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THE IDENTIFICATION OF BLUNT FORCE TRAUMA IN THERMALLY
ALTERED REMAINS USING RECONSTRUCTION AND COMPUTED
TOMOGRAPHY
JENNIFER PENDRAY
ABSTRACT

Various traumatic events such as automobile accidents, structure fires, or
terrorist attacks result in traumatic and thermal injury. Fire is a destructive force
that can alter or destroy evidence, and thermal alterations have negative effects
on forensic and anthropological recovery and analysis. Blunt force trauma is
particularly difficult to analyze because of the multiple ways in which this trauma
appears on a body and the variety of objects that can impact and fracture a bone
or the variety of ways a body can impact a blunt surface. As fire is a common
way to cover up a crime and blunt force trauma is used as a means to kill or
injure an individual, it is necessary to understand the differences between these
two types of fractures that can present together on bone. The present study was
performed to determine the amount of survivability of traumatic fracture patterns
in remains that have been exposed to a burning event. The sample used for this
investigation was composed of twenty limbs (forty long bones) from five full-
grown, domestic, female sheep (Ovis aries) obtained from a farm in Connecticut.
Thirty specimens were traumatized with the head of an Estwing ball peen
hammer and ten were left as controls. After specimens were subjected to blunt

force trauma, each was radiographed using Computed Tomography. They were



then placed in a small structure, 8 x 8', that was constructed to simulate the
conditions of a house fire.

Each post-burn bone was analyzed based on a number of characteristics.
A trauma score of “1” no trauma, “2” ambiguous, and “3” traumatic fractures were
given based on these observations. CT scans were examined after bone
samples had been analyzed. Again, each specimen’s CT scan was given a
trauma score (“1” no trauma, “2” ambiguous, and “3” traumatic fractures). Results
from the bone analysis on the 30 traumatized and burned specimens revealed
that 15 did not have trauma, 2 were ambiguous (i.e., they may have trauma but
traumatic characteristics were not distinct), and 13 presented with distinguishable
traumatic injury. Comminuted was the most prominent type of fracture, and the
next most common fracture was oblique. The majority of traumatic injury was
found on the middle portion of the bone. CT examination showed that 12
specimens had suffered traumatic injury. The two analyses were compared and
showed an agreement of 83.3% between the trauma scores. Results show that
differentiation of traumatic and thermally induced fractures is possible using
various fracture characteristics as well as taphonomic indicators to determine the

sequence of events.
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CHAPTER 1: INTRODUCTION

Fire is a destructive force that can alter or destroy evidence, and thermal
alterations have negative effects on forensic and anthropological recovery and
analysis (Symes et al., 2008; Ubelaker, 2009; Waterhouse, 2013a). Remains that
have been subjected to a thermal event present a unique set of challenges to
investigators involved in recovery and identification. Various traumatic events
such as automobile accidents, structure fires, or terrorist attacks can result in
traumatic injury and thermal alteration. These events call for the joint effort of
various individuals in law enforcement and forensic specialists such as
anthropologists. In cases such as these, soft tissue evidence is often inadequate
to understand the traumatic assault that took place, and forensic anthropologists
are uniquely qualified to offer assistance, as they can aid in trauma identification
in bone (Herrmann and Bennett, 1999; Kroman and Symes, 2013; Lovell, 2008;
Mayne, 1990; Mayne Correia, 1997).

Thermally altered remains and traumatic injury to bone has been
extensively researched and highlights the importance of correct fracture
interpretation (Berryman et al., 2013; Galloway et al., 2014; Hart, 2005;
Herrmann and Bennett, 1999; Kroman and Symes, 2013; Kroman et al., 2011,
Kroman, 2007; Symes et al., 2008; Symes et al., 2012; Symes et al., 2014a;
Symes et al., 2014b; Thompson, 2005; Wheatley, 2008). The cause of bone

trauma can be difficult to assess even when remains have not been thermally



altered. Trauma interpretation is especially important in a forensic setting where
the sequence of events or extent of injuries are important variables for an
investigation (Symes et al., 2014a).

The focus of research in skeletal trauma has experienced a shift from
retrospective analysis to experimental or prospective research using animal
models or human remains (Kroman and Symes, 2013). Experimental research
allows for the examination of specific research questions in controlled
environments with the ability to replicate the results (Kroman and Symes, 2013).
Along with this shift in research, forensic anthropologists have begun to
categorize skeletal trauma as a continuum. The new categorization uses
engineering to understand the biomechanics of bone trauma (Kroman and
Symes, 2013; Symes et al., 2012).

Trauma analysis based on biomechanics is unique in that correct
interpretation is based on a number of intrinsic and extrinsic factors (Kroman
2007; Kroman and Symes, 2013; Symes et al., 2012; Symes et al., 2014a;
Zephro and Galloway, 2014). Extrinsic factors relate to the impacting force, and
intrinsic factors include material and structural properties of bone (Berryman,
2013; Kroman, 2007; Symes et al., 2014a). The extrinsic factor, force, dictates
the response of bone. For example, a slow loading force such as blunt force
trauma allows bone an extended period to recover from the stress before
returning to its original shape (Symes et al., 2014a). It has been demonstrated

that a specific trauma, such as blunt force, will produce a range of specific



fractures patterns (Galloway et al., 2014; Symes et al., 2012). Before forensic
anthropologists can quantify fracture morphology, they must first understand the
difference between wet or fresh bone and dry bone. Wet or fresh bone is stiff and
elastic due to the high moisture content and fresh marrow, which increase its
ability to absorb stress (Symes et al., 2014a; Wheatley, 2008). In contrast, dry
bone is stiff and brittle due to the decreased moisture content, which decreases
the bone’s ability to absorb stress (Symes et al., 2014a; Wheatley, 2008). The
differential biomechanical response between these types of bones is important to
consider when examining fracture patterns. Anthropologists categorize fracture
morphology in wet bone versus dry bone in three ways (Symes et al., 2014a).
Outline is the general appearance of the fracture lines; angle is the slope of the
surfaces; and surface refers to the roughness (or consequently smoothness) of
the cross section of the fracture (Symes et al., 2014a; Zephro and Galloway,
2014).

Generally, skeletal trauma is classified according to three categories and
blunt force trauma is the focus of the current study (Symes et al., 2012). Blunt
force trauma is particularly difficult to analyze because of the multiple ways that
objects can impact and fracture a bone and the objects that a body can impact
and cause fracture (Gupta and Zioupos, 2008; Komar and Lathrop, 2012; Symes
et al., 2012; Symes et al., 2014a). This type of skeletal trauma can occur in an
accident, fall, assault, or vehicular incident and often produces specific fracture

patterns. Due to the variety of actions that cause blunt force trauma, there is a



multitude of ways injury could appear on the body, which requires many steps in
analyzing blunt force trauma (Grevin et al., 1998). Reconstruction must be
performed first in which fragments of bone are fitted together either using glue or
wax to examine the totality of the fracture (Symes et al., 2012). Macroscopic
analysis requires a description of the outline and margin of the fractures present
on a bone (Symes et al., 2012). Fractures common to blunt force trauma are
transverse, oblique, spiral, comminuted as well as a specific subset of
comminuted, butterfly (Berryman et al., 2013; Symes et al., 2012; Zephro and
Galloway, 2014). With blunt force trauma injury there can be a clear sign of an
impact, which is where fractures first originate (Kroman and Symes, 2013).
Therefore, severe plastic deformation is a key feature used to indicate blunt force
trauma (Symes et al., 2012).

The process of fire consumption to a body is crucial to understanding
fracture patterns in remains that have been subjected to a thermal event. If
victims are recovered during the early stages of a fire, they will present with
blistering, splitting, or charring of the skin but still retain identifiable features
(Pope, 2007). A body remaining in the fire for a longer period or at higher
temperatures will exhibit advanced heat-related changes of charring of the soft
tissues with exposure of bone (Pope, 2007). At this stage, identifying features will
be distorted, and alternative methods are required to ascertain the identity of the
victim. If a body continues to burn past this point, it will exhibit distorted and

shrunken muscles with portions of bone exposure. To aid in the identification of



the fire consumption stages, the Crow-Glassman Scale (CGS) was devised to
categorize the burning of human remains into five progressive levels, which can
be used by an individual who is the first responder to the scene or the Medical
Examiner (Glassman and Crow, 1996).

Skeletal material that is exposed to prolonged fire will be subjected to
additional heat-related changes of colors, fractures, and fragmentation (Pope,
2007). Studies at both macroscopic and microscopic levels show that when
exposed to heat, bone shrinks, splits, and cracks (Bradtmiller and Buikstra, 1984;
Nelson, 1992). It was found that extreme heat caused significant changes in
measurements of bone microstructure due to the increase in canal size and
decrease in the area of the osteon (Nelson, 1992). In addition, as bone is
exposed to heat it goes through stages of carbonization and calcination caused
by the loss of organic substances (Symes et al., 2014b). Carbonization causes
the bone to turn black as a result of the loss of organic substances such as bone
marrow, which are combusted as well (Fairgrieve, 2008). As the loss of organic
components continues, calcination occurs, which results in colors from gray to
blue-gray and finally white that occurs when bone reaches total calcination
(Fairgrieve, 2008). During this process, bone will deform and cause heat-induced
fractures that result from the dehydration of collagen, which decreases the
elasticity of bone (Castillo et al., 2013; Herrmann and Bennett, 1999; Symes et

al., 2014b).



Although aspects of trauma have been researched by a number of
individuals, there is a lack of overlapping research of thermal alteration and blunt
force trauma. As fire is a common way to cover up a crime (Fairgrieve, 2008;
Kroman and Symes, 2013; Pope, 2007; Poppa et al., 2011; Symes et al., 2008;
Symes et al., 2014b) and blunt force trauma is often used as a means to injure or
kill an individual, it is necessary to understand the differences between these two
types of alterations that can present together on bone. The question of whether
fractures found on a bone were caused antemortem, perimortem, or postmortem
is central to trauma interpretation, which increases in difficulty as remains are
exposed to longer duration or higher temperature fires (Bohnert et al., 1998).
Research that has been performed in the survival of traumatic injury on thermally
altered bone has been largely related to sharp force trauma (Ambade and
Godbole, 2005; De Gruchy and Rogers, 2002; Herrmann and Bennett, 1999;
Poppa et al., 2011; Symes et al., 2008; Ubelaker, 2009) or injuries to the cranium
(Bohnert, 1997; Poppa et al., 2011; Pope and Smith, 2004). Signatures from
sharp force trauma are vastly different than those of blunt force trauma and have
differential survival during burning (Humphrey and Hutchinson, 2001; Kooi and
Fairgrive, 2013; Lynn and Fairgrieve, 2009). In addition, due to the shape and
function of the cranium, it responds differently to stressors and therefore is not
equivalent to the response from stressors in long bones. Although much research

has been performed in traumatic and thermal alteration to bones, there is a



paucity of literature that confronts the issue of differentiating blunt force injury on
long bones that have been subjected to thermal alteration.

Thermally induced fractures can easily mimic the fracture signatures left
by blunt force trauma (Herrmann and Bennett, 1999; Fairgrieve, 2008; Pope and
Smith, 2004; Symes et al., 2012). Unfortunately, the two signatures can occur on
the same bone, making an identification of the events that occurred to the bone
extremely difficult. The lack of research of this nature is an issue when

confronting any human remains that have been subjected to a burning event.

Research Objectives

The present research investigates the fracture patterns of blunt force
trauma in bone after it has been subjected to a thermal event. Multiple questions
were explored regarding the survivability of traumatic patterns on burned
osteological remains. The current research reconstructed the recovered
osteological remains to provide an assessment of initial, pre-burn, trauma. The
author explored the effects of burning on the patterns of fractures of blunt force
trauma and if thermal fracture patterns precluded accurate analysis of injury. A
guantification of the amount of force required to produce a break in the
specimens was also examined as well as the association of the amount of force
with the fracture pattern. Finally, the present research examined the accuracy of
trauma interpretation, including fracture outline and location, on thermally altered

skeletal remains using reconstruction and computed tomography (CT). The



biomechanical responses of these two events differ; therefore, the fracture
morphology between blunt trauma and thermal alteration should differ as well
(Kroman, 2007). The hypothesis tested was ascertaining if morphological
characteristics of blunt force trauma were discernable and identifiable on
incinerated remains by the variation in propagation, outline, angle, and surface of
fractures in thermally altered skeletal material.

The present study was performed to determine the amount of survivability
of fracture patterns present in traumatized remains that have been exposed to a
burning event. This work examined the ability to identify fracture patterns on long
bones that have been subjected to a number of taphonomic processes. The work
performed here can be applied to situations in which blunt force trauma and
thermal alteration present together on an individual, such as the attempt to cover
homicidal actions, fatalities from arson, structure fires, or vehicular accidents. Of
special concern to forensic anthropologists is the occasion when a perpetrator
attempts to disguise or dispose of evidence by burning. These situations provide
a complex set of variables for investigators to analyze, which requires knowledge
of multiple fracture types and the ability to identify the sequence of events that

occurred on skeletal remains.



CHAPTER 2: PREVIOUS RESEARCH

Biomechanics and Biology of Bone

Bone is made up of organic and inorganic materials consisting of hard and
soft tissues, which influence the mechanical response to force (Symes et al.,
2014a). The study of biomechanics is defined as the examination of living tissues
reacting to the applications of forces and energies (Kroman and Symes, 2013).
The study of bone biomechanics and bone fracture is based on and uses
terminology and theories of mechanical engineering (Turner and Burr, 1993;
Zephro and Galloway, 2014). Biomechanics can be applied to bone because of
Newton’s third law (for every action there is an equal and opposite reaction),
which can then be applied to fracture production (Hart, 2005). Therefore, bone
behaves in a predicable manner to stresses based on a number of factors.

The mechanical behavior of bone in response to stressors is based on
several intrinsic and extrinsic factors that will ultimately determine the creation of
injuries and fractures (Berryman et al., 2013; Kroman and Symes, 2013). Intrinsic
factors include the structure and shape of bone, while extrinsic factors include
basic principles of biomechanics such as load or force (Berryman el al., 2013;
Kroman and Symes, 2013). Therefore, bone failure and fractures occur in
expected ways, because there are only a finite amount of ways in which a bone

can fail (Passalacqua and Fenton, 2012).



Bone Structure

Bone is a complex material that serves to support the body, protect
organs, anchor muscles and assist with movement (Symes et al., 2014a; White
et al., 2005). Bone is non-homogeneous in regards to the variety of shapes and
types of bone, the location, the surface, and the microstructure of bones (Symes
et al., 2014a). Bone is considered a heterogeneous material, because it is
composed of both organic and inorganic components (Zephro and Galloway,
2014). The bulk of the inorganic, or mineral, component of bone is calcium
hydroxyapatite (Hart, 2005; White et al., 2005; Zephro and Galloway, 2014). This
portion of the bone provides rigidity, hardness, and strength in compression
(Symes et al., 2012). The organic component of bone is composed of collagen
and proteins and provides the bone with elasticity, flexibility, and strength in
tension (Hart, 2005; Symes et al., 2012; White et al., 2005; Zephro and
Galloway, 2014). This portion is ductile indicating that bone is a strong but
flexible material (Hart, 2005). Human bone is composed of a matrix of primary
and secondary osteons also known as Haversian bone, which contributes to
other features of bone (Kroman, 2007; Zephro and Galloway, 2014). The bones
of large herbivores, such as the sheep used in this study are generally composed
of plexiform bone, which is rarely found in humans, although sheep can contain
primary and secondary osteons (Zephro and Galloway, 2014).

There are two forms of bone within the skeleton, cortical or compact and

cancellous or trabecular (Kroman and Symes, 2013). Although these two

10



categories of bone are composed of the same materials, the morphological
structure differs. Cortical bone is dense, solid, and stiff which is found in the shaft
of bone and external walls (Kroman and Symes, 2013; White et al., 2005).
Cancellous bone is a porous and lightweight honeycomb structure found in areas
such as the ends of long bones, in short bones, or within flat bones (Kroman and
Symes, 2013; White et al., 2005). Due to the differences in structure, cortical and
cancellous portions of bone differ in response to force (Beaupied et a., 2007,
Kroman and Symes, 2013).

Since bone is non-homogeneous, it is considered an anisotropic material
(Berryman et al., 2013; Kroman and Symes, 2013; Symes et al., 2014a; Symes
et al., 2012; Zephro and Galloway, 2014). Bone is an anisotropic material due to
its intrinsic properties and differential functions in the skeleton (Symes et al.,
2014a). This indicates that the mechanical properties of bone are dependent on
the direction of the load and will produce a differential response to the load
(Berryman et al., 2013; Symes et al. 2014a). As a result, the location and
direction of force in a traumatic injury will be an important consideration in
interpreting injury (Symes et al., 2014a). Bone is also a viscoelastic material
(Berryman et al., 2013; Kroman and Symes, 2013; Symes et al., 2014a; Symes
et al., 2012). Viscoelastic materials behave as either an elastic or resistant
material depending on the strain applied (Kroman and Symes, 2013). Therefore,
bone will respond like a pliable material with some elasticity that can return to its

original shape after an act of deformation (Berryman et al., 2013). Viscoelastic
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properties also dictate that a material will behave in different ways dependent on
the rate and duration of loading (Kroman and Symes, 2013). This plays an
important role in trauma interpretation, because it can indicate the load that
caused the injury.

The structure of bone is an important consideration when examining the
response of bone to a stressor, as the configuration of bone causes differences
in the appearance of injury and fractures. A variety of responses will be
expressed when a bone is subjected to a stressor because of these intrinsic
properties. Thus, the specific bone, location of injury, and type of bone will be
important in describing and determining the mechanism of injury (Symes et al.,
2012). These intrinsic properties will influence many characteristics of trauma but

are not the only variables; extrinsic properties must be considered as well.

Basic Principles of Biomechanics

The study of bone fracture is based on engineering and therefore uses
similar terminology (Zephro and Galloway, 2014). This terminology is used to
define extrinsic factors such as strength, stress, strain, load, and force. These
variables are vital to examining traumatic injury in a bone, because they affect
fracture appearance and propagation.

Strength can be understood as the maximum load or force that a material
can withstand before breaking (Zephro and Galloway, 2014). The strength of a

material is the amount of energy it can absorb before permanent deformation

12



(Symes et al., 2014a). Strength, or maximum load capacity, of bone will
ultimately depend on the type of loading (Sharir et al., 2008). There are many
different measures of bone strength. Yield strength is the stress at which
permanent damage occurs within the bone and it is plastically deformed
(Daegling et al., 2008; Turner and Burr, 1993). The ultimate strength is defined
as the stress a bone can sustain and the breaking strength is the stress at which
a bone breaks; these are often equal (Turner and Burr, 1993). Ultimate strength
also refers to the stress at which a bone will fracture macroscopically (Daegling
et al., 2008). Strength can also be viewed in terms of material strength and
structural strength. Structural strength is defined as the load at failure whereas
material strength is the stress at failure (Daegling et al., 2008). These definitions
refer to the morphological differences between bones causing the structural or
material strength to differ in each bone. It is important to note that strength is an
intrinsic property of bone based on its dependence on the size and shape of the
bone (Turner and Burr, 1993); however, due to its biomechanical principles,
strength is largely influenced by extrinsic properties.

Stress and strain are fundamental to bone biomechanics (Turner and Burr,
1993). Stress is defined as force divided by surface area and is measured in
newtons (N) (Sharir et al., 2008). Stress is the deformation of an object (Hart,
2005). In contrast, strain is the change or distortion of an object and is the
magnitude of a load (Hart, 2005; Kroman and Symes, 2013; Turner and Burr,

1993). This is defined as the percentage change in length and is also called
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relative deformation (Kroman and Symes, 2013; Turner and Burr, 1993). The
ratio of change in dimensions from the original is observed in length, width,
height, area, or angulation and can be a negative or positive change depending
on the direction of the force (Zepho and Galloway, 2014). Strain is a ratio of
length calculated as: increased length/original length (Kroman, 2007). The
relationship between strain and strain is defined in a curve that shows failure of a
material (Symes et al., 2014a) and will be discussed further in the next section.

Force is defined as an influence that is applied to a free body and causes
a change in motion or results in deformation of an object (Kroman and Symes
2013; Symes et al., 2012). A force, more simply, pushes or pulls on an object
(Kroman and Symes, 2013). Force (F) is calculated as mass (m) times
acceleration (a) measured in newtons or pounds (Ibs) (Kroman and Symes,
2013). Magnitude, position of force within the body, and direction of force can all
be described by force (Hart, 2005). Force can affect objects in a number of ways
such as internally or externally, perpendicularly, angled, or tangentially, and may
have gravitational, frictional, tensile, compressive, or shear components (Zephro
and Galloway, 2014). A number of various forces are commonly responsible for
creating fractures or failures in bone (Zephro and Galloway, 2014). Tensile forces
produce loads that pull a material apart, while compressive forces occur when
those loads push a material together (Zephro and Galloway, 2014). Tension
develops when the loads applied cause a material to be stretched, and

compression occurs when a material becomes shorter (Turner and Burr, 1993).
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In contrast, shear forces are created when the load applied to a material is
parallel to the surface but in opposite directions basically sliding one part of the
material across adjacent parts (Symes et al., 2012; Zephro and Galloway, 2014).
Anthropologists, as compared to engineers, do not observe pure compression or
tension fractures in bone, because these forces do not usually occur individually
in real-life situations (Symes et al., 2012). Therefore, the morphology of fractures
is an interaction of tensile, compressive, and shear forces (Symes et al., 2014a).
Force plays a significant role in trauma interpretation, because the amount of
external force applied will influence the level of injury (Kroman, 2007).

Load, in relation to force, is defined as the combination of forces sustained
by an object (Kroman and Symes, 2013). Load can cause failure of bone in
bending, torsion, and other combinations of forces (Zephro and Galloway, 2014).
Bending is a combination of forces that causes tension on one side of a material,
compression on the other side, and shear in the middle (Zephro and Galloway,
2014). Torsion occurs when a load applied causes the material to twist around its
axis, which leads to torque within the material (Zephro and Galloway, 2014). An
example of fracture propagation based on these principles is as follows: when a
material, like bone, is stronger in shear than tension, the resulting fracture will
occur at a 45-degree angle to the long axis (Zephro and Galloway, 2014). There
are two types of loading that occur. Static loading refers to a load that is
constant, and dynamic loading refers to a load of high energy that causes a bone

to break quickly (Zephro and Galloway, 2014). Load and force are important
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factors in trauma biomechanics, as the direction and amount of force or load are
substantial variables in the interpretation of fractures (Kroman and Symes, 2013).

Stiffness and toughness are also important concepts to bone
biomechanics. Stiffness is defined as bone’s resistance to deformation when
force is applied (Zephro and Galloway, 2014). This is calculated by Young’s
modulus, which will be defined in the next section (Kroman, 2007). Toughness is
defined as the energy necessary to produce failure in a material or the ability of
that material to resist growth of a crack (Zephro and Galloway, 2014). In the
biomechanical context, toughness can be measured as the amount of energy
absorption in a bone (Daegling et al., 2008). “Tougher” bone will be more
resistant to fracture (Turner and Burr, 1993).

Finally, materials that are under a stress pass through two stages: elastic
deformation and plastic deformation (Kroman and Symes, 2013). The point at
which a material can return to its original form after a stressor has been removed
is defined as elastic deformation (Kroman and Symes, 2013; Rho et al., 1998). In
contrast, plastic deformation is defined as the level of deformation where the
material will not return to its original form (i.e. irreversible) after a stressor is
removed (Beaupied et al., 2007; Kroman and Symes, 2013). The deformation of
a material has a direct relationship to the amount of force exerted on the material

and can be explained via principles of bone biomechanics (Kroman, 2007).
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Models of Biomechanics

Multiple principles of bone biomechanics determine how and when a bone
will fracture and how those fractures will propagate (Hart, 2005). First, Young's
Modulus of Elasticity describes the strength or stiffness of a material (Symes et
al., 2014a). Young’'s modulus is the ratio between the stress applied to an object
or material and the strain that occurs as a result of the stress (Sharir et al., 2008).
With Young’s Modulus the higher the value of stiffness, the stiffer the material will
be, indicating more force will be needed to produce strain than in a less stiff
material (Sharir et al., 2008). This can be used to calculate the change of
dimension of an elastic material, like bone, that is subjected to compressive or
tensile forces to show the stiffness (or conversely brittleness) of the material
(Kroman and Symes, 2013).

The relationship between stress and strain can be understood as a stress-
strain curve, shown in Figure 2.1 (Turner and Burr, 1993; Zephro and Galloway,
2014). This curve is used to describe the three stages that a material will pass
through before failure (Symes et al., 2014a; Zephro and Galloway, 2014). When
a material’s stress and strain are in proportion, a normal shape is maintained
(Symes et al., 2014a). In a stress-strain curve, the first stage a material passes
through is the elastic region, and at any point along this area the material will
return to its original form once a load is removed (Beaupied et al., 2007;
Berryman et al., 2013; Kroman and Symes, 2013). In other words, permanent

deformation will not occur. Plastic deformation occurs when a material cannot
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return to its original form and the material suffers permanent damage (Zephro
and Galloway, 2014). Finally, the failure point is reached when the load finally
causes a fracture or failure in the material (Zephro and Galloway, 2014).
Deformation of materials is directly associated to the force of a load that was
exerted (Kroman, 2007). A load-deformation curve will provide information about
the energy absorbed, load sustained, and deformation before failure is present,

which is calculated by the area underneath the curve (Kroman, 2007).
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Failure
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Plastic
Elastic Deformation
Deformation
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Figure 2.1: Stress-Strain Curve; adapted from Zephro and Galloway (2014:
35).
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Poisson’s ratio is the ratio of change of the length and width of an object
from a strain (Kroman and Symes, 2013). This principle dictates that, as an
object is deformed in one direction, a complementary change will occur in other
directions (Hart, 2005). For example, at the point of impact a bone is being
pushed by compressive force and torn by tensile force on the opposite side
which causes failure in tension first (Hart, 2005). Poisson’s ratio allows for an

informed prediction about where bone will first fail.

Classification of Fractures

Fractures can be classified on a number of factors including degree and
breakage pattern (Galloway et al., 2014). The terminology for fractures that is
used by anthropologists is associated with the degree and pattern of fractures
based on the completeness of the break. Fractures can often be grouped by
complete or incomplete and then sub-divided into additional groups as outlined
by Galloway et al. (2014).

The first category is incomplete fractures, which can be defined as
fractured bone that retains some continuity between portions (Galloway et al.,
2014). These fractures occur less regularly observed in forensic situations, such
as homicide, and are therefore not the primary focus of the present study.

Complete fractures, however, are relevant to this study. These are
fractures that result in a break between two or more fragments of bone (Galloway
et al., 2014). Complete fractures can be classified based on shape and location

of the fracture line, and the direction of fracture can be determined by the long
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axis of the bone (Galloway et al., 2014). Location of the fracture is designated
based on dividing the bone into thirds. Therefore, each fracture can be seriated
into a category with location and directionality.

Transverse fractures appear at approximately right angles to the long axis
of long bones (Galloway et al., 2014). This type of fracture can occur when blunt
force trauma bends a bone and the object causing the force produces angulation
(Galloway et al., 2014). With this type of fracture, the bone undergoes tension on
the convex side and compression on the concave side that cause the convex
(tension) side to yield first and then transfer at the axis to compressive loading
(Galloway et al., 2014).

Oblique fractures are diagonal across the diaphysis and result from a
combination of angulation and compression forces (Galloway et al., 2014). There
are multiple ways in which a fracture can be propagated if these forces are
combined. If compressive forces are larger than bending forces, the bone will fail
in compression and produce an oblique fracture (Galloway et al., 2014). If
bending forces are larger, then the fracture could resemble a transverse fracture.
An oblique fracture that is produced after a transverse fracture is a result of
tension and compression forces being magnified (Galloway et al., 2014).

Spiral fractures begin as small defects that follow tensile loading of the
bone (Galloway et al., 2014). This type of fracture will begin at the point of
maximal tension. Failure of the bone will follow the angle of rotation, which circles

the shaft vertically (Galloway et al., 2014). The direction of the spiral failure
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shows the direction of the torsional forces and can be used to recreate the event
or events that caused the failure (Galloway et al., 2014).

Finally, comminuted fractures are one or more additional fragments that
can be classified as slight, moderate, or marked depending on the state of
fragmentation (Galloway et al., 2014). A high level of force causes these types of
fractures. Comminuted fractures can often be identified as two pieces of bone
and a butterfly fragment that is a result of a combination of oblique transverse
fractures triggered by angulation and compression (Galloway et al., 2014).

This classification system allows one to define the morphology of the
fracture and the common biomechanical process that produces such
morphology. A certain type of trauma often produces specific fracture patterns,

and the primary focus of this research is blunt force trauma.

Blunt Force Trauma
Blunt force trauma is a slow loading force striking an object in terms of

kilometers per hour (Hart, 2005; Symes et al., 2014a). This type of trauma
produces a number of distinct fracture patterns. However, the identification and
classification of this type of trauma can be difficult for multiple reasons, including
the variety of ways that blunt force trauma characteristics can present on bone
(intrinsic factors) and the multitude of blunt objects that can be used to impact a
body or a blunt surface in which a body can impact (extrinsic factors) (Symes et

al., 2012). Therefore, when examining cases of blunt force trauma, it is

21



necessary to assess the point, number, and sequence of impacts as well as the

amount of force and the possible weapon (Berryman et al., 2013).

Variables of Blunt Force Trauma

Once the stress is removed, a bone can respond in one of three ways:
return to its original form, remain in an altered state of plastic deformation, or falil
(Symes et al., 2012). Due to the slow loading force of blunt trauma, bone has
more time to respond to the stress and consequently deform, which is why
severe plastic deformation is a common signature in this type of trauma
(Berryman et al., 2013; Passalacqua and Fenton, 2012). The slow loading force
will also affect the way in which fractures present. The load causes fractures to
appear more tortuous as they pass through the boney microstructure
(Passalacqua and Fenton, 2012). As discussed in the previous section, intrinsic
factors dictate the propagation and appearance of fractures. In slow loading blunt
force trauma fractures, the features of bony microstructure direct the propagating
fracture (Beaupied et al., 2007; Kroman and Symes, 2013; Passalacqua and
Fenton, 2012). This direction limits the fracture length and affects the surface of
the fracture as energy is dissipated (Passalacqua and Fenton, 2012).

In general, blunt force injuries can be assessed in terms of tension and
compression; since bone is stronger in compression, it usually fails under tension
(Berryman et al., 2013; Kroman and Symes, 2013; Passalacqua and Fenton,

2012). In addition, bones are strongest in the direction in which they are
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commonly loaded; therefore, long bones are stronger in compression (Berryman
et al., 2013; Turner and Burr, 1993). As the bone is loaded perpendicularly,
compression and tension areas are formed in which the bone will fail in tension
first, and the fracture will radiate back toward the area of compression (Kroman
and Symes, 2013). This principle allows an investigator to determine the fracture
directionality; however, many other factors can also affect the direction and
shape of fractures (Passalacqua and Fenton, 2012).

A key concept in defining blunt force trauma is the amount of energy that
was transferred to the bone from an object (Symes et al., 2014a). The more
energy transferred from the object to the bone, the more damage occurs at the
area of impact (Symes et al., 2012). The size of the contact surface and the
absorption capabilities of the bone are also important factors when assessing
blunt force trauma (Symes et al., 2012). A larger contact area will allow kinetic
energy to be dispersed through the material and will result in less damage

compared to a small surface area of contact (Symes et al., 2012).

Fracture Patterns

This study focused on direct blunt force trauma, which is induced when an
objects strikes a body (Galloway et al., 2014). Direct trauma is localized to the
point of impact and causes fractures as a result of that impact (Galloway et al.,
2014). The resulting fractures generally fall into two categories, tapping and

crush (Galloway et al., 2014; Moraitis and Spiliopoulou, 2006). Tapping fractures
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occur as a result of a small force of slow momentum on a small area of the body
(Galloway et al., 2014). This category presents as transverse and sometimes
oblique fractures. The second category, crush fractures, occur when a large force
is applied to a large area, and fractures form in a wide variety of ways, including
transverse and comminuted (Galloway et al., 2014). Both categories of direct
trauma fractures can occur when an object strikes a material, causing a transition
from tension, through shear, to compression (Symes et al., 2012).

Overall, when assessing trauma from blunt force there are a number of
important variables to consider. Amount of energy applied, location, and contact
surface area are among the most important. These variables will determine the
shape and propagation of fractures, which fall into two broad categories. It is also
important to classify each fracture based on the degree of completeness and
morphological shape. Following these classification guidelines and
characteristics outlined will lead to an accurate assessment of the type of trauma

that occurred.

Thermal Alteration

Fire and Combustion

Fire is a chemical oxidation reaction that generates heat and light
(Fairgrieve, 2008). This process is known as combustion and involves visible
energy (Fairgrieve, 2008). For this chemical reaction to take place, four

ingredients are required: fuel, oxygen, heat, and chemical oxidation (DeHaan,
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2008). The effect of a heat source on a fuel will determine the type of fire that is
encountered such that solids and liquids react differently to heat (Fairgrieve,
2008).

Fuels can vary in their heat of combustion, but the average flame
temperatures tend to stay in a range of 800-1000°C (DeHaan, 2008). Fires vary
in their heat release as well, which can indicate the effect that fire will have on
the materials that are nearby or in contact with it (DeHaan, 2008). Heat from a
fire can transfer to a material by four different methods: conduction, convection,
radiation or a combination of these (Dehaan, 2008; Fairgrieve, 2008). Regardless
of the way in which heat transfers to an object or material, a number of
processes occur after. When heat is transferred the temperature rises, first
superficially and then penetrating further into the object (DeHaan, 2008).
Therefore, the physical and chemical effects of an object after it has been
exposed to a thermal event are a result of a number of intertwined factors

(DeHaan, 2008).

Soft Tissue Damage

The effect of a thermal event on human tissue will be dependent on a
number of factors including the proximity of the body to the fire, the temperature
reached by the fire, and the duration of exposure (Fairgrieve, 2008). Although

these factors do have an effect on human soft tissue during a thermal event, a
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body will undergo damage in a number of predictable steps (Fairgrieve, 2008;
Pope and Smith, 2004).

Soft tissue heat-related damage could present in a variety of forms
depending on the temperature of the fire and the amount of exposure but often
follows certain patterns (Bohnert et al., 1998; Fairgrieve, 2008). The initial
reaction of skin to heat exposure is the dilating of the dermal and epidermal
blood vessels, which tends to proceed to blistering of the skin, slippage, and
gloving of the epidermis from the dermis (Fairgrive, 2008). During this process,
hair undergoes thermal alteration by first being charred and melted, then
consumed by the fire (Fairgrieve, 2008). Skin will also rupture or split, which
resemble lacerations, but there is no bleeding or coagulation associated with
these ruptures, and they can be found anywhere on the body (Fairgrieve, 2008).
As burning continues, the fire dehydrates the skin and exposes the hypodermis
and subcutaneous fat (Fairgrieve, 2008). As the skin splitting appears, the
temperature will affect the muscle tissue, which contracts due to heat and causes
the pugilistic pose (Fairgrieve, 2008). This pose is a result of the contraction of
the large flexor muscles due to dehydration, causing a pose of extreme flexion in
areas of the limbs, hands, and feet (Bohnert, 1998; Symes et al., 2008; Symes et
al., 2014b; Thompson, 2003; Ubelaker, 2009). This position is vital in the
recovery of remains due to the differential burning that will occur as a result of
this pose and the areas of the highest concentration of soft tissue will be the last

to be totally consumed (Fairgrieve, 2008).
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Hard Tissue Damage

Hard tissue refers to bone and teeth and as discussed there are many
intrinsic properties that make up bone that influence the effects of heat
(Fairgrieve, 2008; Symes et al., 2008). Just like soft tissue, hard tissues undergo
standard processes and substantial changes once subjected to a thermal event,
(Thompson, 2005). When bone is burned it goes through a process of
dehydration and recrystallization (Fairgrieve, 2008; Robbins et al., 2014). Once
the soft tissue has been eliminated, bone will undergo heat-induced alterations

that leave evidence on bone (Fairgrieve, 2008).

Stages of Heat Modification to Bone

Bone progresses through four stages of heat-modified degradation
(Fairgrieve, 2008; Symes et al., 2008; Thompson, 2005). The first stage,
dehydration, occurs between 100°C and 600°C and is characterized by fractures
and bone mass loss (Robbins et al., 2014; Thompson, 2005). Next,
decomposition appears when the organic components of the bone are removed
and the bone shows color change, loss of mass, reduction in mechanical
strength, and changes in porosity (Robbins et al., 2014; Thompson, 2005).
Inversion is identified by the loss of carbonates and the increase in crystal size
between 500°C and 1100°C (Robbins et al., 2014; Thompson, 2005). Finally,
fusion is characterized by the melting and coalescence of the crystal matrix and

the changes in porosity (Robbins et al., 2014; Thompson, 2005).
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Heat-Induced Changes to Bone

As bone progresses through these stages, a number of heat-induced
processes occur including color changes to bone, morphological changes, and
heat fractures (Farigrieve, 2013; Holden et al., 1995b; Mayne Correia, 1997;
Thompson, 2005; Symes et al., 2008; Symes et al., 2014b; Ubelaker, 2009).

Heat produces a variety of colors as the bone dehydrates and becomes
more exposed (Symes et al., 2008). A full spectrum of colors is often observed
after bone has been subjected to a thermal event. The differential color patterns
are thought to be indicators of the temperature and duration of the fire as well as
the loss of organic and inorganic materials in bone (Fairgrieve, 2008; Mayne
Correia, 1997). A brown color on burned bone is associated with hemoglobin,
where the organic components of bone have not been lost yet (Fairgrieve, 2008;
Mayne Correia, 1997). Black coloration is also referred to as charred bone and is
a result of carbonization from direct contact with a heat source (Mayne Correia,
1997; Symes et al., 2008, Symes et al., 2014b). At this point the organic
component of bone has been largely destroyed (Symes et al., 2014b). Gray and
gray-blue are the next stages of color change, which occurs when a temperature
of at least 600°C has been reached and is the beginning stages of calcination
(Fairgrieve, 2008). At this stage, the organic portion of bone has been pyrolized
and completely leached out (Fairgrieve, 2008; Mayne Correia, 1997). Finally,
white occurs as the last stage in color change representing full calcination after a

temperature of 800°C occurs (Fairgrieve, 2008). At this stage the heat-altered
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bone has lost all organic material (Symes et al., 2008; Symes et al., 2014b). This
range of coloration can occur on a single bone, especially when soft tissues are
still present (Symes et al., 2008; Symes et al., 2014b; Ubelaker, 2009).
Calcination is often associated with changes in morphology of the bone
(Pope and Smith, 2004; Symes et al., 2014b). The same processes that produce
color changes in heat-altered remains also produce shrinking and warping
(Fairgrieve, 2008). Bone shrinkage affects both length and width by reducing the
dimensions of the bone (Fairgrieve, 2008; Mayne Correia 1997). Temperatures
as low as 300°C can lead to shrinkage, but the extent of the change is related to
the distribution of bone type, temperature of exposure, and the mineral content of
the bone (Fairgrieve, 2008; Ubelaker, 2009). However, studies have shown a
wide variation in the percentage of shrinkage in bones (ranging from 1% to 18%),
indicating that more research in this area is needed (Fairgrive, 2008; Mayne
Correia, 1997; Thompson, 2005; Ubelaker, 2009). Warping and deformation will
affect the appearance of heat-altered bone and are often the clearest form of
heat-altered morphological change (Thompson, 2005). It has been argued that
warping due to thermal alteration is more apparent in bones that were fleshed at
the time of the burning event due to the interaction of soft and hard tissues
(Fairgrieve, 2008; Thompson, 2005). Shrinking, warping, and deformation can
cause heat-altered remains to appear differently than would be expected.
Skeletal elements that have been burned often show severe

fragmentation, which presents in a limited number of patterns (Fairgrieve, 2008;
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De Gruchy and Rogers, 2002; Herrmann and Bennett, 1999; Pope and Smith,
2004; Symes et al., 2008; Symes et al., 2014b). When heat is applied to skeletal
elements, the dehydration of collagen decreases the elasticity of bone, which
alters the structural integrity (Herrmann and Bennett, 1999). This results in a
number of heat-induced fractures that are commonly defined by location and
direction of propagation (Herrman and Bennett, 1999).

Fractures that are common as a result of a thermal event are longitudinal,
straight transverse, curved transverse, step, delamination, and patina (Fairgrieve,
2008; De Gruchy and Rogers, 2002; Herrmann and Bennett, 1999; Symes et al.,
2008; Symes et al., 2014). Longitudinal fractures in long bones are the most
common form of heat-induced fractures and are a result of structural failure in the
bone (Symes et al., 2008). This failure occurs along the grain of the bone,
parallel to the osteon canals (Fairgrieve et al., 2008; Symes et al., 2008; Symes
et al., 2014b). Fractures that transect Haversian canals of bone are deemed
transverse fractures, which appear perpendicular to the axis (Fairgrieve, 2008;
Symes et al., 2014b). Step fractures often occur in association to longitudinal
fractures and will extend from the margin of the longitudinal fracture transversely
across the shaft of the bone and intersect with another longitudinal fracture
(Symes et al., 2008). As soft tissues shrink and pull the bone, curved transverse
fractures occur, and are exclusive to fleshed remains that underwent a thermal
event (Herrmann and Bennett, 1999; Symes et al., 2008; Symes et al., 2014b).

Delamination fractures are characterized separation of cortical from cancellous
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bone in the form of peeling or flaking bone layers (De Gruchy and Rogers, 2002;
Herrmann and Bennett, 1999). Finally, patina fractures are often associated with
epiphyseal regions and present as a fine mesh of patterned cracks (Herrmann
and Bennett, 1999; Symes et al., 2008). Patina, delamination, and step fractures
are more easily determined to be the result of a thermal event as these types of
fractures do not occur in other types of trauma. However, fracture types straight
and curved transverse can easily mimic those fractures induced by traumatic
injury. Therefore, a number of diagnostic characteristics must be used to

differentiate the two.
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CHAPTER 3: MATERIALS AND METHODS

The sample used for this investigation was composed of twenty limbs
(forty long bones) from five full-grown, domestic, female sheep (Ovis aries)
obtained from a farm in Connecticut, U.S.A. Female domestic sheep range mass
from 45 to 100 kg (99 to 220 Ibs) and typically have a life expectancy of 10 to 12
years (Anonymous, 2015). The sheep were raised as a breeding group and were
destined for animal grade consumption (Louis and Deborah Lipton, Cedar Ledge
Farm, pers. comm.). The author received the sheep specimens soon after they
were butchered and quartered. The limbs retained all soft tissues and wool. After
they were received, they were then immediately placed into freezers until the
experimental work could be performed. Both forelimbs and hind limbs were used,;
therefore, the skeletal elements that compose this sample consisted of fleshed
and articulated humeri, radii/ulnae, tibiae, and femora. Radii and ulnae were
considered to be one bone; therefore, the sample consisted of a total of 40 long
bones.

The use of animal remains as human proxies in experimental work is
common due to the lack of available human remains, ethical considerations of
using such remains, and the legal constraints in place for using human remains
in destructive experiments (Kroman and Symes, 2013; Thompson, 2003).
Common analogues for human remains are sheep (Ovis aries), goat (Capra

hirus), deer (Cervidae), and pig (Sus scrofa) (Hermann and Bennett, 1999;
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Kroman and Symes, 2013; Passalacqua and Fenton, 2012; Symes et al., 2014a;
Thompson, 2003; Thompson, 2005; Wieberg and Wescott, 2008). However, the
concern regarding the use of animal models as human proxies must be
addressed. Skeletal systems evolve to serve their particular species, indicating
the strength and morphology of the bones of various species would differ,
therefore dictating fracture propagation in the specific bone (Kroman and Symes,
2013; Symes et al., 2014a). It has been argued that, despite these differences,
animal models are useful in experimental work consisting of thermal alteration
and trauma (Herrmann and Bennett, 1999; Thompson, 2003; Thompson, 2005;
Wieberg and Wescott, 2008). Nonhuman models allow for destructive
experimental work to be performed without the constraints of human remains and
can be later applied to human bone thermal alteration and traumatic injury from
forensic cases.

Domestic sheep have been used in other research involving thermal
alteration and trauma,; therefore, they were used for the present research
(Mayne, 1990; Thompson, 2003; Thompson, 2005). The sheep specimens
obtained for the present study were fully fleshed and articulated, which was an
important detail regarding the choice of these nonhuman models. Fleshed
remains are important in studies of thermal alteration and trauma, because
fleshed or wet bones respond differently to thermal alteration and trauma than
defleshed or dry bones (Symes et al., 2014b; Ubelaker, 2009). The size of the

domestic sheep was also an important factor; as a medium-body quadrupedal
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animal, sheep limbs are comparable in size and morphology to those of human
remains, making them suitable for human proxy. Some bones are more
comparable to that of humans than others; tibiae are the most like human, while
ulnae are the least. Finally, it has been shown that the density of the hard tissue
of the domestic sheep is comparable to that of humans (Mayne, 1990;
Thompson, 2003). Therefore, it was concluded that sheep forelimbs and hind
limbs would serve as a suitable model for experimentation and examination of
blunt force trauma and thermal alteration in humeri, radii/ulnae, tibiae, and
femora.

Fifteen limbs (30 long bones) were traumatized with the head of an
Estwing ball peen hammer to induce blunt force trauma after they had been
thoroughly thawed and disarticulated from the axial skeleton. The remaining five
limbs (10 long bones) were not traumatized and were used as controls for the
burning event. Each traumatized specimen was impacted approximately at
midshaft. The exact location of the trauma was not recorded during this portion of
the experiment to allow for unbiased reconstruction, which occurred after the
burning event. The specimens were impacted with one blow each, unless the first
was deemed a “miss” (i.e., the hammer did not strike the specimen or was a
glancing blow). In this case, another blow was performed. The blunt force trauma
event was performed at the Boston University Forensic Anthropology Outdoor

Research Facility in Holliston, Massachusetts. Each experimental bone was
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given a corresponding specimen number from 1 to 30; control specimens were
numbered 31 to 40.

Three individuals inflicted blunt force trauma on a set of specimens;
individual one impacted specimens 1-10, individual two impacted specimens 11-
20, and individual three impacted specimens 21-30. This was done to gather
information on various forces produced by different individuals and to examine
the amount of force required to fracture a bone (see below).

A device, GCDC USB Accelerometer X250-2, was attached to the
hammer used for the blunt instrument. This device recorded the force at impact
for each blow of the traumatized specimens. The data was plotted in X, Y, and Z
axes, measuring force in all directions. The direction most important to this
research was along the Z-axis, as this showed the g-force at the moment the
hammer came into contact with the specimen at impact. The X and Y axes
showed the movement of the hammer in other planes and therefore were not
important to gather g-force data about the force at impact. The results of this
impact were recorded and used for later analysis, which consisted of attempting
to establish a correlation between the force at impact of the weapon and failure in
bone. An example of the graphed data is pictured below. Figure 3.1 shows the g-
force in all planes for Specimen 1 and Specimen 2 as plotted in the software
provided to read the data from the accelerometer. Figure 3.2 depicts the point of
impact of the blunt instrument with the specimen, on the Z-axis, for Specimen 1

and Specimen 2. Once data were graphed in the provided software, it was
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imported to Microsoft Excel. This allowed the author to examine the g-force of the
impact for each specimen more easily with a line graph plotted in Microsoft

Excel. Figure 3.1 and 3.2 show a subset of the data viewed by the author.

G-Force
o

11:03:50 11:03:55 11:04:00 11:04:05 11:04:10 11:04:15
Time

— Ax — Ay — Az|

Figure 3.1: X, Y, and Z planes recorded at impact for Specimen 1 and 2. The
high positive peak is the point where the instrument came in contact with
the bone.
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Figure 3.2: Point of impact in which the blunt instrument came into contact
with the bone on the Z-axis for Specimen 1 and 2.

The traumatized specimens and one control were transported to the
Boston Medical Center Radiology Department for Computed Tomography (CT)
scans. Each scan was performed with 0.5 mm slice thickness to ensure that all
pre-burn traumatic injury was recorded. Specimens were contained in extra-large
plastic bags to ensure that the machine was kept undisturbed by the specimens;
this did not affect the results of the CT scans. Due to the nature of the present
study, the author did not review the scans until all reconstruction and fracture
analysis was completed. This assured that the reconstruction and post-burn bone
analysis was performed as a blind study to evaluate the ability to differentiate
between thermal alteration and traumatic injury. After each specimen was

radiographed they were transported back to the research facility for storage until
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the final portion of the experiment was performed. The specimens were not
stored in a freezer at this stage to eliminate any potential freezing damage but
were kept in a cement room at a cool temperature to ensure that decomposition
was suspended.

Metal wire cages (1/4” galvanized steel hardware cloth) were built around
the limbs by placing the limb on the wire, folding the remaining portion over the
limb, and folding back areas to keep the wire in place. The cages were utilized to
limit the amount of comingling that often occurs in a house or structure fire
setting and enhance fragment recovery. They were also used to ensure that each
specimen subjected to trauma remained identifiable to correspond with the CT
scan identifier. Each cage was marked with a system of wires to number them.
The cages were numbered 1 through 16; Cage 1 contained Specimens 1 and 2,
Cage 2 contained Specimens 3 and 4, etc. The remaining four limbs were not
numbered in the cages, as they were the controls that did not need to correspond
with a specific CT scan.

A small structure, 8 x 8’ (2.5 m x 2.5 m), had been constructed to simulate
a house fire. The structure was built with 2” x 4” (5 cm x 10 cm) studs and 4’ x 8
(2.2 m x 2.5 m) plywood sheets, and included were a number of wooden shelves
for limbs. The cages containing the limbs were placed on the shelves and floor of
the structure randomly. The structure was built (and subsequently burned) at the
Holliston Fire Department’s training facility in Holliston, MA. The Holliston Fire

Department Chief as well as a Holliston Fire Department firefighter supervised
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the fire. Fuel for the fire was straw and dry brush that was found in the area
surrounding the structure, which was then placed into the structure. The fire was
started using a flare, but no accelerant was applied. Temperature of the fire was
recorded with a handheld Thermo Tech TT1610 digital thermometer at 5 minute
intervals. At approximately 15 minutes the fire was too hot to stand near and the
increased distance may have affected temperature readings. Therefore,
temperature readings were not used in analysis. The structure collapsed at 20
minutes, and the fire burned for approximately another 25 minutes before light
water suppressant was applied. Water was the only suppressant used during the
present research. After the area had sufficiently cooled, cages containing limbs
were removed, and the area was searched for bone fragments. The limbs still
had a significant amount of adhering flesh and were placed into plastic bags for
transport and storage. The limbs were stored at Boston University School of
Medicine, in facilities used by the Forensic Anthropology program, in a standard
refrigerator for a period of five days while the manual defleshing was performed.
Due to the traumatic injury inflicted and the thermal alteration to which
remains had been subjected, the remains were defleshed using a scalpel. This
was done to ensure that added stress was not placed on the remains, causing
additional fractures. After most adhering soft tissue was removed, the remains
were left to dry under a fume hood. When the remains had been sufficiently dried
they were placed in dermestid beetle colonies to remove any remaining adhering

soft tissue for a period of 2 to 4 days. The bones were left partially greasy, so no
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additional stress was placed on the remains by degreasing; therefore, fracture

patterns were not altered. Reconstruction was performed for each specimen

using Duco© cement. Reconstruction was used to visualize the fracture patterns

and margins more clearly. After reconstruction was completed the fracture

patterns were analyzed based on multiple variables observed. The macroscopic

observations recorded for each bone are described in Table 3.1.

Table 3.1 Macroscopic observations recorded for each specimen used to
determine the trauma score.

Fracture Fracture Fracture | Location | Color | State of Trauma
Type (BFT) Types Surface | of Burn Score
(Thermal) Fracture
Oblique Longitudinal | Smooth Proximal | Black | Unburned 1-No
and trauma
Angled
Transverse Curved Rough Middle Gray | Carbonized | 2 -
Transverse and Ambiguous
Jagged
Spiral Straight Distal Gray- | Calcined 3 - Trauma
Transverse blue
Comminuted | Delamination White
Subset:
Butterfly

Patina

Step

To assess traumatic injury on each thermally altered specimen, a number

of characteristics were examined. The fractures on each specimen were
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evaluated based on morphology of the surface, angle, and type. Smooth and fine
fracture surfaces with an obtuse or acute angle were associated with perimortem
or fresh bone trauma (Wheatley, 2008; Wieberg and Wescott, 2008). Thermal or
dry bone fractures often present with rough and bumpy surfaces and are often at
a right angle to the bone (Wheatley, 2008; Wieberg and Wescott, 2008). In
addition, fracture type was also used to determine traumatic or thermal damage.
Blunt force trauma is associated with fracture types such as spiral, oblique,
transverse, and comminuted (Galloway et al., 2014; Kroman and Symes, 2013;
Symes et al., 2014a; Wieberg and Wescott, 2008). In contrast, thermally induced
fractures are often longitudinal, transverse, curved transverse, step,
delamination, and patina (Herrmann and Bennett, 1999; Mayne Correia, 1997,
Mayne, 1990; Symes et al., 2014b).

The length of the bone was divided into approximate thirds to designate a
fracture location in the proximal, middle, or distal portions. Each specimen was
examined based on the fracture characteristics listed above. A determination was
then made by scoring each specimen as “1” no trauma, “2” ambiguous, and “3”
trauma. The author analyzed the known non-traumatized control specimens first
to allow for comparisons with the remains that had been subjected to trauma.
This was done to understand the pattern of thermal alteration that may have
occurred on the remains. The author remained unaware if the specimens had

been fractured prior to burning, which allowed for the trauma score to be
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evaluated blind. If a specimen was deemed to exhibit trauma with a score of “2”
or “3”, the fracture type and location of trauma were then recorded.

After reconstruction and observational analysis had been performed on
the post-burn skeletal remains, the author evaluated the information from the pre-
burn CT scans. Each specimen had a corresponding number, which allowed the
author to evaluate the success of reconstruction and subsequent fracture
analysis on the post-burn remains. CT scans were examined for traumatic injury.
A score (“1” no trauma, “2” ambiguous, and “3” trauma) was given to each
specimen; fracture outline (spiral, oblique, transverse, comminuted and butterfly)
and fracture location (proximal, middle, distal) were determined, if applicable.
Radiograph examination was performed using OsiriX DICOM viewer for iOS.
Scans were examined in both 2D and 3D viewers, which allowed for complete
visualization of each specimen. The success of post-burn bone analysis was
based on the trauma score matching from each analysis. In addition, correct
identification of fracture type, and location of traumatic injury were also assessed
between the two analyses.

The trauma scores were then compared from both examinations. The
bone analysis produced three scores per specimen; therefore, the scores were
analyzed based on the highest score. For example, if the proximal portion of a
specimen was scored as “3” while the middle and distal portions were scored as
“1”, the highest score (3), was used for comparison to the CT analysis. The

percentage of correctly scored specimen was calculated from this assessment.
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The traumatic injury assessments from the CT and bone analyses were then
compared based on the location of the trauma and the fracture type produced.
The location for each was assessed on proximal, middle, and distal portions
corresponding between each analysis. A number of specimens contained injury
that was present on more than one portion of the bone. If one or more of the
determined locations of injury were equivalent, the analyses were deemed
accurate. The fracture type was assessed in the same manner as the fracture
location, based on the types oblique, transverse, spiral, and comminuted. If the
two determinations corresponded, then the assessment was considered
accurate.

The final portion of this research was performed on the force at fracture.
The author analyzed the force recorded for each specimen, both those that had
fractures and those that had not. This was analyzed in Microsoft Excel based on
the data from imported from the USB Accelerometer X-250. Each impact was
graphed in a line chart where the positive peak of the line was the impact on the
specimen and consequently the g-force that specimen encountered. The
negative section of the each graph was due to the back swing required from
raising the blunt instrument; therefore, only the positive peak was recorded. Only
data from the z-axis was considered, as this was the plane in which the blunt
instrument came into contact with the specimen. The g-force at impact was then

grouped by bone and compared between bone types as well as all specimens.
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This was examined to determine if a standard minimum amount of g-force broke

each bone or if the amount varied between the bone types.
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CHAPTER 4: RESULTS

Fracture Observations
Table 4.1 describes the thermal fractures present on each portion
(proximal, middle, and distal) of the bone as well as the state of thermal damage.
The author examined each specimen and determined that state of burn
(unburned, charred, or calcined), and any associated thermal fractures. The state
of burn was observed in order to determine if the fracture patterns present were

due to the thermal event or the traumatic event.

Table 4.1 Thermal damage observations

Specimen #/ | Side Fracture State of Thermal | Figure(s)
Bone Type - Damage
Thermal
1 - Tibia Left A.l
Proximal Longitudinal Unburned/Charred
Middle Longitudinal; | Calcined white,
Transverse; gray, blue
Step
Distal Longitudinal; | Calcined white,
Transverse gray, blue
2 - Femur Left A.2
Proximal Charred Charred
Middle Charred to
calcined
Distal
3 - Radius/ Right A.3
Ulna
Proximal Extreme Unburned/Charred
fragmentation
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Specimen #/ | Side Fracture State of Thermal | Figure(s)
Bone Type - Damage
Thermal
Middle Extreme
fragmentation
Distal Extreme
fragmentation
4 - Humerus | Right A.4
Proximal Longitudinal; | Calcined white and
Transverse gray
Middle Longitudinal; | Calcined white and
Transverse gray to charred
black
Distal Longitudinal; | Charred to
Transverse unburned
5 - Tibia Right A.5
Proximal None Unburned
Middle Longitudinal; | Charred
Transverse
Distal Longitudinal; | Charred
Transverse
6 - Femur Right A.6
Proximal Not recovered
Middle Not recovered
Distal None Unburned
7 - Radius / Right A7
Ulna
Proximal None Unburned
Middle Longitudinal; | Charred to
Transverse calcined (white)
Distal Longitudinal; | Calcined white
Transverse
8 - Humerus | Right A.8
Proximal Longitudinal Calcined, charred,
unburned
Middle Extreme Not recovered
fragmentation
Distal Unburned/Charred
9 - Tibia Left A.9
Proximal None Slightly charred
Middle Transverse Charred
Distal Longitudinal; | Calcined white and
Transverse gray
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Specimen #/ | Side Fracture State of Thermal | Figure(s)
Bone Type - Damage
Thermal
10 - Femur Left A.10
Proximal Transverse Calcined to
charred
Middle None Unburned
Distal None Unburned
11 - Radius/ | Right A.ll
Ulna
Proximal None Slightly charred
Middle Longitudinal; | Charred; calcined
Transverse; gray and white
Curved
Transverse
Distal Longitudinal; | Calcined white
Transverse,
Curved
Transverse,
Patina
12 - Humerus | Right A.12
Proximal Longitudinal; | Calcined white and
Transverse gray
Middle Longitudinal; | Calcined to
Transverse charred
Distal None Unburned
13 - Tibia Right A.13
Proximal Longitudinal; | Charred
Curved
Transverse
Middle Longitudinal; | Charred to
Transverse; calcined (white)
Curved
Transverse
Distal Longitudinal; | Calcined to
Transverse; charred
Patina
14- Femur Right A.14
Proximal Calcined
Middle Transvers; Charred
Step
Distal Unburned
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Specimen #/ | Side Fracture State of Thermal | Figure(s)
Bone Type - Damage
Thermal
15 - Radius/ | Left A.15
Ulna
Proximal Longitudinal; | Charred to
Transverse; calcined
Curved
Transverse,
Step
Middle Longitudinal; | Calcined white,
Transverse; gray, dark gray
Curved
Transverse,
Step
Distal Not recovered
16 - Humerus | Left A.16
Proximal Transverse Calcined white,
gray, blue
Middle Longitudinal; | Calcined to
Transverse charred
Distal Charred A.17
17 - Tibia Left
Proximal Longitudinal; | Calcined to
Transverse charred
Middle Longitudinal; | Charred
Transverse
Distal Longitudinal; | Calcined
Transverse,
Step; Patina
18 - Femur Left A.18
Proximal None Calcined head
Middle Unburned
Distal Longitudinal; | Charred to
Transverse; calcined
Curved
Transverse
19 - Tibia Right A.19
Proximal Longitudinal Charred to
calcined; some
portion was
unburned
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Specimen #/ | Side Fracture State of Thermal | Figure(s)
Bone Type - Damage
Thermal
Middle Longitudinal; | Calcined white and
Transverse, gray
Step; Patina
Distal Longitudinal; | Calcined white and
Transverse; gray
Step; Patina
20 - Femur Right A.20
Proximal Longitudinal; | Charred
Transverse
Middle Unburned
Distal Unburned to
charred
21 - Radius/ | Right
Ulna
Proximal Longitudinal; | Calcined
Transverse
Middle Longitudinal; | Calcined
Transverse
Distal Longitudinal; | Calcined
Transverse
22 - Humerus | Right
Proximal None Slightly charred
Middle None Unburned
Distal None Unburned
23 - Tibia Right A.21
Proximal None Unburned
Middle Longitudinal; | Charred to
Transverse; calcined
Delamination
Distal Longitudinal; | Charred to
Transverse calcined
24 - Femur Right A.22;
A.23
Proximal Transvers; Charred
Step
Middle None Unburned
Distal None Unburned
25 - Radius / | Left A.24
Ulna
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Specimen #/ | Side Fracture State of Thermal | Figure(s)
Bone Type - Damage
Thermal
Proximal None Unburned to
charred
Middle Longitudinal; | Calcined white and
Transverse, gray
Step
26 - Humerus | Left A.25;
A.26
Proximal Transverse Calcined to
charred
Middle Longitudinal; | Posterior charred;
Transverse Anterior unburned
Distal None Slightly charred
27 - Tibia Right A.27
Proximal None Charred to
unburned
Middle Longitudinal; | Charred to
Transverse calcined
Distal Longitudinal; | Calcined brown,
Transverse; white, and gray
Delamination
28 - Femur Right A.28
Proximal Not recovered
Middle Longitudinal; | Charred to
Delamination | unburned
Distal Longitudinal; | Charred and
Delamination | calcined
29 - Radius / | Left A.29
Ulna
Proximal Longitudinal; | Unburned to
Transverse charred
Middle Longitudinal; | Calcined white,
Curved gray, dark gray
transverse
Distal Not recovered
30 - Humerus | Left A.30;
A.31
Proximal Longitudinal Calcined to
charred
Middle None Unburned
Distal None Unburned to char
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Table 4.2 records the score of each specimen as well as the fracture
location and type if applicable. A score was given to each portion, proximal,
middle, and distal, of the post-burn remains. If a score of “2” or “3” was given in a
portion of the post-burn remains, then the location of a traumatic injury the type
of fracture were recorded. Additional observations, if any, about the fractures
present were also noted such as the areas where fractures occurred and if they

travelled through several stages of burn.

Table 4.2 Traumatic injury observations in post-burn remains, divided by
location (approximate thirds) of the bone.

Specimen #/ | Fracture Trauma Observations Figure(s)
Bone Type Score
1 - Tibia Al
Proximal Transverse 2
Middle None 1
Distal None 1
2 - Femur A.2
Proximal None 1
Middle None 1
Distal None 1
3 - Radius / A.3
Ulna
Proximal None 1
Middle None 1
Distal None 1
4 - Humerus A4
Proximal None 1
Middle Spiral 3 Fracture traveled
through multiple
stages of burn;
spiral anterio-
medial (distally)
Distal None 1
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Specimen #/ | Fracture Trauma Observations Figure(s)
Bone Type Score
5 - Tibia A.5
Proximal None 1
Middle None 1 Longitudinal
fractures are likely
an artifact of
drying
Distal None 1
6 - Femur A.6
Proximal None 1
Middle None 1
Distal Comminuted |3 Multiple
fragments;
fracture surfaces
were smooth and
angled
7 - Radius / A7
Ulna
Proximal None 1
Middle Oblique 3 Traveled through
unburned and
burned bone;
medially to
laterally
Distal None 1
8 - Humerus A.8
Proximal Butterfly 3 Segment missing
on anterior shaft;
medially extending
laterally
Middle None 1
Distal Comminuted |3 Multiple
fragments; extend
around distal shaft
9 - Tibia A.9
Proximal None 1
Middle Comminuted |3
Distal None 1
10 - Femur A.10
Proximal None 1
Middle None 1
Distal None 1
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Specimen #/ | Fracture Trauma Observations Figure(s)
Bone Type Score
11 - Radius / A.ll
Ulna
Proximal None 1
Middle None 1
Distal None 1
12 - Humerus A.l2
Proximal None 1
Middle None 1
Distal None 1
13 - Tibia A.13
Proximal None 1
Middle None 1
Distal None 1
14- Femur A.1l4
Proximal None 1
Middle None 1
Distal Comminuted 3
15 - Radius / A.15
Ulna
Proximal None 1
Middle None 1
Distal
16 - Humerus A.16
Proximal None 2 Highly fragmented
Middle None 2 Highly fragmented
Distal Transverse 3
17 - Tibia A.17
Proximal None 1
Middle None 1
Distal None 1
18 - Femur A.18
Proximal Spiral 3 Traveled through
charred and
unburned bone
Middle None 1
Distal None 1
19 - Tibia A.19
Proximal Obligue 2
Middle None 1
Distal None 1
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Specimen #/ | Fracture Trauma Observations Figure(s)
Bone Type Score
20 - Femur A.20
Proximal None 1
Middle None 1
Distal None 1
21 - Radius /
Ulna
Proximal None 1
Middle None 1
Distal None 1
22 - Humerus
Proximal None 1
Middle None 1
Distal None 1
23 - Tibia A.21
Proximal None 1
Middle None 1 The three
fractures are likely
a result of drying,
there appeared to
be a fracture
anteriorly that
traveled distally
through various
states of burned
bone
Distal None 1
24 - Femur A.22;A.23
Proximal Butterfly 3
Middle None 1
Distal None 1
25 - Radius / A.24
Ulna
Proximal None 1
Middle None 1
Distal Not recovered
26 - Humerus A.25; A26
Proximal None 1
Middle Oblique 3 Anterior surface
extended
proximally to
distallyt
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Specimen #/ | Fracture Trauma Observations Figure(s)
Bone Type Score
Distal Oblique 3 Separated the
distal shaft from
midshaft;
extended from
unburned to
burned bone at a
slight angle
27 - Tibia A.27
Proximal None 1
Middle Transverse 1 Fracture occurred
at midshaft;
angled surfaces;
differential burning
may equal
traumatic
Distal None 1
28 - Femur A.28
Proximal Not recovered
Middle Oblique 3
Distal None 1
29 - Radius / A.29
Ulna
Proximal None 1
Middle Oblique 3
Distal Not recovered
30 - Humerus A.30;
A.31
Proximal None 1
Middle Comminuted 3
Distal None 1

Computed Tomography Scans

Table 4.3 presents the scores from CT examination for each specimen. If
a sample was determined to have traumatic injury, scored as “2” or “3”, then the
fracture type and location were recorded. Observation of the fracture type was

based on fracture types often observed in blunt force injury.
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Table 4.3 CT scores and determination of fracture type and location.

Specimen #/ Fracture Type Location Score
Bone
1 - Tibia None 1
2 - Femur None 1
3 - Radius / Ulna None 1
4 - Humerus Spiral Middle 3
5 - Tibia None 1
6 - Femur Comminuted &

Spiral Middle 3
7 - Radius / Ulna | Oblique Distal 3
8 - Humerus Comminuted &

Spiral Proximal - Distal 3
9 - Tibia Transverse Middle 3
10 - Femur None 1
11 - Radius / Ulna | None 1
12 - Humerus None 1
13 - Tibia None 1
14- Femur None 1
15 - Radius / Ulna | None 1
16 - Humerus None 1
17 - Tibia None 1
18 - Femur Spiral Proximal 3
19 - Tibia None 1
20 - Femur None 1
21 - Radius / Ulna | Transverse Middle 2
22 - Humerus None 1
23 - Tibia None 1
24 - Femur Butterfly Proximal 3
25 - Radius / Ulna | None 1
26 - Humerus Oblique Distal 3
27 - Tibia None 1
28 - Femur Oblique Middle 3
29 - Radius / Ulna | Oblique &

Comminuted Middle - Distal 3
30 - Humerus Comminuted Middle 3
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CT and Bone Analyses
Table 4.4 presents a comparison of the post-burn bone and CT analyses.
The highest score from each analysis is presented in the score section and this
was used for comparison. In addition, the fracture location, if any, was recorded
for both CT and post-burn fracture analyses. The CT and post-burn fracture type
was compared as well. The table was used to easily compare the recorded

observations from each analysis.

Table 4.4 Trauma scores and observations from fracture type and location
from both CT and pre-burn bone analyses, recorded by specimen number.

# CT Bone |CT Bone CT Fracture | Bone Fracture
Score | Score | Fracture | Fracture | Type Type

Location | Location

1 1 2 Proximal | None Transverse

2 1 1 None None

3 1 1 None None

4 3 3 Middle Middle Spiral Spiral

5 1 1 None None

6 3 3 Middle- Distal Comminuted | Comminuted
Distal & Spiral

3 3 Distal Middle Oblique Oblique

8 3 3 Proximal | Proximal | Comminuted | Comminuted &
- Distal - Distal & Spiral Butterfly

9 3 3 Middle Middle Transverse | Comminuted

10 |1 1 None None

11 |1 1 None None

12 |1 1 None None

13 |1 1 None None

14 |1 3 Distal None Comminuted

15 |1 1 None None

16 |1 3 Distal None Transverse

17 |1 1 None None

18 |3 3 Proximal | Proximal | Spiral Spiral
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# CT Bone |CT Bone CT Fracture | Bone Fracture
Score | Score | Fracture | Fracture | Type Type

Location | Location
19 |1 2 Proximal | None Transverse
20 |1 1 None None
21 |2 1 Middle Transverse | None
22 |1 1 None None
23 |1 1 None None
24 |3 3 Proximal | Proximal | Butterfly Butterfly
25 |1 1 None None
26 |3 3 Distal Middle - | Oblique Oblique

Distal
27 |1 1 None None
28 |3 3 Middle Middle Oblique Oblique/Transver
se

29 |3 3 Middle- Middle Oblique & Oblique

Distal Comminuted
30 |3 3 Middle Middle Comminuted | Comminuted

Results of Comparative Analysis

Trauma score from each analysis was compared and found that 83.3% of

the samples were scored the same. That is, in 25 of 30 specimens, the trauma

score matched from the two analyses. The trauma score is displayed for each

analysis in Figure 4.1. In three cases, the author believed that there was

perimortem trauma from the bone analysis, but the CT scans showed no

identifiable trauma. In one case, there was trauma identified on the CT scan, but

no trauma was identified in the bone analysis. Trauma was identified, scored as

a “2” or “3”, in 40% of samples on CT scans (12 of 30), while 50% of bone

specimens were identified as having trauma (15 of 30). A comparative

examination was then performed between the bone and CT scan analyses,

which included 16 bones with identified trauma (combined from both analyses).
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The trauma location was compared first, indicating 62.5% (10 of 16) agreement
between the locations of each analysis. Figure 4.2 displays the frequency of the
location of traumatic injury from both analyses. The location of the bone where
the most fractures occurred was at the middle third of each specimen. This is
unsurprising, because each individual struck the bone at approximately midshatt.
Fracture type was then compared, which also showed a 62.5% (10 of 16)
agreement between the two analyses. Figure 4.3 shows the frequency of fracture
type of each specimen. The most common fracture type was comminuted, which
included the subtype butterfly fracture. Oblique fractures were the second most

common type of trauma.

Trauma Score
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14
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10

m CT Scans

m Bone
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Figure 4.1: Trauma score of specimens from CT and post-burn bone
analyses.
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Trauma Location

m CT Scans

H Bone

Proximal Middle Distal

Figure 4.2: Trauma locations of specimen from CT and post-burn bone
analyses

Fracture Type

m CT Scans
m Bone

Transverse Oblique Comminuted Spiral

Figure 4.3: Fracture type in traumatically identified specimens from CT and
post-burn bone analyses. Comminuted type includes butterfly.
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Force Correlation
The amount of g-force was read on the positive portion of the graph at the
highest positive peak, which correlated with the moment impact of the blunt
instrument with the bone. Figure 4.4 shows the amount of g-force that each bone
was subjected to by the three individuals who inflicted the traumatic blow. As
seen in the figure below, there is a wide range of variation in the amount of g-

force at impact in each specimen.
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Figure 4.4: Amount of g-force per specimen recorded by the accelerometer,
measured in g’s.
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Humeri and femora were most often fractured by the traumatic impact (4
out of 7 and 4 out of 8, respectively). Radii and ulnae were the next most often
broken, with 3 out of 7 samples exhibiting trauma. Tibiae were the least often
broken, with only one specimen exhibiting trauma. The amount of g-force at
impact was the largest in the femora specimens; as seen in Figure 4.4,
specimens 6 and 24 were subjected to a g-force of over 70 each. Both blows
resulted in a break of the bone. The range of g-force that produced breaks in the
femora specimens was from approximately 37 to 78. The g-force in the humeri
specimen ranged from 9.5 to 42.6. Only a g-force of 36 and above produced
breaks in these specimens (specimens 4, 8, 26, 30). Radii and ulnae produced
the most variable results. The g-force at impact in these specimens ranged from
9.7 to 51. Breaks in these specimens were produced with a g-force as low as 9.7
(specimen 29). The one tibia specimen that exhibited trauma required a blow
with a g-force of approximately 50 to produce a break, which was also the

greatest amount of g-force exhibited in this bone type.
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CHAPTER 5: DISCUSSION

A variety of characteristics can be used to determine if traumatic injury
occurred in bone. Unfortunately, these characteristics are not stable through time
and can be obliterated by various taphonomic processes (Calce and Rogers,
2007; Herrmann and Bennett, 1999; Waterhouse, 2013b; Wieberg and Westcott,
2008). The challenge with differentiating thermally induced from traumatically
induced fractures is that thermally induced fractures often closely resemble
characteristics of traumatic injury (Herrmann and Bennett, 1999; Mayne, 1990;
Mayne Correia, 1997). Theoretically, due to the biomechanical properties of
bone, the propagation of fractures in fresh bone versus that of thermally altered
remains should differ (Fyhrie and Kimura, 1999; Galloway, 2014; Pope and
Smith, 2004; Symes et al., 2014a; Symes et al., 2012; Symes et al., 2008;
Thompson, 2004; Thompson, 2005). In addition, the characteristics of fractures
produced by a dynamic load in a ductile material (blunt force trauma in wet/fresh
bone) versus those produced in a brittle material by a static load (thermally
altered bone) should be distinguishable (Mayne, 1990). The goal of the present
study was to examine whether these two types of fracture patterns could be
differentiated in the same bone that was exposed to both a traumatic and thermal
event.

Results show that it is possible to determine blunt force injury in thermally

altered long bones. Trauma score (“17, “2”, “3”) matched between the post-burn
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bone and pre-burn CT analyses in over 80% of the samples. During the bone
analysis, 13 samples were scored as “3”, indicating that the author believed that
these samples exhibited distinct perimortem trauma. Two samples during bone
analysis were scored as “2” indicating these were ambiguous fractures and may
have been caused by blunt force trauma, but distinct signatures were not visible.
The remaining 15 samples were deemed to have no traumatically induced
fractures and were scored as “1”. Comparatively, the CT analysis showed 11
samples with a score of “3” and one sample with a score of “2”. When combined
from the two analyses, there were a total of 16 samples which had been scored
as a “2” or “3”. These samples were then evaluated based on the agreement
between trauma location and fracture type, which was correctly identified for
each category in over 60% (10 out of 16) of the samples that were with
traumatically induced fractures. However, if the original five miss-scored samples
are removed, 11 samples remain with the same score from both analyses. In
these 11 samples, the location was correctly identified in 10 samples and the
fracture type was also correctly identified in 10 samples. These results indicate
that when trauma is identified on thermally altered remains, a correct
interpretation is possible.

Many of the specimens exhibited differential burning, likely due to the
position within the structure fire and the amount of soft tissue present. As a
result, samples were in different states of burn, ranging from unburned, charred,

and calcined. In addition, these states often occurred in the same bone;
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therefore, it was necessary to describe the amount of thermal damage in each
specimen. An examination of the relationship between identified fractures and
state of burn shows that multiple samples were in various states of burn where
the fracture was identified. A number showed three stages of burn (unburned,
carbonized, and calcined). The various states of burn helped the author to
identify that if a sample had differential burning caused by differential exposure to
heat as result of traumatic injury. In addition, few samples were fully calcined
where a correct traumatic interpretation occurred. Table 5.1 depicts the specimen
number, fracture types identified, and state of burn of the area where the fracture
was identified. It is clear that differential burning assisted in the correct
identification of traumatic injury as well as the identification fractures that traveled

through multiple stages of burn.

Table 5.1 State of burn in specimens identified with traumatic injury

Specimen # | Fracture Type State of Burn

4 Spiral Calcined; fracture travelled through
unburned bone as well

6 Comminuted & Spiral | Unburned (distal portion)

7 Oblique Charred to calcined, fracture through
unburned

8 Comminuted Unburned, charred, and calcined

9 Transverse Charred

18 Spiral Unburned & charred

24 Butterfly Charred

26 Oblique Unburned and slightly charred

28 Oblique Unburned to charred
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Specimen # | Fracture Type State of Burn

29 Oblique & Calcined
Comminuted

30 Comminuted Unburned

21 Transverse Calcined

During examination, it was noted that various thermally induced fractures,
especially transverse and curved transverse, most often mimicked traumatic
fractures. These types of thermally induced fractures presented in the samples
as transverse or oblique across the shaft of the bone with surfaces that appeared
smooth and angled as found in traumatic injury. Curved transverse were able to
be more easily differentiable from traumatic injury than thermally induced
transverse fractures, because they often occurred as a progression of multiple
fractures as a result of rapid shrinking of tissue (Symes et al., 2014b). This
progression, which occurred often in calcined specimens, could only be identified
through reconstruction of highly fragmented thermally altered remains. It was
noted that when these types of fractures occurred, the bone fragmented at the
fracture site, leaving fracture surfaces that appeared traumatically induced. The
curved transverse thermally induced fractures mimicked traumatically induced
oblique fractures, because both propagate obliquely across the shaft of the
bones. Reconstruction allowed for fragmented sections to be re-associated with
the portion of the bone, which often showed the progression of curved transverse
fractures or slightly smaller thumbnail fractures that had not propagated through

the shaft of the bone.
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However, thermally induced transverse fractures are less distinguishable
from traumatically induced transverse fractures. Transverse fractures occur in
thermally altered remains due to the shrinking of soft tissues, which causes a
fracture along the line of receding soft tissues (Symes et al., 2014b). In contrast,
transverse fractures from traumatic injury are due to the bending of a bone
caused by an impact in blunt force trauma, where the bone fails first in tension
then compression (Galloway et al., 2014). The fracture propagation as a result of
these two forces, however, appear very similar. As a result, specimens 1, 16, and
19, were identified with traumatically induced fractures in the bone analysis that
did not exhibit trauma in the CT analysis. In each instance, the fracture was
incorrectly identified as a traumatically induced transverse fracture. The
misidentification occurred in portions of the bone that were charred to calcined. In
addition, a transverse fracture was identified on the CT analysis for specimen 21,
but was not identified in bone analysis. Any transverse fracture identified during
bone analysis was attributed to thermal alteration. Specimen 21 was highly
calcined and fragmented, which is likely why to the misidentification occurred.
The incorrectly identified fractures in these samples indicate that when examining
thermally altered remains, transverse fractures should be cautiously attributed to
traumatic injury because they can appear very similar in both events.

An additional sample, 14, was misidentified with traumatic injury. A
comminuted fracture was identified on the distal portion of this sample during the

bone analysis. The fracture occurred on the anterior and medial portion of the
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shaft with two distinct fragments that were re-associated and one fragment that
was not recovered. This fracture occurred in unburned bone and was therefore
believed to be a result of the traumatic assault that was performed prior to
burning. However, when the CT scan for this sample was examined, no traumatic
injury was identified. The author re-examined the bone specimen after the
remaining CT scans from all samples had been analyzed. It was found that this
sample exhibited a white heat line around the shaft, with fractures travelling
through it. A heat line is an opaque line found at the junction between unburned
and burned bone that occurs when wet bone is burned (Symes et al., 2014b).
Therefore, these fractures must have occurred after the bone had already begun
to burn, exhibited by the continuous nature of the white heat line. The fractures
were likely a result of the falling debris from the house collapsing as the fire
progressed. This debris damaged the bone in an area that still retained flesh
therefore the resulting fractures exhibited wet bone characteristics. This sample
presents another variable to consider when an individual is examining thermally
altered remains. This specimen also highlights the importance of the ability to
recognize thermal alterations in bone, not just fracture types, and significance of
a sequence of events that can occur at a fire scene.

Samples were also evaluated based on the identified location of trauma
and fracture type. As discussed, the bone and CT analyses showed that 10 out
of 16 samples were correctly identified based on location and type of fracture.

Five of these samples were those that were originally scored incorrectly.
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Therefore, these samples did not have data from the location and fracture type
analyses to compare and were automatically deemed incorrect. These samples
were discussed previously with an explanation as to why they were scored
incorrectly. By removing those samples, the focus can be on the specimens that
were compared between bone and CT analyses. Location was correctly identified
in 10 of the 11 samples that remained. Many of the specimens exhibited trauma
that spanned more than one portion (proximal, middle, distal) of the bone. In
these specimens, if part of the trauma location was correct, the analysis was
considered correct. This is due to the fact that trauma can often span a large
area in bone, but if one area of trauma is correctly identified, then that bone
clearly suffered perimortem trauma. One sample, 7, did not show an agreement
between the location of traumatic fracture during bone analysis and CT scan
analysis; the trauma was located at the middle section and distal sections,
respectively. However, the fracture type was scored the same in each analysis.
Heat may have caused the fracture to propagate throughout the shaft, although it
is ultimately unclear why the fracture spread. Pope and Smith (2004) state that
prolonged exposure to heat causes traumatic fractures to deform in shape, size,
and dimension which could account for the movement of the traumatic injury
throughout the shaft.

Fracture type was analyzed in the same manner as fracture location.
Again, excluding the originally misidentified samples, there were 11 samples

evaluated. Ten of the 11 samples were scored the same for the fracture type.
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Sample 9 was scored as transverse in the CT analysis, but bone analysis scored
the sample as comminuted, both in the middle portion of the bone. It is likely that
this fracture was increased and damaged along the original traumatic injury due
to the heat of the fire, obscuring the original transverse fracture and mimicking a
comminuted traumatic injury.

An important implication from CT examination and fracture comparison is
the alteration of fractures and fragments from recovery, defleshing, storage, and
reconstruction. This has larger implications for recovery of human remains in a
site where the origin of the fire and remains are unknown. The movement and
loss of fragments could easily lead to the misidentification of traumatic injury.

The use of CT scans was extremely important to the present research. CT
scans captured all traumatic injury in the pre-burn specimens, which allowed the
author to determine if the initial analysis of the bone samples was correct. As a
result, the CT analysis showed that trauma analysis on thermally altered remains
is extremely difficult due to the similarity in certain fracture types, displacement of
fractures, and loss of fragments. The CT scans of pre-burn remains showed that
it is possible to identify traumatic injury in remains that have been subjected to a
thermal event. The results here highlight that forensic anthropologists who are
analyzing thermally altered remains should use fracture characteristics as well as
additional taphonomic indicators to understand that sequence of events that

occurred.
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It is obvious that the interaction between soft tissue and hard tissue plays
an important role in the difficulty of fracture interpretation in thermally altered
remains. Studies in the past have performed experimental traumatic research on
wet bone that has been defleshed, but have failed to consider the implications
that soft tissue has on a traumatic event and subsequent burning of the remains
(Herrmann and Bennett, 1999; Thompson, 2005; Wheatley, 2008). When burned,
soft tissue builds kinetic energy that results in the shrinking of these tissues away
from their attachments, which causes a new surface to be exposed to heat
(Symes et al., 2014b). The fractures result from the partially destroyed muscle or
other soft tissue retreating towards the unburned portion of bone (Symes et al.,
2014b). In addition to the retraction of soft tissues away from the heat of fire, the
heat causes muscle fibers to dehydrate which results in the intense shortening
and contracting of muscles (Fairgrieve, 2008; Thompson, 2003). The intense
contraction of muscles is referred to the pugilistic pose, posture, or attitude
(Fairgrieve, 2008; Symes et al., 2008; Thompson, 2003). The result of this
contraction puts the body in a general state of flexion, which cannot occur with
simple tissue shrinkage (Symes et al., 2008; Thompson, 2003). This interaction
of soft tissue and heat will undoubtedly affect any trauma that may have been
present before remains have been subjected to a thermal event. In addition, soft
tissue will also determine the types of thermally induced fractures present on

bone, which can obscure or mimic traumatic injury.
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As stated, g-force at impact was recorded for each specimen. A wide
range of force was exhibited throughout the specimens. The smallest overall
amount of g-force at impact was measured at approximately 8, while the largest
overall impact was measured at 78. The lowest amount of g-force that caused a
break in bone was found in specimen 29, an ulna/radius. The force that caused a
break in this bone was measured at 9.766. Nearly the same amount of force
(9.537) was measured in specimen 22, a humerus, which did not cause a break
in the bone. In addition, a g-force of 49.362 in an ulna/radius specimen
(specimen 3) did not cause a break, while a lower g-force of 36.392 caused a
break in a humerus specimen (specimen 4). The largest g-force that was
measured was specimen 6, a femur, with a force of 78.125 that resulted in a
bone fracture.

The large range of g-force is not surprising. Not only were multiple
individuals used, but also these individuals all exhibited a differential amount of
ability to apply force. The location and angle of the impact likely has a result on
the amount of g-force required to break a bone. For comparison, a study has
shown that an impact to the head during rugby was in the range of 10 g to 164 g
(King et al., 2014). It has been noted by multiple researchers that a larger
amount of force tends to cause more damage to a bone (Berryman et al., 2013;
Kroman and Symes, 2013; Zephro and Galloway, 2014), but a bone can only fail
in a finite number of ways (Passalacqua and Fenton, 2012). The present study

confirmed that a larger g-force is more likely to break a bone, presented in Figure
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5.1. Figure 5.1 depicts the amount of g-force grouped by type of bone, then by
broken and unbroken samples in that bone type. The assumption that a larger g-
force is more likely to break a bone is shown specifically in humeri specimens. All
g-force at impact below 36 g did not cause failure in bone, and all g-force at
impact larger than this caused failure in bone. The present study gathered data
on the amount of g-force required to cause a break in bone. Unfortunately, due to
the limited sample size, no definitive statements could be made about the g-force
at impact. Accelerometer data of this type would be useful in future traumatic
injury studies to correlate the amount of force in required to cause failure in
various bone types. In addition, due to the limited amount of ways a bone breaks,
there were no significant differences found in the types of fractures that were
produced. Due to the limited sample size there can be no definitive statement
about the fracture type produced either, however, this also requires further
research. Table 5.2 shows the fracture type and g-force measured, grouped by

bone.

Table 5.2 G-force measurement by specific bone types in broken samples.

Specimen # Bone Type G-Force Fracture Type

4 Humerus 36.392 Spiral

8 Humerus 38.223 Comminuted

26 Humerus 42.627 Oblique

30 Humerus 42.191 Comminuted

7 Ulna/Radius 51.079 Oblique

29 Ulna/Radius 9.766 Oblique & Comminuted
9 Tibia 50.392 Transverse
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Specimen # Bone Type G-Force Fracture Type
6 Femur 78.125 Comminuted & Spiral
18 Femur 47.302 Spiral
24 Femur 73.509 Butterfly
28 Femur 37.422 Oblique
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Figure 5.1 G-Force in specimens, grouped by bone type, then by broken
and not broken.

The presence of all soft tissue (muscles, fat, ligaments, etc.) could also
have altered on the amount of force dissipation. The larger contact surface
allowed by the soft tissue influences spread of kinetic energy, which is dispersed
through the material and may have resulted in less overall damage of the bone

(Symes et al., 2008). This conclusion requires further research but should be a
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consideration when analyzing any thermally altered remains that may have soft
tissue.

The results from this study showed that it is possible to determine
traumatic injury in thermally altered remains. A number of studies support the
same conclusion about the differentiation of thermally and traumatically induced
fractures. In Mayne (1990), it was concluded that differentiation of fracture
patterns of blunt force trauma in thermally altered remains is a possibility. Mayne
(1990) found that transverse fractures were more obvious and easily
differentiated than spiral and comminuted fractures. In opposition, this research
found that transverse fractures were the more difficult fractures to differentiate
from thermally induced fractures. However, both highlight that it is possible to
identify the fracture signatures produced from each event. Herrmann and Bennett
(1999) investigated signatures of various traumatic forces, including blunt and
sharp forces as well as ballistic trauma, in thermally altered skeletal elements.
The research presented by these authors, inflicted blunt force trauma on three
femora. This is a relatively small sample size of blunt force trauma in bone
however, the authors found that interpretation of this type of trauma requires
thorough examination of fracture characteristics. Herrmann and Bennett (1999)
concluded that through a combination of surface morphology examination with
fracture patterning, blunt force trauma signatures could be identified. However,
these authors found that traumatic and heat-induced fractures do display similar

gualities, as found in the present research, and the initial stages of traumatic
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analysis in burned remains must include both reconstruction and macroscopic
examination.

Pope and Smith (2004) investigated ballistic, sharp, and blunt force
trauma in thermally altered cadaver heads. In their study, cadaver heads were
radiographed after trauma had been inflicted to record fracture patterns and
impact sites. Each was then burned in various situations that simulated those
found in forensic fires. The present research mirrored a number of the methods
used by Pope and Smith (2004), including the involvement of radiographs, a real
life forensic situation, the use of controls, and macroscopic examination of
fractures. Pope and Smith (2004) compared the radiographs and the post-burn
heads that had suffered blunt force trauma to compare observed fracture
patterns on the remains and actual fracture patterns from the radiographs. Pope
and Smith (2004) stated that advancing stages of cremation can destroy
features, such as impact sites and radiating fractures that occur in cranial
trauma, due to heat-related fragmentation and delamination. The authors
concluded that while some signatures of blunt force trauma survive a burning
event, the multiple variables in burning environment could affect correct
interpretation of fracture characteristics. In addition, Pope and Smith (2004) state
that careful recovery and reconstruction techniques are of the utmost importance
when dealing with a fire scene.

Many of the conclusions from these various researchers are largely in

accordance with the findings from the present study. This research found that
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fracture characteristics believed to be caused by traumatic injury should be
closely examined and compared with known heat-induced fractures to determine
if traumatic injury is present. In addition, various characteristics such as fracture

surface and angle should be examined to differentiate between the two events.
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CHAPTER 6: CONCLUSION

Correct trauma interpretation, including sequence of events, is an
essential component of any homicide or fatality; however, the addition of thermal
alteration can make a trauma assessment exceptionally difficult. These types of
events can occur in a number of ways together including motor vehicle accidents,
house fires, terrorist attack, or attempting to obscure or destroy evidence from a
homicidal act. Although it is clear that traumatic signatures in bone may survive a
thermal event, the dynamics of the burning environment including extinguishing
methods, collapsed and falling items, and recovery techniques can further
destroy or obliterate them (Pope and Smith, 2004).

Multiple studies have shown that blunt force trauma is prevalent in multiple
types of fatalities (Fanton, 2005; Fischer et al., 1994; Sise et al., 2014; Tumer et
al., 2012). Fischer et al. (1994) found that of the homicides examined at the
Department of Legal Medicine of the Hannover Medical School (UK), blunt
trauma injuries were most common. Their study showed that of the homicides
examined, 51.9% of the victims suffered from blunt force trauma. These authors
defined blunt trauma as that generated by blunt instruments such as fists,
hammers, clubs, or falling, which can cause a wide variation of injuries including
damage to bone. Fischer et al. (1994) theorized that the high prevalence of blunt
force trauma in homicides is due to the easy accessibility of blunt instruments. In
addition, a study by Sise et al. (2014) showed that motor vehicle trauma,

including pedestrian, motorcycle collisions, and injuries to vehicle occupants, was
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declining but was still a prevalent way of trauma related death. In addition, these
authors showed that the prevalence of fall-related mortality was increasing. Both
of these categories fall under blunt force trauma, and the authors showed that
these types of injuries and fatalities are a concern in medicolegal investigations.

A study done on fire fatality from records of the New Jersey State Medical
Examiner’s Office showed that 727 fire fatalities were identified over a 7-year
period from 1985-91 (Barillo and Goode, 1996). Of these fire fatalities, 574
victims died in structures, most often house fire, while an additional 15 died in
non-residential structures, and 63 in vehicle fires (Barillo and Goode, 1996).
Within their sample, homicide or arson was the most common cause of the fire
only after smoking materials (Barillo and Goode, 1996). Their study did not report
the prevalence of blunt force trauma injury in these fires, but highlights the high
occurrence of fire fatalities in a diverse, contemporary U.S. region. An additional
study retrospectively analyzed records of autopsies (n=12,263) performed in the
Ankara Group Administration of Council of Forensic Medicine, and 83 involved
burn injuries (Tumer et al., 2012). Of these, 13 cases were homicide that
involved postmortem burning to cover the homicidal action. Although the majority
of these homicidal cases were the result of gunshot trauma, it highlights the
importance of the ability to interpret thermally altered remains.

Finally, a retrospective study was performed at the Institut Universitaire de
Médecine Légal in Lyon from 1993 to 2003 (Fanton et al., 2005). Autopsies were

performed on 40 victims of burning where the most common manner of death
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was accident and the second most common was homicide (Fanton et al., 2005).
Accidents were often the results of a road or occupational accident. In road
accidents, the victim was often burned due to the inability to exist the car
because of injuries (Fanton et al., 2005). Motor vehicle accidents result in a
number of blunt trauma injuries. Criminal burning accounted for 12 cases and
postmortem burning occurred in the majority of these cases (Fanton et al., 2005).
The use of a blunt instrument in a homicidal event occurred in 3 of the cases that
also employed burning. The authors showed in this study that criminal burning
was used ultimately to cover up a homicide (Fanton et al., 2005).

These various studies not only exemplify the importance of the ability to
identify various traumatic injuries, but also the ability to identify traumatic injury in
remains that have been subjected to thermal alteration. The use of fire to
obscure homicidal actions is a popular means of disposal, and fire can greatly
affect the success of an investigation. When confronted with remains that have
been badly burned, forensic anthropologists must use multiple avenues of
investigation such as fracture characteristics and taphonomic indicators. It is also
important for investigators to consider other possible explanations for the
presence of traumatic injury, such as a falling building or debris.

As indicated by this research, thermally induced fracture patterns may
potentially obscure and mimic traumatic injury in remains. The hypothesis tested
in the present research was to ascertain if differentiation between thermally

induced and traumatically induced fractures is possible. The present research
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supports this hypothesis and indicates that a correct traumatic injury assessment
can be obtained once remains have been subjected to a thermal event. However,
considerable caution should be used when examining and evaluating remains
that have been subjected to burning and fire. As indicated by the present
research, a number of thermally induced fractures can easily mimic traumatically
induced fractures and provide an incorrect assessment of the events that
occurred to that bone. The extreme fragmentation that can be found in remains
that have been in a house or structure fire, a car accident, or various other
thermal events must be taken into account. It is important to consider the
implication of fragmentation in the recovery of remains as the loss of fragments
could also obscure traumatic injury. The present research showed that a fire, in
this case a house fire, is a complex event in which a number of other processes
can occur which can damage bone. In this controlled setting, less damage and
loss of fragments occurred, but in a real life forensic setting these factors must be
considered. Only individuals trained in human remains recovery should be
collecting bone as well as transporting any remains that have been subjected to
thermal damage.

Thermal alteration and trauma research should continue to be studied, as
there are multiple unanswered questions. Experimental research that includes
more real life situations, such as motor vehicle accidents or house fires, to
understand the complex nature of a fire scene would be useful knowledge for

various members of an investigation team. Investigators should be trained to
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recognize the multiple ways in which a fire can alter or damage remains through
taphonomic indicators such as heat lines and pattern of burn. In addition, more
research that includes fully fleshed remains is needed, because soft tissue can
greatly influence traumatic injury and the appearance of thermally induced
fractures. The interaction of soft tissue and hard tissue can alter force dissipation
from a traumatic impact as well as influence the type of fractures that present
once the remains have been exposed to a thermal event. In addition, a study
should also be performed on specimens that have increased or total calcination
of all specimens, then tested the ability to differentiate fractures. This would limit
the ability to use various states of burn as context clues as well as features such

as heat lines to distinguish the sequence of events centered on the trauma event.
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APPENDIX ONE

Figure A.1: Specimen 1, tibia with differential burning and no traumatic
injury identified from CT scan; scale in cm.

Figure A.2: Specimen 2, femur with differential burning, no traumatic
fractures identified; scale in cm.
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Figure A.3: Portion of fragmented remains from Specimen 3 (radius/ulna),
note the extreme fragmentation and calcination; scale in cm.

Figure A.4: Specimen 4, humerus with identified traumatic injury (spiral
fracture) in the middle portion; scale in cm.
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Figure A.5: Specimen 5, tibia, no traumatic injury identified; scale in cm.
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Figure A.6: Specimen 6, femur; distal portion with comminuted fracture.
Scalein cm.
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Figure A.7: Specimen 7, radius/ulna, oblique fracture identified in middle-
distal portions; scale in cm.
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Figure A.8: Specimen 8, humerus, comminuted fracture identified; scale in
cm.

Figure A.9: Specimen 9, tibia, transverse fracture identified in the middle
portion, not the differential burning; scale in cm.
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Figure A.10: Specimen 10, femur, largely unburned specimen with no
traumatic injury; scale in cm.

Figure A.11: Specimen 11, radius/ulna, differential burning with no
traumatic injury; scale in cm.

Figure A.12: Specimen 12, humerus, no traumatic injury; scale in cm.
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Figure A.14: Specimen 14, femur, note opaque heat line (red arrow).
Comminuted fracture in distal portion likely caused by fire debris; scale in

cm.

Figure A.15: Specimen 15; rziditjs/ljlné, with extreme calcin
fragmentation. No traumatic injury identified; scale in cm.
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Figure A.16: Specimen 16, humerus; scale in cm. Misidentified
traumatically induced transverse fracture distally (red arrow).

Figure A.18: Specimen 18, femur, spiral fracture identified proximally; scale
incm.
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Figure A.19: Specimen 19, tibia, misidentified traumatically transverse
fracture in middle portion; scale in cm.
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Figure A.20: Specimen 20, femur, no traumatic injury; scale in cm.

Figure A.21: Specimen 23, tibia, no traumatic injury identified. Note
differential burning; scale in cm.
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Figure A.22: Specimen 24, femur, anterior view of largely unaltered
specimen; scale in cm.

Figure A.23: Specimen 24; close up of butterfly fracture at proximal portion.
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Figure A.24: Specimen 25, radius/ulna, highly fragmented and calcined
distally; scale in cm.

Figure A.25: Specimen 26, humerus, traumatically induced oblique fracture
identified in the middle-distal portion; scale in cm.
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Figure A.26: Specimen 26; close up of oblique fracture margin.

Figure A.27: Specimen 27, tibia, no traumatically induced fracture
identified. Note the differential burning at separation at the middle portion;
scale in cm.
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Figure A.28: Specimen 28, femur, traumatically oblique fracture identified in
proximal-middle portion; scale in cm.

Figure A.29: Specimen 29, radius/ulna; scale in cm.
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Figure A.30: Specimen 30, humerus, traumatically induced comminuted
fracture identified in middle portion; scale in cm.

Figure A.31: Specimen 30; distal portion, comminuted fracture.
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postmortem damage, carnivore gnawing, dispersal, and the effects of
water movement.

o Learned to recognize common taphonomic markers and signatures on
bone and what they indicate about the history of a bone from the time
of death through discovery.
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o Acquired an understanding of the anatomy and biology of the human
body and skeleton.

o Developed knowledge of internal organs as well as body systems.
o Learned to read and understand radiographs.
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o The limit, derivative and definite integral concepts; applications of the
derivative, techniques and applications of integration.
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o Partial derivatives and multiple integrals with applications
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