a scalpel was used to remove a portion of the mandible to
expose the teeth. The dental age of each specimen was calculated by examining these teeth to
determine which stage of development they were in. This was then compared to the dental charts
and discussions found in Matschke (1967), Tucker and Widowski (2008), and Bivin and McClure
(1976) and an estimation of the age of the specimens was recorded. Finally, the dental development
of the pig specimens was compared to the human dental development charts found in Lysell et al.

(1962), Sunderland et al. (1987), and Ubelaker (1978).

Table 1: Pig deciduous dentition eruption (Matschke, 1967).

Maxillary Teeth Eruption (Days) Mandibular Teeth Eruption (Days)
Incisor 1 7-22 Incisor 1 11- 20

Incisor 2 66- 117 Incisor 2 64- 93

Incisor 3 At Birth Incisor 3 At Birth

Canine At Birth Canine At Birth
Premolar 2 51-79 Premolar 2 63-102
Premolar 3 11-18 Premolar 3 23-33

Premolar 4 41-49 Premolar 4 11-20
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Table 2: Times of emergence (months) of deciduous dentition (human dentition), adapted from
Lysell et al. (1962).

Mandible Deciduous Tooth Mean Range +/- 1 SD

I 8 6-10

I 13 10-16

C 20 17-23

M 16 14-18

M 27 23-31 (male) 24-30 (female)

Table 3: Beginning of mineralization (number of weeks) (human dentition), adapted from
Sunderland et al. (1987).

Mandible Deciduous Tooth Fiftieth Percentile Range
L 15 13-17
I 17 14-19
C 19 17-20
M 16 14-17
M 19 18-20
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Figure 2: Human dental development (Ubelaker, 1978).

Fracture Pattern Reconstruction and Photographs

In order to start to examine the fractures for consistency in location, size, and configuration, the
skulls had to be reconstructed. The bones were reconstructed using a clear drying non-permanent
Elmer’s glue (so that the fractures would be visible) to hold the bones in place. The glue needed
to cure overnight to ensure a strong hold. To ensure that there was no movement of the bones
during this time putty was used to hold the pieces of bone in place. Also, to ensure that previously
glued pieces of bone did not shift or break off during the rest of reconstruction, the researcher

waited until each of the glued areas had completely dried before attaching other pieces of bone to

the crania.
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Once the skull and its fractures had been reconstructed, photographs of the crania were
taken in order to have a photographic record of the location of the fractures. The photographs were
set up in the photography area located in the Biological Anthropology Laboratory. This area
consists of a PVC pipe structure straddling a lab table with a felt cloth draped over it. Underneath
this cloth is a pillow to set the crania on. Hanging above the cloth are three lamps, two on tripods
and one on a crossbar to illuminate the area and the item being photographed. A Nikon D3200
SLR camera with an 18-55mm lens was used to take the photographs. Each crania were placed on
top of the felt cloth on top of the pillow. Overview photographs were taken of each crania from
superior, inferior, anterior, posterior, and lateral views. In each photograph was a label indicating
which pig specimen was in the photograph and a metric scale, to indicate the size of the specimen.
After the overview photographs were taken, close up photographs of each fracture were taken. In
these photographs a metric scale is shown to give an indication as to the dimensions of each

fracture.

Microscopic Analysis

After the photographs were taken a Zeiss Stemi 2000-C microscope, with an Axiocam ERc
5s Rev. 2.0 camera attachment, was used to with the Zen (Blue Edition) 2.3 software to capture
microscopic photographs of individual fractures and take the length of the fractures. As this
microscope does not have any internal lighting, a Fiber-Lite MI-150 High Intensity Illuminator
was used to illuminate the skulls for the photographs. The microscope, microscope camera, and
Zen 2.3 software were turned on and opened. A skull was placed under the microscope and a
fracture was focused on using the microscope. Then using the Zen software a live image of the
fracture was collected and saved onto a USB drive. A scale was then added to the image and the

measurement tool on the software. The measurement tool functions by having the researcher click
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on the initiation point and the termination point of the fracture on the image and then measures the
distance between those two points. Since many different units of measurement can be used with
this software, an image of a millimeter scale was taken using the microscope and Zen software.
Then the same measurement tool was used to mark off one millimeter on the scale. This
measurement was saved and added as the preferred unit of measurement so that each length
measurement would be measured the same way. Those images containing the scale and the length

measurement data were then saved to a USB drive and the measurements recorded.

Measurements

Each skull was divided anterior-posteriorly into four regions labelled Left Lateral (LL),
Left Medial (LM), Right Medial (RM), and Right Lateral (RL). The sagittal suture was used to
divide the skull into equal halves. Then each half was divided in half again. This was done using
the sagittal suture and the most lateral point on the zygomatic arch as the start and end point. In
anatomical position, the left most region was labelled Left Lateral and the labelling went from left
to right so that the right most region was labelled Right Lateral. Each fracture was labelled in
pencil on the skull with the region letter and a number. The number given was chosen by the
fracture’s location relative to the impact site, the lower the number, starting with one, the closer
the fracture is to the impact site. If a fracture crossed multiple regions then it was labelled with the

region letter that it originated from.
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LL=Left Lateral

LM= Left Medial

RM=Right Medial

RL=Right Lateral

Image 8: Specimen AR2015-09 with the lines dividing the skull into the four regions: Left Lateral,

Left Medial, Right Medial, and Left Lateral.

Image 9: Specimen AR2015-08 with fracture labels for regions Left Lateral and Left Medial.
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Image 11: Specimen AR2015-08 with fracture labels for regions Left Medial and Right Medial.
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Image 12: Specimen AR2015-09 with fracture labels for region Left Medial.

A Mitutoyo CD-»" ASX Digimatic Caliper was used to measure each fracture. Each
fracture was measured from its initiation point to its termination point three times and the mean
measurement was recorded. Fractures that could not be completely reconstructed were not
measured due to the fact that it would be impossible to know how long the fracture would be if
that piece of bone were present. A protractor was then used to determine the angle of each
individual fracture. This was accomplished by putting the skull in a horizontal position where the
inferior portion of the orbit is level with the auditory meatus (Frankfort horizontal plane). The
straight edge of the protractor was then placed on that plane and the angle was determined where
the arc of the protractor met the fracture. For linear fractures, an angle was recorded at the initiation
and the termination points. Similar to the measurements taken with the caliper the angle was
determined three times and then the mean of the angles collected was recorded. The length of any

curved fractures was measured in a straight line from initiation point to termination point. Then at
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the area where the fracture extended the farthest from the measured line, a measurement was taken
of the height from the straight line to the point where the fracture extended the farthest. In order to
accomplish this, a millimeter scale was attached to the bottom edge of the protractor to measure
where on the fracture the angle and depth were taken. Curved lines in one millimeter increments
were drawn on clear tape and attached to the protractor to measure the depth of the fracture. In
order to take the length measurement the origin of the scale was placed on the point of each fracture
that is closest to the point of impact on the left side of the skull. The height measurement was taken
by placing the origin of the scale on the straight line and measuring up to the point the fracture

extended the furthest.

After the measurements of each fracture were taken and recorded, each fracture was
examined to determine its configuration. The configuration of a fracture was determined to either
be primary, secondary, tertiary, or unknown. The definitions for each configuration were adapted
from Egol, Koval, and Zuckerman (2015). They define primary skeletal injuries as physical tissue
disruption caused by mechanical forces (Egol, Koval, and Zuckerman, 2015). Secondary injuries
are those where additional physical tissue disruption occurs due to the response initiated by the
primary injury (Egol, Koval, and Zuckerman, 2015). Tertiary injuries are additional physical tissue
disruption that occurs due to the response initiated by the secondary injury (Egol, Koval, and
Zuckerman, 2015). Thus, in this study the primary fractures are those caused by the impact of the
blunt object itself. Secondary fractures are those caused by the response of the bone to those
primary fractures. Finally, tertiary fractures are those caused by the response of the bone to those

secondary fractures.
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CHAPTER 4
RESULTS
Skull Inventory

Each specimen was examined and the degree of presence of each bone was recorded
(Appendix B). A total of twenty-two bones were examined on each skull. For each of the twenty-
one specimens the left frontal, right frontal, left parietal, right parietal, left temporal, right
temporal, occipital, and sphenoid were all present either completely or partially. AR2015-02,
AR2015-03, AR2015-04, AR2015-05, AR2015-07, AR2015-08, AR2015-10, AR2015-11,
AR2015-12, and AR2015-13 were all missing the ethmoid. Two specimens, AR2015-03 and
AR2015-07 were both missing the right nasal bone. AR2015-02 was missing both the left and right
pre-maxilla and AR2015-10 was missing the vomer. The left malar was missing from AR2015-
01, AR2015-16, and AR2015-19. The right malar was missing from AR2015-03, AR2015-04, and

AR2015-10.

Only one specimen, AR2015-01, was missing the mandible. AR2015-01, AR2015-02,
AR2015-04, AR2015-07, AR2015-10, AR2015-11, AR2015-12, AR2015-13, AR2015-14,
AR2015-15, AR2015-19, and AR2015-20 were all missing the left lacrimal. Finally, ten specimens
were missing the right lacrimal, AR2015-02, AR2015-03, AR2015-04, AR2015-07, AR2015-10,

AR2015-11, AR2015-12, AR2015-13, AR2015-14, and AR2015-15.
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Table 4: Specimen bone inventory.

Specimen#  |L Frontal |R Frontal I Parietal|R Par'ergIIL Temporal|R Temporal |Oceipital |Sphenoid |Fthmoid |L Maxilh R Maxila L Nasal |R Nasal |L Premaxila R Premaith |L Malar |R Malar |L Lacrinal |R Lacrim@IVomer Paktine [Mandible
ARZ015-01 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 3 1 3 1 1 1 3
ARZ015-02 2 1 1 2 1 2 2 2 3 2 2 2 1 3 3 2 2 3 3 2 2 1
AR2015-03 Y 1 i ] Y Y 1 Y 3 1 Y 1 3 1 i 1 3 2 3 1 Y 1
ARZ015-14 1 2 2 2 2 2 2 2 3 1 2 1 1 1 2 2 3 3 3 2 2 2
AR2015-05 1 1 1 1 1 2 1 2 3 1 2 1 1 1 1 1 2 1 2 1 2 1
ARZ015-06 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ARZ015-07 1 2 1 2 1 1 2 2 3 1 2 1 3 1 1 2 2 3 3 2 2 1
AR2015-08 i 1 i ] i Y 2 Y 3 1 Y 1 i 1 i 1 i 1 Y 1 i 2
AR2015-09 i 1 i 1 i Y 2 i i 1 i 1 i 1 i 1 i 1 Y 1 i 1
AR2015-10 2 2 1 2 1 2 2 2 3 2 2 1 1 1 2 1 3 3 3 3 2 2
ARZ015-11 1 2 1 2 1 2 2 2 3 2 2 1 1 1 2 2 2 3 3 2 2 1
AR2015-12 1 1 1 2 1 2 2 2 3 1 2 1 1 1 1 1 2 3 3 1 2 2
ARZ01S-13 1 1 1 1 1 2 2 2 3 2 2 1 1 1 1 2 2 3 3 2 2 2
AR2015-14 i 1 i 1 i Y 1 Y 3 2 Y 1 i 1 i 1 Y 3 3 1 Y 1
AR2015-15 1 1 2 2 2 2 2 2 3 1 2 1 1 1 1 1 2 3 3 1 1 1
AR2015-16 1 1 2 1 2 1 1 1 1 2 1 2 1 1 1 3 1 2 1 1 1 1
ARZ015-17 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 2 1 2 1 1 1
ARZ015-18 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 2 1 1 1 1
AR2015-19 i 1 i 1 i i 1 i i 2 i 1 i 1 i 3 i 3 i 1 Y 1
AR2015-20 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 2 1 3 1 1 1 1
AR2015-21 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1= complete

= partial

3= absent

Dental Aging

Each specimen’s teeth were examined to determine which teeth had erupted. While there
was some variation as to the size of each tooth present, the number, location, and type of tooth that
had erupted were the same in each of the specimens, including the control. Each specimen had
only three teeth that had erupted in the mandible. These teeth are the first incisor, the third incisor,
and canine. When compared to the charts presented by Matschke (1967) each of the specimens fall

consistently between ages zero and twenty days.
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Table 5: Tooth Eruption Chart for the right mandibular teeth.

Specimen#  |LRI* LRI? LRI? LRC LRM2 LRM3 LRM4
AR2015-01 E U E E U U U
AR2015-02 E U E E U U U
AR2015-03 E U E E U U U
AR2015-04 |E U E E U U U
AR2015-05 E U E E U U U
AR2015-06  |E U E E U U U
AR2015-07 E U E E U U U
AR2015-08  |E U E E U U U
AR2015-09 E U E E U U U
AR2015-10  |E U E E U U U
AR2015-11 E U E E U U U
AR2015-12 E U E E U U U
AR2015-13 E U E E U U U
AR2015-14  |E U E E U U U
AR2015-15 E U E E U U U
AR2015-16  |E U E E U U U
AR2015-17 E U E E U U U
AR2015-18  |E U E E U U U
AR2015-19 E U E E U U U
AR2015-20  |E U E E U U U
AR2015-21 E U E E U U U
E=erupted

U= unerupted

Examining the development of the mandibular teeth that had not yet erupted it was
determined that Incisor 1, Incisor 3, and the Canine had all erupted. Incisor 2, Molar 1, Molar 2,
and Molar 3 were determined to be in the enamel formation stage. It was also determined that Pre-
Molar 1 was in the cap stage. Based on the research conducted by Bivin and McClure (1976) and

Matschke (1967) the specimens are between 89 days of fetal development and 20 days postpartum.
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Table 6: Specimen dental development stages. Stages are marked as erupted (E), enamel

(En), and cap (C).

specimen# [LLI' |Lir |nir [toe emt MMM
AR2015-01 [N/A [N/A In/a In/a /A [n/a [N/a /A
AR2015-02 |E En|E E C En  |En En
AR2015-03 |E En |E E C En  |En En
AR2015-04 |E En|E E C En  |En En
AR2015-05 |E En|E E C En  |En En
AR2015-06 |E En |E E C En  |En En
AR2015-07 |E En|E E C En  |En En
AR2015-08 |E En|E E C En  |En En
AR2015-09 |E En|E E C En  |En En
AR2015-10 |E En |E E C En  |En En
AR2015-11 |E En |E E C En  |En En
AR2015-12 |E En|F E C En  |En En
AR2015-13 |E EnJE E C En  |En En
AR2015-14 |E En|E E C En  |En En
AR2015-15 |E En |E E C En  |En En
AR2015-16 |E En |E E C En  |En En
AR2015-17 |E En|E E C En  |En En
AR2015-18 |E En|E E c En  |En En
AR2015-19 |E En|E E C En  |En En
AR2015-20 |E En |E E C En  |En En
AR2015-21 |E En|E E C En  |En En

After examining dental charts by Lysell et al. (1962), Sunderland et al. (1987), and
Ubelaker (1978), it was determined that the development of the pig specimens was approximately
equivalent to the development of a human infant approximately seventeen to twenty-three months

postpartum.

Fracture Reconstruction and Photographs
The fracture reconstruction showed that the blow to the skulls was conducted with enough
force to cause fractures on each skull; there were no skulls that did not have at least one fracture.

The reconstruction process also demonstrated that some of the bones of the skulls had been
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deformed enough to make full reconstruction difficult and in some cases impossible. Furthermore,
some of the more fragile bones of the skull fractured into small enough pieces to make fully
reconstructing the skulls impossible. A few of the bones of the skulls could be reconstructed, but
there was not enough bone left on the piece of the skull it would attach to, therefore they could not

be reconstructed.

Image 14: Specimen AR2015-10 illustrates some of the difficulty in reconstructing the skulls.
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Image 15: Specimen AR2015-11 illustrates some of the difficulty in reconstructing the skulls.

A preliminary examination of the skulls revealed that there was no evidence of trauma on
the control specimen while there was evidence of trauma on each of the other twenty specimens.
Also, it showed that the nasal bones were the only bones on each of the skulls that did not have
any fractures on them at all. Fractures on the frontal made up eighteen percent of the total number
of fractures. Thirty-seven percent of the total number of fractures occurred on the parietals.
Thirteen percent and eleven percent of the total number of fractures occurred on the malars and
temporals respectively. Finally, twenty percent of the total number of fractures were located on

the orbital bones, while one percent occurred on the occipital.
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Table 7: Fracture location by individual bone.

|Specimen # |R Frontal [I. Frontal |I. Parietal R Parietal| Cccipttal |1 Maxilla |R Maxilla I Malar |R Malar |I Temporal R Temporal |R Palatine |1 Palatine | Nasals L Crbit |R Orbit
AR2015-01 X X X X X X X X
AR2015-02 X X

AR2015-03 X X

AR2015-04 X X X

AR2015-05 X X X X X X X X X X
AR2015-06 X

AR2015-07 X X

AR2015-08 X X X X X X
AR2015-09 X X X

ARZ015-10 X X

ARI015-11 X X

AR2015-12 X X

AR2015-13 X X X

AR2015-14 X X X X X X X
AR2015-15 X X

AR2015-16 X X X X X X X
AR2015-17 X X X

AR2015-18 X
AR2015-19 X X X X X X
AR2015-20 | X X X X X X X

There were two skulls that had fractures involving only one bone. Seventeen skulls had
fractures involving three bones, while fifteen skulls had fractures involving four bones. There were
fourteen skulls that had fractures involving five bones and nine skulls that had fractures involving
six or more bones. Finally, one skull had fractures involving eleven separate bones, the most of

any of the skulls.

A total number of one hundred and twenty-eight fractures were observed on the twenty
specimens. One hundred and sixteen of those fractures were measurable and twelve were not. Of
the one hundred and twenty-eight fractures, fifteen were curved fractures. Twenty-five of the one
hundred and twenty-eight fractures were primary, sixty-nine were secondary, twenty-six were

tertiary, and eight could not be classified.

After dividing each skull into four regions the total number of fractures in each region was
recorded. Each fracture in each region was classified as primary, secondary, tertiary, or unknown.

Across all four regions there were twenty-five primary fractures, sixty-nine secondary fractures,
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twenty-six tertiary fractures, and eight unknown fractures. Left Lateral had a total of forty-one
fractures. Left Medial had a total of fourteen fractures. Right Medial had a total of twenty-five
fractures. Finally, Right Lateral had a total of fifty-two fractures. Of the forty-one fractures in Left
Lateral, thirty-six were measurable and six of those were curved fractures. Twenty-five of the
fractures in Left Lateral were primary fractures, thirteen were secondary fractures, one was a

tertiary fracture, and two could not be classified.

Table 8: Fracture configuration for region Left Lateral.

Specimen # |Fracture L.I.1 |Fracture 1.1.2 [Fracture 1.1.3
AR2015-01 [P
AR2015-02

Fracture IL.L4 [Fracture LL5 |Fracture LL&
P N/A
P N/A N/A

ARZ2015-03 N/A N/A N/A
AR2015-04 N/A N/A N/A
AR2015-05 [P N/A N/A N/A N/A
AR2015-06 [N/A N/A N/A N/A N/A
AR2015-07 [N/A N/A N/A N/A
AR2015-08 [P N/A N/A N/A
AR2015-09 N/A N/A N/A
AR2015-10 P N/A N/A
AR2015-11 N/A N/A N/A

AR2015-12 [P N/A
ARZ2015-13 [P

ARZ2015-14 [N/A N/A N/A N/A N/A N/A
AR2015-15 [P N/A N/A N/A N/A N/A
AR2015-16 [P P N/A N/A N/A N/A
AR2015-17 [N/A N/A N/A N/A N/A N/A

AR2015-18 [P P P B A N/A
AR2015-19 N/A N/A N/A N/A N/A
AR2015-20 [P P N/A N/A N/A N/A

Twelve fractures of the fourteen in Left Medial were measurable and three of those were

curved fractures. All the fractures in Left Medial were secondary. Of the twenty-five fractures in
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Right Medial twenty-one were measurable and three of those were curved fractures. All the
fractures in Right Medial were tertiary fractures. Finally, in Right Lateral forty-four of the forty-
eight fractures were measureable and three of those were curved fractures. Forty-two of the forty-

eight fractures were secondary fractures and six could not be classified.

Table 9: Fracture configuration for region Left Medial.

Specimen # [Fracture LM1 [Fracture LM2|Fracture LM3
AR2015-01 |N/A N/A N/A

AR2015-02
AR2015-03

AR2015-04 N/A
AR2015-05 N/A N/A
AR2015-06 N/A N/A

AR2015-07
AR2015-08
AR2015-09
AR2015-10
AR2015-11

AR2015-12 N/A N/A
AR2015-13 N/A N/A
AR2015-14 [N/A N/A N/A
AR2015-15 [N/A N/A N/A
AR2015-16 [N/A N/A N/A
AR2015-17 [N/A N/A N/A
AR2015-18 [N/A N/A N/A
AR2015-19 [N/A N/A N/A
Arz015-20 [STRIRIN/A N/A

40



Table 10: Fracture configuration for region Right Medial.

Specimen # |Fracture RM1

Fracture RM?2

Fracture RM3

Fracture RM4

AR2015-01
AR2015-02
AR2015-03
AR2015-04
AR2015-05

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

AR2015-06 |N/A

N/A

N/A

N/A

AR2015-07 |[N/A
AR2015-08
AR2015-09
AR2015-10
AR2015-11
AR2015-12
AR2015-13

N/A

N/A

N/A

N/A

AR2015-14 N/A N/A N/A
AR2015 15 N/A N/A N/A
AR2015-16 N/A N/A N/A
AR2015-17 N/A N/A N/A
AR201518 |N/A N/A N/A N/A
AR2015-19 |N/A N/A N/A N/A
AR2015-20 N/A N/A N/A
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Table 11: Fracture configuration for region Right Lateral.

Fracture RL3

Specimen # |Fracture RL1 |Fracture RL2

Fracture RL4

Fracture RL5

AR2015-01 N/A
AR2015-02
AR2015-03

N/A

N/A

N/A

N/A

AR2015-04

AR2015-05

AR2015-06
AR2015-07

AR2015-08

N/A N/A
N/A N/A
N/A N/A
N/A N/A

N/A

AR2015-09

AR2015-10

N/A N/A
N/A N/A
N/A N/A

AR2015-11
AR2015-12
AR2015-13
AR2015-14

AR2015-15 N/A

N/A

N/A

N/A

N/A

N/A
N/A

AR2015-16
AR2015-17
AR2015-18

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A
N/A

AR2015-19 N/A N/A

N/A

N/A

AR2015-20 N/A

Next each fracture in each region was examined and classified. Of the fifteen LL1 fractures,
thirteen were measurable, ten were primary, four were secondary, and one could not be classified.
There were ten LL2 fractures and eleven were measurable, five were primary, four were secondary,
and one could not be classified. Of the seven LL3 fractures six were measurable, five were primary
and two were secondary. A total of five LL4 fractures were observed, five were measurable, three

of those were primary fractures and two were secondary. Of the two LL5 fractures, both were

N/A

measurable, one was primary and one was secondary.

In Left Medial there were nine LM1 fractures eight were measurable. Six of the nine
fractures were primary fractures and three were secondary fractures. Of the four LM2 fractures,
three were measurable, two were primary, and two were secondary. There was only one LM3
fracture and it was measurable and secondary. In Right Medial there were eleven RM1 fractures,

all were measurable, and all were tertiary fractures. There were seven RM2 fractures five were
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measurable and all of them were tertiary fractures. Of the four RM3 fractures all were measurable

and all were tertiary. There was only one RM4 fractures and it was measurable and tertiary.

In Right Lateral there were eighteen RL1 fractures sixteen were measurable, sixteen were
secondary, and two could not be classified. Of the fourteen RL2 fractures thirteen were
measurable, twelve were secondary, and one could not be classified. There were ten total RL3
fractures all were measurable, eight were secondary, and two could not be classified. Finally, of

the five RL4 fractures all were measurable, four were secondary, and one could not be identified.

Microscopic Analysis

Of the one hundred and sixteen measurable fractures observed on each of the twenty
skulls, a total of sixty-one fractures were able to be measured and photographed with the
microscope. For all four regions combined the mean of the measurements was 10.05 mm, the
standard deviation was 3.78, the minimum measurement was 1.74 mm, and the maximum

measurement was 16.43 mm.

In the Left Lateral Region seventeen fractures measured. The mean of the measurements
was 11.95 mm, the standard deviation was 3.93, the minimum measurement was 3.46 mm, and
the maximum measurement was 16.43 mm. In the Left Medial Region four fractures were
measured. The mean of these measurements was 10.92 mm, the standard deviation was 3.56, the
minimum measurement was 8.56 mm, and the maximum measurement was 16.12 mm. Twelve
fractures were measured in the Right Medial Region. The mean of these measurements was 9.06
mm, the standard deviation was 2.70, the minimum measurement was 3.69 mm, and the
maximum measurement was 13.68 mm. Finally, twenty-eight fractures were measured in the

Right Lateral Region. The mean of these measurements was 9.18 mm, the standard deviation
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was 3.82 mm, the minimum measurement was 1.74 mm, and the maximum measurement was

15.46 mm.

Image 16: AR2015-01 fracture RL1 microscope picture and measurement.

Image 17: AR2015-05 fracture LM 1 microscope picture and measurement.
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Image 18: AR2015-08 fracture RL3 microscope picture and measurement.
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Table 12: Microscope measurements for region Left Lateral.

Specimen # Fracture LLI.1 mmnjFracture I.I.2 mi| Fracture I.I.3 mmn Fracture L4 mm Fracture L5 mn
AR2013- 01 14.39/N/A 16.43 15.2 14.83
AR2013-02 N/A 11.16/N/A N/A N/A

AR2015-03 14.51[N/A N/A N/A N/A

AR2013-04 N/A 9.14|N/A N/A N/A

AR2013-05 N/A N/A N/A N/A N/A

AR2013-06 N/A N/A N/A N/A N/A

AR2013-07 9.07|N/A N/A N/A N/A

AR2015-08 12.95N/A N/A N/A N/A

AR2015-09 N/A N/A N/A N/A N/A

AR20153-10 4.49|N/A 346|N/A N/A

AR2015-11 16.15[N/A N/A N/A N/A

AR2015-12 N/A N/A N/A N/A N/A

AR2015-13 N/A N/A N/A N/A 9.04
AR2015-14 N/A N/A N/A N/A N/A

AR2015-15 N/A N/A N/A N/A N/A

AR2015-16 16.41 11.02|N/A N/A N/A

AR2015-17 N/A N/A N/A N/A N/A

AR2015-18 N/A N/A 13.74 11.24|N/A
AR2013-19 N/A N/A N/A N/A N/A

AR2015-20 N/A N/A N/A N/A N/A

Average 12.56714286 10.44 11.21

SD 4.326637317 1.128007092 6.84513696

Average of Section 11.95470588

SD of Section 3.933450047

Minimum 9.07 9.14 346

Maximum 16.41 11.16 16.43

Min of Section 3.46

Max of Section 16.43

46



Table 13: Microscope measurements for region Left Medial.

Specimen # Fracture LM1 mm |Fracture LM2 mm |Fracture LM3 mm |Fracture LM4 mm
AR2015- 01 N/A N/A N/A N/A
AR2015-02 N/A N/A N/A N/A
AR2015-03 8.68 10.33|N/A N/A
AR2015-04 N/A N/A N/A N/A
ARZ2015-05 16.12|N/A N/A N/A
AR2015-06 N/A N/A N/A N/A
AR2015-07 N/A N/A N/A N/A
AR2015-08 N/A N/A N/A 8.56
AR2015-09 N/A N/A N/A N/A
ARZ2015-10 N/A N/A N/A N/A
AR2015-11 N/A N/A N/A N/A
AR2015-12 N/A N/A N/A N/A
AR2015-13 N/A N/A N/A N/A
AR2015-14 N/A N/A N/A N/A
AR2015-15 N/A N/A N/A N/A
ARZ2015-16 N/A N/A N/A N/A
AR2015-17 N/A N/A N/A N/A
AR2015-18 N/A N/A N/A N/A
AR2015-19 N/A N/A N/A N/A
AR2015-20 N/A N/A N/A N/A
Average 12.4

SD 5.260874452

Ave of Section 10.9225

SD of Section 3557868041

Min of Section 8.56

Max of Section 16.12
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Table 14: Microscope measurements for region Right Medial.

Specimen # Fracture RM1 mm |Fracture RM2 mm |Fracture RM3 mm |Fracture RM4 mm
AR2015-01 |N/A N/A N/A N/A
AR2015-02 11.66|N/A 12 59| NVA
AR2015-03 N/A N/A N/A N/A
AR2015-04 N/A 13.68|N/A 9.53
AR2015-05 8.39|N/A N/A N/A
AR2015-06 N/A N/A N/A NFA
AR2015-07 N/A N/A N/A N/A
AR2015-08 N/A N/A 8.27[N/A
AR2015-09 N/A N/A N/A N/A
AR2015-10 6.57 3.69|N/A N/A
AR2015-11 7.46 8.15|N/A N/A
AR2015-12 N/A 9.27|IN/A N/A
AR2015-13 N/A 9. 4|N/A NFA
AR2015-14 N/A N/A N/A N/A
AR2015-15 N/A N/A N/A N/A
AR2015-16 N/A N/A N/A N/A
AR2015-17 N/A N/A N/A N/A
AR2015-18 N/A N/A N/A N/A
AR2015-19 N/A N/A N/A N/A
AR2015-20 N/A N/A N/A NFA
Average 3.52 3.838

SD 2.221305922 3.568006446

Aveg of Section 9.055

SD of Section 2.704267671

Minimum 6.57 3.69

Maxamurm 11.66 13.68

Min of Section 3.69

Max of Section 13.68
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Table 15: Microscope measurements for region Right Lateral.

Specimen # Fracture RL 1 mm |Fracture RI.2 mm |Fracture RI.3 mm |Fracture RI.4 mm |Fracture RL 5 mm
AR2015- 01 TI6|N/A N/A N/A N/A
AR2015-02 15.29 13.72 14.19 12.81|N/A
AR2015-03 N/A 10.1 8.98|N/A N/A
AR2015-04 6.99|N/A N/A N/A N/A
AR2015-05 8.14|N/A N/A N/A N/A
AR2015-06 9.89 5.99|N/A N/A N/A
AR2015-07 N/A 5.75 9.27|N/A N/A
AR2015-08 14.74|N/A 5.53|N/A N/A
AR2015-09 N/A N/A N/A N/A N/A
AR2015-10 N/A N/A N/A N/A N/A
AR2015-11 N/A N/A N/A N/A N/A
AR2015-12 3A43IN/A N/A 5.08 11.49
AR2015-13 5.64|N/A N/A N/A N/A
AR2015-14 N/A 12.2|N/A 7.88IN/A
AR2015-15 N/A N/A N/A N/A N/A
AR2015-16 N/A N/A N/A N/A N/A
AR2015-17 15.46 4.09 12.34 6.98|N/A
AR2015-18 N/A N/A N/A N/A N/A
AR2015-19 12.19|N/A N/A N/A N/A
AR2015-20 9.5 L74IN/A N/A N/A
Average 9.911818182 7.655714286 10.062 8.1875

sD 4.061376166 4.425625595 3.337914019 3.295283245
Average of Section 9.184642857

SD of Section 3.824524645

Minimum 343 1.74 5.53 5.08
Maxinmur 15.46 13.72 14.19 12.81

Min Section 1.74

Max Secion 15.46

Measurements

For regions Left Lateral-Right Lateral combined the mean of the measurements was 12.88

mm, the standard deviation was 6.88, the minimum measurement was 2.76 mm, and the maximum

measurement was 29.84 mm. In Left Lateral, the mean of all the measurements was 14.25 mm,

the standard deviation was 6.42, the minimum measurement was 2.76 mm, and the maximum

measurement was 27.62 mm. For fracture LL1 the mean of the measurements was 13.60 mm, the
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standard deviation was 7.14, the minimum measurement recorded was 2.76 mm, and the maximum
measurement taken was 26.04. The mean of the LL2 measurements was 15.41 mm, the standard
deviation was 7.55, the minimum measurement taken was 5.72 mm, and the maximum
measurement recorded was 28.68 mm. The LL3 fractures had a mean of 11.30 mm, a standard
deviation of 4.43, a minimum measurement of 4.98 mm, and a maximum measurement of 23.89
mm. The LL4 fractures had a mean of 13.19 mm, a standard deviation of 8.30, a minimum of 4.98
mm, and a maximum of 23.89 mm. There were only two LL5 fractures, therefore, summary

statistics were not performed on these fractures.
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Table 16: Fracture measurements for the Left Lateral region.

Specimen Number |Fracture LL1 mm|Fracture LL2 mm |Fracture LL3 mm Fracture LL4 mm |[Fracture LL5mm
AR2015 01 13.32 20.34 16.77 8.65 10.46
AR201502 N/A N/A 15.63|N/A N/A

AR2015-03 14 5|N/A N/A N/A N/A

AR2015-04 N/A 11.44|N/A N/A N/A

AR2015-05 N/A N/A N/A N/A N/A

AR2015-06 N/A N/A N/A N/A N/A

AR2015-07 N/A N/A N/A N/A N/A

AR2015-08 11.48 6.32|N/A N/A N/A

AR2015-09 N/A N/A N/A N/A N/A

AR2015-10 2.76 15.76 4.82 23.89[N/A

AR201511 N/A N/A N/A N/A N/A

AR201512 26.44 27.82 10.05|N/A N/A

AR201513 10.4 16.72 8.93 15.25 9.69
AR2015-14 N/A N/A N/A N/A N/A

AR201515 16.71 N/A N/A N/A

AR201516 16.16 9.21|N/A N/A N/A

AR201517 N/A N/A N/A N/A N/A

AR2015-18 N/A N/A 11.62 12.89[N/A

AR201519 26.04|N/A N/A N/A N/A

AR2015-20 9.88 23.76|N/A N/A N/A

Average: 14.769 16.39625 11.30333333 15.17 10.075
Standard Deviation: 7.219926823 7.309461457 4.425876938 6.422708702 0.544472222
Average of Section: 14.25033333

SD of Section: 6.419325071

Minimum: 2.76 5.72 4.82 4.98 9.69
Maximum: 26.04 28.68 16.77 23.89 10.46
Min Section: 2.76

Max Section: 28.68

In Left Medial, the mean of the measurements was 17.19 mm, a standard deviation of 6.18,
a minimum measurement of 4.78 mm, and a maximum measurement of 29.84 mm. For the LM1
fractures the mean of the measurements taken was 17.12 mm, the standard deviation was 7.19, the
minimum measurement was 4.78 mm, and the maximum measurement was 29.84 mm. For the
LM2 fractures the mean of the measurements taken was 17.33 mm, the standard deviation was

3.54, the minimum measurement was 13.36 mm, and the maximum measurement was 20.17 mm.

51



Table 17: Fracture measurements for the Left Medial region.

Specimen Number  |Fractre LM1 mm)|Fracture LM2 mm|Fracture LM3 mm |Fracture LM< mm
AR2015- 01 N/A N/A N/A N/A
AR2015-02 N/A N/A N/A N/A
AR2015-03 10.42 981|N/A N/A
AR2015-04 N/A N/A N/A N/A
AR2015-05 11.93|N/A N/A N/A
AR2015-06 N/A N/A N/A N/A
AR2015-07 N/A N/A N/A N/A
AR2015-08 18.93 13.36| N/A 7.84
AR2015-09 29.84 18.46 N/A N/A
AR2015-10 N/A N/A N/A N/A
AR2015-11 11.31 20.17|N/A N/A
AR2015-12 N/A N/A N/A N/A
AR2015-13 20.29|N/A N/A N/A
AR2015-14 N/A N/A N/A N/A
AR2015-15 N/A N/A N/A N/A
AR2015-16 N/A N/A N/A N/A
AR2015-17 N/A N/A N/A N/A
AR2015-18 N/A N/A N/A N/A
AR2015-19 N/A N/A N/A N/A
AR2015-20 N/A N/A N/A N/A
Average: 17.12 15.45

Standard Dewviation: 7.492737817 4.743985666

Average of Section 15.66909091

SD of Section: 6.498763659

Minimmn: 10.42 9.81

Maximmum: 29.84 20.17

Min Section: 7.84

Max Section: 29.84

In Right Medial, the mean all the measurements taken was 11.76 mm, the standard
deviation was 5.96, the minimum measurement was 4.04 mm, and the maximum measurement
was 24.79 mm. For the RM1 fractures the mean of the measurements taken was 12.78 mm, the
standard deviation was 6.77, the minimum measurement was 4.04 mm, and the maximum
measurement was 24.79 mm. The Rm2 fracture measurements had a mean of 11.28 mm, a standard

deviation of 4.21, a minimum measurement of 6.74 mm, and a maximum measurement of 23.42
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mm. The RM3 fracture measurements had a mean of 11.47 mm, a standard deviation of 6.72, a
minimum measurement of 4.64 mm, and a maximum measurement of 18.29 mm. There was only

one RM4 fracture, therefore, summary statistics were not calculated.
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Table 18: Fracture measurements for the Right Medial region.

Specimen Number  [Fractire RM1 mm|Fracture RM2 mum|Fracture RM3 mm|Fracture RM4 mm
AR2015- 01 N/A N/A N/A N/A

AR2015-02 7.43 10.68[N/A N/A

AR2015-03 N/A N/A N/A N/A

AR2015-04 8.33 16.93 4.64 9.53
AR2015-05 7.03[N/A N/A N/A

AR2015-06 N/A N/A N/A N/A

AR2015-07 N/A N/A N/A N/A

AR2015-08 21.11[N/A 0.88|N/A

AR2015-09 N/A N/A N/A N/A

AR2015-10 7.78 3.2|N/A N/A

AR2015-11 13.46 9.85|N/A N/A

AR2015-12 24.79 10.75 16.07 5.65
AR2015-13 16.9 6.74 18.29|N/A

AR2015-14 N/A N/A N/A N/A

AR2015-15 5.53|N/A N/A N/A

AR2015-16 N/A N/A N/A N/A

AR2015-17 9.69|N/A N/A N/A

AR2015-18 N/A N/A N/A N/A

AR2015-19 N/A N/A N/A N/A

AR2015-20 N/A N/A N/A N/A

Average: 13.01823529 9.691666667 11.47

Standard Deviation: 6.636244336 4.210102928 6.717871687

Average of Section: 11.75833333

SD of Section: 5.74683892

Mininmum; 4.04 6.74 4.64

Maximum; 24.79 23.42 18.29

Min Section: 4.04

Max Section: 24.79

Finally, the measurements taken in Right Lateral had a mean of 9.03 mm, a standard
deviation of 5.43, a minimum measurement of 2.97 mm, and a maximum measurement of 25.40
mm. The RLI1 fracture measurements had a mean of 9.38 mm, a standard deviation of 6.27, a
minimum measurement of 2.99 mm, and a maximum measurement of 25.12 mm. RL2 fracture
measurements had a mean of 7.76 mm, a standard deviation of 3.96, a minimum measurement of
2.97 mm, and a maximum measurement of 25.40 mm. For the RL3 fractures the mean, standard

deviation, minimum, and maximum were calculated as 10.07 mm, 6.10, 2.93 mm, and 18.73 mm
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respectively. Finally, the RL4 fracture measurements had a mean of 9.20 mm, a standard deviation

of 5.10, a minimum measurement of 7.09 mm, and a maximum measurement of 18.20 mm.

Table 19: Fracture measurements for the Right Lateral region.

Specimen Number Fracture RI.1 mm |Fracture RL2 mm{Fracture RI1.3 mm__[Fracture RL.4 mm|Fracture RL.5 mm
AR2015- 01 4.78|N/A N/A N/A N/A
AR2015-02 N/A 9.35 7.83 18.2|N/A
AR2015-03 25.12 4.93 2.93|N/A N/A
ARZ2015-04 1047 N/A N/A N/A N/A
ARZ2015-05 8.56 10.81 8.65|N/A N/A
AR2015-06 4.81 2.97IN/A N/A N/A
AR2015-07 N/A 4.33 15.58 7.37[N/A
AR2015-08 18.4 6.96 4.64|N/A N/A
AR2015-09 T.O07|N/A N/A N/A N/A
ARZ2015-10 5.37 5.2 SA1N/A N/A
AR2015-11 N/A N/A N/A N/A 11.3
AR2015-12 2.99|N/A N/A 5.54N/A
AR2015-13 4.67|N/A N/A N/A N/A
AR2015-14 8.83 12.38 18.73 T.78[N/A
AR2015-15 N/A 16|N/A N/A N/A
AR2015-16 N/A N/A N/A N/A N/A
AR2015-17 15.08 6.88 16.82 7.09[N/A
AR2015-18 N/A N/A N/A N/A N/A
AR2015-19 10.18|N/A N/A N/A N/A
ARZ2015-20 4.97 5.59|IN/A N/A N/A
Average: 9.378571429 7.763636364 10.07375 9.196
Standard Deviation: 6.26545088 3.955594197 6.096043067 5.104236476
Average of Section: 9.091538462

SD of Section: 5.365068398

Minimum: 2.99 2.58 2.93 7.09
Masximum: 25.12 254 18.73 18.2

Min Section: 2.58

Max Section: 254

Curved Measurements

For all of the regions combined the mean of the horizontal measurements was 11.714 mm;
the mean of the vertical measurements was 4.643 mm; and the mean of the angle measurement

was 98.571°. The standard deviation of all of the horizontal measurements was 4.232; for the
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vertical measurements it was 1.499; and for the angle measurements it was 39.391. The minimum
measurement for all the horizontal measurements was 4.00 mm, for the vertical measurements it
was 2.00 mm, and for the angle measurement it was 40°. Finally, the maximum for all the
horizontal measurements was 18.00 mm, for the vertical measurements it was 7.00 mm, and for

the angle measurements it was 150°.

For the horizontal measurements in Left Lateral, the mean was 11.20 mm, the standard
deviation was 1.789, the minimum was 10.00 mm, and the maximum was 14.00 mm. For the
vertical measurements the mean was 4.20 mm, the standard deviation was 1.095, the minimum
was 3.00 mm, and the maximum was 5.00 mm. The angle measurements had a mean of 76°, a
standard deviation of 18.166, a minimum of 70°, and a maximum of 100°. For the horizontal
measurements in Left Medial, the mean was 12.667 mm, the standard deviation was 5.774, the
minimum was 6.00 mm, and the maximum was 16.00 mm. For the vertical measurements the mean
was 5.667 mm, the standard deviation was 1.155, the minimum was 5.00 mm, and the maximum
was 7.00 mm. The angle measurements in Left Medial had a mean of 113.333°, a standard

deviation of 63.509, a minimum of 40°, and a maximum of 150°.
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Table 20: Curved fracture measurements for region Left Lateral.

Region Left Lateral

Pig Number Fracture Number |Horizontal measurement LL (mm) |Vertical measurement LL {mm) [Angle measurement LL (%)
AR2015-01 N/A N/A N/A N/A
AR2015-02 LL2 10 5 80
AR2015-03 LL2 14 3 100
AR2015-04 LL1 10 S 70
AR2015-05 LL1 10 3 80
AR2015-06 N/A N/A N/A N/A
AR2015-07 N/A NFA N/A N/A
AR2015-08 N/A NFA N/A N/A
AR2015-09 NIA N/A NIA N/A
AR2015-10 N/A NFA N/A N/A
AR2015-11 LL1 12 3 50
AR2015-12 N/A NFA N/A N/A
AR2015-13 LL6 10 S 80
AR2015-14 N/A N/A NFA N/A
AR2015-15 N/A NFA N/A N/A
AR2015-16 N/A N/A N/A N/A
AR2015-17 N/A NFA N/A N/A
AR2015-18 N/A N/A N/A N/A
AR2015-19 N/A N/A NFA N/A
AR2015-20 N/A NFA N/A N/A
Average 11 4 7666666667
SD 1.673320053 1.095445115 16.32993162
Min 10 3 70
Max 14 5 100
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Table 21: Curved fracture measurements for region Left Medial.

Region Left Medial

|Pig Number Fracture Number |Horizontal measurement LM (mm) | Vertical measurement LM {mmm) | Angle measurement LM (%)
AR2015-01 N/A N/A N/A N/A

AR2015-02 N/A N/A N/A N/A

AR2015-03 N/A N/A N/A N/A

AR2015-04 N/A N/A N/A N/A

AR2015-05 N/A N/A N/A N/A

AR2015-06 N/A N/A N/A N/A

AR2015-07 N/A N/A N/A N/A

AR2015-08 LM 16 5 150
AR2015-09 N/A N/A N/A N/A

AR2015-10 N/A N/A N/A N/A

AR2015-11 N/A N/A N/A N/A

AR2015-12 LM 6 5 40
AR2015-13 N/A N/A N/A N/A

AR2015-14 N/A N/A N/A N/A

AR2015-15 N/A N/A N/A N/A

AR2015-16 N/A N/A N/A N/A

AR2015-17 N/A N/A N/A N/A

AR2015-18 N/A N/A N/A N/A

AR2015-19 N/A N/A N/A N/A

AR2015-20 LMI1 16 7 150
Average 1266666667 5.666666667 113.3333333
SD 5.773502692 1.154700538 63.50852961
Min 6 5 40
Max 16 7 150

For the horizontal measurements in Right Medial, the mean was 16.333 mm, the standard
deviation was 1.528, the minimum was 15.00 mm, and the maximum was 18.00 mm. The vertical
measurements had a mean of 5.667 mm, a standard deviation of 1.528, a minimum of 4.00 mm,
and a maximum of 7.00 mm. For the angle measurements in Right Medial, the mean was 103.333°,
the standard deviation was 47.258, the minimum was 50°, and the maximum was 140°. The
horizontal measurements in Right Lateral had a mean of 7.00 mm, a standard deviation of 2.646,
a minimum of 4.00 mm, and a maximum of 9.00 mm. For the vertical measurements the mean was
3.333 mm, the standard deviation was 1.528, the minimum was 2.00 mm, and the maximum was
5.00 mm. Finally, the angle measurements in Right Lateral had a mean of 116.667°, a standard

deviation of 32.146, a minimum of 80°, and a maximum of 140°.
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Table 22: Curved fracture measurements for region Right Medial.

Region Right Medial

Pig Number

Fracture Number

Horizontal measurement RM (mm)

Vertical measurement RM (mim)

Angle measurement RM (%)

AR2015-01 N/A N/A N/A N/A
AR2015-02 N/A N/A N/A N/A
AR2015-03 N/A N/A N/A N/A
AR2015-04 N/A N/A N/A N/A
AR2015-05 N/A N/A N/A N/A
AR2015-06 N/A N/A N/A N/A
AR2015-07 N/A N/A N/A N/A
AR2015-08 RM2 15 7 140
AR2015-09 N/A N/A N/A N/A
AR2015-10 N/A N/A N/A N/A
AR2015-11 N/A N/A N/A N/A
AR2015-12 N/A N/A N/A N/A
AR2015-13 N/A N/A N/A N/A
AR2015-14 RM1 18 4 50
AR2015-15 N/A N/A N/A N/A
AR2015-16 N/A N/A N/A N/A
AR2015-17 N/A N/A N/A N/A
AR2015-18 N/A N/A N/A N/A
AR2015-19 N/A N/A N/A N/A
AR2015-20 RM1 16 6 120
Average 16.33333333 5.666666667 103.3333333
SD 1.527525232 1.527525232 47.2581 5626
Min 15 4 50
Max 18 7 140
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Table 23: Curved fracture measurements for region Right Lateral.

Region Right Lateral

Angle Measurements

Pig Number Fracture Number |Horizontal measurement RL{mm) |Vertical measurement RL{mm) |Angle measurement RL (")
AR2015-01 N/A N/A N/A N/A

AR2015-02 RL1 8 3 140
AR2015-03 N/A N/A N/A N/A

AR2015-04 N/A N/A N/A N/A

AR2015-05 N/A N/A N/A N/A

AR2015-06 N/A N/A N/A N/A

AR2015-07 RL1 4 2 80
AR2015-08 N/A N/A N/A N/A

AR2015-09 N/A N/A N/A N/A

AR2015-10 N/A N/A N/A N/A

AR2015-11 N/A N/A N/A N/A

AR2015-12 RL3 9 5 130
AR2015-13 N/A N/A N/A N/A

AR2015-14 N/A N/A N/A N/A

AR2015-15 N/A N/A N/A N/A

AR2015-16 N/A N/A N/A N/A

AR2015-17 N/A N/A N/A N/A

AR2015-18 N/A N/A N/A N/A

AR2015-19 N/A N/A N/A N/A

AR2015-20 N/A N/A N/A N/A

Average 7 3.333333333 116.6666667
sSD 2.645751311 1.527525232 3214550254
Min 4 2 80
Max 9 5 140

The mean of the angle measurements for all regions combines was 104°, the standard

deviation was 46°, the minimum was 10°, and the maximum was 180°.

For Left Lateral the mean of all the angle measurements was 110°, the standard deviation

was 50, the minimum measurement was 15°, and the maximum measurement was 180°. The LL1

fractures had a mean of 115°, a standard deviation of 43, a minimum of 70°, and a maximum of

170°. The LL2 fractures had a mean of 138°, a standard deviation of 43, a minimum of 45°, and a

maximum of 175°. For the LL3 fractures the mean was 89°, the standard deviation 42, the

minimum 35°, and the maximum 160°. The LL4 fractures had a mean of 92°, a standard deviation

of 72, a minimum of 15°, and a maximum of 180°. As the LL5 and LL6 fractures had only two

and one measurement respectively, no summary statistics were calculated.
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Table 24

: Fracture Angle measurements for region Left Lateral.

Specimen #  |Fracture LL1 (%) [Fracture LL2 () [Fracture LL3 () |Fracture LL4 () |Fracture LL5 (*)
AR2015-01 115 175 110 55 50
AR2015-02  |N/A 150 8O|N/A N/A

AR2015-03 145|N/A N/A N/A N/A

AR2015-04  |N/A 140{N/A N/A N/A

AR2015-05  |N/A N/A N/A N/A N/A

AR2015-06  |N/A N/A N/A N/A N/A

AR2015-07  |N/A N/A N/A N/A N/A

AR2015-08 |N/A 150{N/A N/A N/A

AR2015-09  |N/A N/A N/A N/A N/A

AR2015-10 75 45 160 15|N/A

AR2015-11  |N/A N/A N/A N/A N/A

AR2015-12 170 160 BOIN/A N/A

AR2015-13  |N/A N/A 70 180 152
AR2015-14 |N/A N/A N/A N/A N/A

AR2015-15  |N/A N/A N/A N/A N/A

AR2015-16  |N/A 145[N/A N/A N/A

AR2015-17  |N/A N/A N/A N/A N/A

AR2015-18  |N/A N/A 35 L16{N/A

AR2015-19 TO[N/A N/A N/A N/A

AR2015-20 |N/A N/A N/A N/A N/A

Average: 115 137.8571429 89. 16666667 91.5 101
Average of Se 110.125

Standard Devig 43.44536799 42 5105029 42.23939709 72.15030607 72.12489168
SD of Section 50.14094266

Minimurm 70 45 35 15 50
Maxitmum 170 175 160 180 152
Min Section 15

Max Section 180

For Left Medial the mean of all the angle measurements was 100°, the standard deviation
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was 45°, the minimum was 10°, and the maximum was 170°. The LM1 fractures had a mean of
92°, a standard deviation 0f 45°, a minimum of 10°, and a maximum of 160°. The fractures labelled
LM2 had a mean of 112°, a standard deviation of 45°, a minimum of 50°, and a maximum of 170°.
For Right Medial the mean of all the angle measurements was 108°, the standard deviation was
39°, the minimum was 10°, and the maximum was 160°. The RM1 fractures have a mean of 119,
a standard deviation of 45, a minimum of 10, and a maximum of 160. The RM2 fractures have a

mean of 96, a standard deviation of 37, a minimum of 70, and a maximum of 160. The fractures



labelled RM3 have a mean of 96, a standard deviation of 28, a minimum of 60, and a maximum

of 120. Since there were only two RM4 fractures, summary statistics were not calculated.

Table 25: Fracture angle measurements for region Left Medial.

Specimen # Fracture LM]1 () Fracture LM?2 (") Fracture LM3 (*YFracture LM4 (%)
AR2015-01 N/A N/A N/A N/A
AR2015-02 N/A N/A N/A N/A
AR2015-03 55 100|N/A N/A
AR2015-04 N/A N/A N/A N/A
ARZ2015-05 91 [N/A N/A N/A
AR2015-06 N/A N/A N/A N/A
ARZ015-07 N/A N/A N/A N/A
ARZ2015-08 160 170|N/A N/A
AR2015-09 10 101 |N/A N/A
AR2015-10 N/A N/A N/A N/A
AR2015-11 115 S0[N/A N/A
AR2015-12 110 140|N/A N/A
AR2015-13 117 N/A N/A N/A
AR2015-14 N/A N/A N/A N/A
ARZ2015-15 N/A N/A N/A N/A
AR2015-16 N/A N/A N/A N/A
AR2015-17 N/A N/A N/A N/A
AR2015-18 N/A N/A N/A N/A
AR2015-19 N/A N/A N/A N/A
AR2015-20 BO|N/A N/A N/A
Average: 9225 112.2

Standard Deviatl 45.26035793 45.43346784

Average of Sec 99.92307692

SD of Section: 44.55420208

Minimum: 10 50

Maximum: 160 170

Min of section: 10

Max of section: 170
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Table 26: Fracture angle measurements for region Right Medial.

Specimen #  |Fracture RM1 (*)|Fracture RM?2 (*)| Fracture RM3 (") Fracture RM4 (%)
AR2015-01  [N/A N/A N/A N/A

AR2015-02 120|N/A N/A N/A

AR2015-03 [N/A N/A N/A N/A

AR2015-04 160 90 0 90
AR2015-05 [N/A N/A N/A N/A

AR2015-06  [N/A N/A N/A N/A

AR2015-07 [N/A N/A N/A N/A

ARZ015-08 165 70 S0|NFA

AR2015-09 [N/A N/A N/A N/A

AR2015-10  [N/A N/A N/A N/A

AR2015-11 90 90| N/A N/A

AR2015-12 20 70 120 90
ARZ015-13 130 160 115|N/A

AR2015-14 13| N/A N/A N/A

ARZ2015-15 115[N/A N/A N/A

AR2015-16 160[N/A N/A N/A

AR2015-17 160[N/A N/A N/A

AR2015-18  [N/A N/A N/A N/A

AR2015-19  [N/A N/A N/A N/A

AR2015-20 110[N/A N/A N/A

Average: 119.3636364 96 96.25 90
Average of Se 107 1818182

Standard Devig 45.04946776 37.14835124 275

SD of Section: 38.67401781

Minmum: 10 70 &0 90
Maxmmum: 167 160 120 90
Min of Section: 10

Max of Sectior] 160

For Right Lateral the mean of all the angle measurements was 98°, the standard deviation
was 50°, the minimum was 12°, and the maximum was 175°. The fractures labelled RL1 had a
mean of 88°, a standard deviation of 53°, a minimum of 20°, and a maximum of 175°. The RL2
fractures had a mean of 101°, a standard deviation of 46°, a minimum of 15°, and a maximum of
160°. The fractures labelled RL3 had a mean of 120°, a standard deviation of 60°, a minimum of

20°, and a maximum of 160°. Finally, the fractures labelled RL4 had a mean of 85°, a standard
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deviation of 52°, a minimum of 15°, and a maximum of 160°. The analysis of the angle
measurements indicates that there is a large amount of variation among the measurements within

each region well as between the regions.

Table 27: Fracture angle measurements for region Right Lateral.

Specimen # _|Fracture RL1 (*1Fracture RL2 (*|Fracture RL3 ("|Fracture R1L.4 (°
AR2015-01 _ [N/A N/A N/A N/A
AR2015-02  [N/A 150 160 90
AR2015-03 175 15 20[N/A
AR2015-04 110/N/A N/A N/A
AR2015-05 57 142|N/A N/A
AR2015-06 120 100|N/A N/A
AR2015-07 |N/A TOIN/A 160
AR2015-08  |N/A 110 110[N/A
AR2015-09 S6[N/A N/A N/A
AR2015-10  |N/A N/A N/A N/A

AR2015-11 TOIN/A N/A N/A
AR2015-12 120 90|N/A 90
AR2015-13 140|N/A N/A N/A
AR2015-14 70 118 155 70
AR2015-15 |N/A SOIN/A N/A
AR2015-16 |[N/A N/A N/A N/A
AR2015-17 170 160 156 15
AR2015-18  |N/A N/A N/A N/A

AR2015-19 4OIN/A N/A N/A
AR2015-20 20[N/A N/A N/A

Average: 88.30769231 100.5 120.2 85
Average of Se 98.3

Standard Devil  52.66756808 45.95952325 59.6254979 51.96152423
SD of Section]  49.55745534

Minimum: 20 15 20 15
Maximum: 175 160 160 160
Min of Section 12

Max of Sectio 175

64



CHAPTER 5
DISCUSSION
Introduction
This research focused on fracture patterns formed through the induction of non-machine

induced blunt force trauma on stillborn domestic pig specimens. It was hypothesized that blunt
force trauma would have an effect on the infant skull. It was further hypothesized that the fractures
would be consistent in their locations on each of the twenty specimens. Finally, it was hypothesized
that the fractures on the twenty specimens would be similar in size and configuration (primary,

secondary, tertiary, curved, non-curved).

Effect of Blunt Force Trauma

The results of this research indicate that the induction of blunt force trauma with a small
bat has a profound effect on the infant skull. The reconstruction of the fractures showed that all of
the skulls were affected. The fact that the control specimen showed no signs of trauma even after
the process of flesh removal and reconstruction while the twenty other specimens all showed
evidence of trauma clearly indicates that the induction of blunt force trauma with a small bat does

have a profound effect on the infant skull.

Each skull had at least one fracture present, although the total number of fractures on each
skull varied. With a few exceptions, the skulls were difficult to reconstruct. The trauma caused by
the impact of the blunt object onto the skulls created a multitude of fractures that left some of the
bones in pieces. There were a number of skulls that had many of the bones fractured into numerous
pieces, some so small that they could not be reconstructed. Also, there were some pieces of bone
that due to the contours of the skull and the forces of gravity could not be reconstructed without
further damaging the bone. This evidence clearly indicates that the induction of blunt force trauma

with a small bat has an effect on the infant porcine skull.
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Fracture Location

The fracture reconstruction further revealed that there were a total of one hundred and
twenty-eight fractures across the twenty specimens. It was discovered that seventy percent of all
the fractures were located within Left Lateral and Right Lateral. Also, after determining whether
each fracture was primary, secondary, or tertiary, it was determined that sixty-six percent of the
primary fractures and seventy-one percent of secondary fractures were located within Regions Left
Lateral and Right Lateral. After examining all of the curved fractures it was noted that sixty percent
of all the curved fractures occurred within Regions Left Lateral and Right Lateral. However, when
you look at the specific bones within each region, the location of the fractures varies, there was

only two bones (the nasals) that were not affected.

Fracture Size and Configuration

Analysis of the fracture measurements indicate that the fractures in Left Medial were the
longest overall and the fractures in Left Lateral were the shortest. It also indicates that the fractures
in Right Medial fell closest to the mean for all the measurements taken. The measurements all fell
within a range of two millimeters and thirty millimeters. All the standard deviations for each region
a whole as well as for each labelled fracture type (LL1, LM1, RM1, etc) were small, under 8,
which indicates that the all of the measurements taken fell close to the means of their labelled
fracture type as well as the region mean. This indicates that there is only a small amount of

variation among the fractures within each region well as between regions.

For Left Lateral the analysis indicates that LL2 fractures were the largest, LL3 fractures
are the smallest, and LL1 and LL4 fractures fall in between. For Left Medial the analysis indicates
that LM2 fractures were the largest and LM1 fractures were the smallest, however, there was only

0.21 mm difference between their means. Also, there was only a 0.07 mm difference between the
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mean of the LM1 fracture and the mean of the entire region. There was also only a 0.14 mm
difference between the LM2 mean and the mean of the entire region. The examination of Right
Medial fractures indicates that RM1 fractures are the largest, RM2 fractures are the smallest, and
RM3 fractures fall in between. Finally, the analysis of Right Lateral fractures indicates that RL3
fractures were the largest, RL2 fractures were the smallest, and RL1 and RL4 fractures fell in

between.

The standard deviations for the measurements taken of each non-curved fracture in each
region fell within two millimeters of each other. They all fell between 5.3 and 6.7 millimeters. The
low value of the standard deviations indicates that the measurements in each region all fell close
to the mean for all of the measurements taken. The smaller the value of the standard deviation, the
closer the numbers in the data set fall to the mean. This means that the measurements of the
fractures are not spread out over a wide range, but fall closely together. These findings show that
there is a consistency to the size of the fractures produced. The curved fracture measurements also
had small standard deviations. However, both the curved and non-curved angle measurements had
large standard deviations, indicating that there is a large amount of variation in the angle a fracture
travels. This means that length measurements indicate recognizable patterns of fractures, but the

angle measurements do not.

Each fracture was classified according to whether it was a primary, secondary, or tertiary
fracture. The majority of the fractures (fifty-four percent) were primary fractures. Thirty-eight
percent of the fractures were secondary, one percent were tertiary, and six percent could not be
classified. The majority of the primary fractures occurred in Left Lateral. The majority of
secondary fractures occurred in Right Lateral and Left Medial. The majority of the tertiary

fractures occurred in Right Medial and the majority of unclassifiable fractures occurred in Right
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Lateral. This indicates that the majority of fractures that resulted from the impact itself (primary
fractures) occurred in the region containing the impact site (Left Lateral) and caused fractures
(secondary fractures) in the region directly adjacent to it (Left Medial). It also indicates that the
impact created a response in the Right Lateral region causing secondary fractures which in turn
initiated a response in the Right Medial region causing tertiary fractures. These findings further
indicate that a recognizable pattern of fracture development occurs starting with the primary
fractures produced around the impact site, leading to secondary fractures in the region adjacent to
the impact site. It also produces secondary fractures in the region furthest from the impact site

which lead to tertiary fractures being produced in the region directly adjacent to it.

The analysis of the curved fractures indicates that each region overall as well as all the
measurements taken had a small amount of variation between the fractures due to small standard
deviations. The majority of the vertical and horizontal measurements hovered extremely close to
the mean with standard deviations between 1.0 and 2.7. This means that there is almost no variance
among the fractures. A few of the other measurements had standard deviations that fell between
4.2 and 5.8 that, while higher than the rest, still are extremely close to the mean and thus only vary
slightly. Of the one hundred and twenty-eight identifiable fractures on the twenty specimens only
eleven percent (fifteen fractures) were curved the other eighty-nine percent were straight linear
fractures. The majority of the curved fractures, six of them, occurred in Left Lateral, while Regions
Left Medial, Right Medial, and Right Lateral all had three curved fractures each. Finally, the
analysis of the angle measurements indicates that the measurements for each region overall as well
as all the measurements taken had a large amount of variation. This is shown in the large range

and the large standard deviations.
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Microscopic Analysis

Analysis of the microscope measurements show that the fractures in the Left Lateral

Region are the longest overall and the fractures in the Right Medial Region are the shortest

overall. It also shows that the fractures in the Right Medial Region fell closest to its mean of the

four regions. The standard deviation for each region as well as all four regions combined is

small, under 4, which shows that all the measurements taken fall close to their means. This

indicates that there is only a small amount of variation among the fractures measured within each

region as well as between regions.

The standard deviations all fall within 2 millimeters of each other, ranging from 2.70 to

3.93. The smaller the value of the standard deviation, the closer the numbers in the data set fall to

the mean. This means that the measurements of the fractures are not spread out over a wide

range, but fall close together. These findings show that there is a consistency to the length of the

fracture patterns produced. If there was no consistency, then the fracture measurements would

fall into a wider range and the standard deviations would be higher.

In comparison with the measurements taken using the caliper the microscope

measurements are more accurate. The magnification of the microscope and the image quality of

the camera allow for a more in depth examination at each individual fracture. With caliper

measurements, some amount of researcher error can be introduced. The measurements are
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dependent upon the researcher’s ability to correctly use the caliper as well as his or her ability to

accurately determine the initiation and termination points of the fracture. With the microscope,

camera, and Zen 2.0 software some of this error can be reduced. The magnification ability of the

microscope and the image quality allow for a much easier determination of the initiation and

termination points of a fracture. The microscope measurements showed that some fractures are

longer or shorter than the caliper measurements indicated. While the microscope may provide

more accurate measurements there are some limitations to this method as well. For example, any

fracture longer than 16.50 mm could not be measured due to the specifications of the microscope

and camera. While the method of using the microscope to measure the fractures may be more

accurate than caliper measurements it does have its limitations, but it also shows that the

researcher was consistent in their measurement of the fractures with the caliper.
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CHAPTER 6
CONCLUSIONS

The study of blunt force trauma in children is an essential aspect of trauma studies and
biological anthropology. There are numerous studies regarding how blunt force trauma presents
itself on the skulls of adults, but only a few studies have addressed the presentation of blunt force
trauma on the skulls of children, particularly infants. This study examined: the effect blunt force
trauma has on the infant porcine skull and the location, size, and configuration of fractures
produced on the infant porcine skulls. This research was designed as an effort to examine non-
machine induced blunt force trauma to determine if any recognizable patterns of fractures can be
seen.. This would allow the researcher to examine the variability resulting from consistently
applied manually induced trauma. The purpose of this is to aid in the recognition, identification,

and analysis of blunt force trauma in infants in forensic investigations.

The reconstruction of the specimens showed that each skull had at least one fracture present
and most of specimens had more than one fracture present. An external examination of the
specimens before trauma was induced showed that none of the specimens had any evidence of
prior trauma. These findings indicate that blunt force trauma does indeed have an effect on the
infant porcine skull. When examined by region it was noted that the majority (70%) of fractures
were located within the Left Lateral and Right Lateral regions. Also, most primary and secondary
fractures were located in the same regions. Similarly, all the tertiary fractures were located within

the Right Medial region. The researcher can conclude that these findings indicate that there is a
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consistency to the location of where fractures and what types of fractures (primary, secondary, and
tertiary) are produced when examined by region. When the researcher examined individual bones
the location of the fractures varied. Fifty-seven percent of the fractures occurred on each of the
parietals and each of the orbital bones, the other forty-three percent of the fractures occurred on
the other bones of the skull (only the nasal bones were unaffected). The fact that a slight majority
of the fractures occurred on four bones indicates a slight pattern in the location of fracture
production and a slight indication as to a pattern of fracture production. However, it is not as strong

of a pattern as the one shown when examining the fractures by region.

The small variation of the size of the fracture within region and between regions, shown
by the small standard deviations, indicates the fractures produced are of a similar size to each other
and fall within a narrow range. Also, these findings indicate there are recognizable patterns in the
fractures produced by this form of blunt force trauma. However, there is a large variation in the
angle measurements of the fractures. The angle measurements fell within a larger range than the
length measurements. There was a twenty-eight-millimeter difference between the largest and
smallest length measurement and a one-hundred-and-seventy-degree difference between the
largest and the smallest angle measurement. These findings indicate that while there is pattern to

the length of fractures produced there is not any pattern seen in the angle of the fractures produced.

All the primary fractures could be found in the Left Lateral region, all the secondary
fractures could be found in the Left Medial and Right Lateral regions, and all the tertiary fractures
could be found in the Right Medial region. This indicates that across the twenty specimens there
is consistency in the pattern that is formed in the configuration of the fractures. Also, eighty-nine

percent of the fractures found on the specimens were linear fractures and only eleven percent were

72



curved fractures. Similarly, this indicates a general pattern can be seen in the configuration of the

fractures formed in this type of blunt force trauma.

The results of the dental examinations indicate that the pig specimens were between birth
and twenty days old. This shows that all the specimens were of a similar age. The age estimation
methods that could be used with these specimens was limited to dental aging. This method is not
an incredibly accurate method for age estimation, therefore, for future research other methods of
age estimation of the specimens should be examined. There is difficulty in correlating an age that
this research could be applied to human cases because of the differences in dentition between
human deciduous teeth and porcine deciduous teeth. There are differences in the number and type
of deciduous teeth that are present as well as a difference in the development rate of the deciduous

teeth.

The trauma induced on the specimens in this research was induced with one side of the
specimens resting on a solid surface. Future research should be conducted where the specimens
are not resting on a solid surface to determine whether that has an effect on fracture production
and propagation. Future research also should be conducted with specimens of different ages to
contribute knowledge of fracture pattern production in other age groups. Also, further research
should be conducted to contribute knowledge on how and if recognizable fracture patterns occur
with other types of blunt force trauma. Future research should be conducted, if possible, on
specimens that could be fully reconstructed. If all the specimens could be completely reconstructed
it may or may not have affect the conclusion drawn from this study. This research induced trauma
in one specific place, future research should look to examine the fracture patterns created by blunt

force trauma impacts to other parts of the skull as well as other part of the skeleton. Finally, only
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basic statistics were calculated for this research, thus future research should investigate other

statistical methods of analysis.

The results of this analysis indicate that there are some recognizable patterns of fractures
that are consistently produced with regard to this specific age group and type of blunt force trauma.
The region each fracture was located in, the length of each fracture, and the configuration of each
fracture all showed consistent recognizable patterns that could be used to help identify and analyze
blunt force trauma in infants. Other studies such as, Powell et al. (2012), Powell et al. (2013), and
Baumer et al. (2009), have used machines to induce trauma, which gives a more consistent
induction of trauma. However, in real world infant trauma cases, the trauma is not always inflicted
as consistently as a machine would. This means that studies like this one that examine non-machine
induced blunt force trauma more realistically replicates the variability that would be seen in those
cases. The information gleaned from this study will contribute to the knowledge of fracture pattern
production due to a specific type of blunt force trauma. This knowledge can then be applied to
investigations of child abuse and trauma in infants, specifically in regards to how blunt force
trauma is recognized. Finally, the knowledge gained from this research could greatly affect how

anthropologists examine blunt force trauma injuries found in infant cranial material.
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