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Burned human remains have been the focus of study
by anthropologists and archaeologists for overyéars.
One might therefore surmise that we know

a great deal about this subject: we do not.’

T.J.U. Thompson (2009)
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Summary

By now, only a few methods have been publishedimgakith the visualization of heat-
induced cracks and fissures inside bones and tBeittng the last few decades the focus of
interest shifted from the macroscopic to the micopsc level of heat-induced changes. In this
diploma thesis, the method of non-invasive x-ragrmitomography (micro-CT) was used as
a novel approach for volume analysis of heat-indussures and cracks to study the reaction

of human teeth to various levels of thermal stress.

In total, 18 isolated human teeth were divided ithie groups and burned under controlled
temperatures of 400°C, 650°C and 800°C in an etefttrnace. After the heating, a series of
high-resolution scans (voxel-size 17.7 - 27.0 pmjyenmade with a SkyScan 1174 compact
micro-CT scanner. Following reconstruction and aosion of the raw data, the obtained im-
ages were segmented. In the pilot study manual eegtion of the 15 burned molars and
premolars was a simple classification of voxel datahe basis of grey scale differences, us-
ing Visage Imaging Amira 5.2. In contrast, the mstindy (14 scans of third molars) used au-
tomated segmentation based on a complex imagesimalgorithm (Definiens XD Develop-
er 1.2) to evaluate the volume of the cracks, #al pulp and the dental tissue. To qualita-
tively analyze heat-induced changes, in both ssuttiree-dimensional models were computed
with Amira 5.2.2.

The image data of the pilot study were only usedHcee-dimensional models. The statistical
evaluation of the main study image data shows teatpe-dependent increase of heat-
induced cracks and fissures between the three tamope groups. In addition, the distribu-

tion, direction and shape of the heat-induced @acld fissures could be classified due to the

computed three-dimensional models.

In contrast to earlier publications, this novel hoet allows to visualize the entire three-
dimensional expansion of heat-induced cracks asdufes inside hard dental tissue.
Therefore the pilot and main study used the sanper@rental conditions proposed in
literature, revealing novel insight into heat-inddcchanges of teeth, confirming previous
results and offering new perspectives for forensiestigations as well as archaeological

excavation material.



Zusammenfassung

Bis zum heutigen Tag wurden nur vereinzelt Methodendem Ziel publiziert, Risse und
Fissuren innerhalb von Knochen und Zéhnen zu Jisaetn, welche durch hohe Temperatu-
ren verursacht werden. Wahrend der letzten Jahiezeétmderte sich der Fokus der Forschung
von den makroskopischen hin zu den mikroskopisdhigre-induzierten Veranderungen. In
der vorliegenden Arbeit wurde erstmals die nicktasive mikro-CT Technologie verwendet,
um das Hitze-induzierte Rissvolumen zu analysienmsth die Veranderungen bei verschiede-

nen Temperaturstufen bei menschlichen Zahnen Zodobten.

Insgesamt wurden 18 isolierte menschliche Zahnealevuin drei Gruppen eingeteilt und in
einem elektrischen Muffelofen bei kontrolliertenmgeraturen (400°C, 650°C und 800°C)
verbrannt. AnschlieRend wurde eine Reihe von hdtbsanden Scans (Voxel Grol3e: 17.7 —
27.0 pm) mittels eines SkyScan 1174 kompakt miKfoS2anners gemacht. Nach der Re-
konstruktion und Konvertierung der Rohdaten wurdén daraus resultierenden Bilddaten
segmentiert. In der Pilotstudie basierte die mdaugtgmentierung der 15 verbrannten Mola-
ren und Pramolaren auf der Klassifizierung der Vaaien aufgrund ihrer Grauwertunter-
schiede (unter Verwendung von Visage Imaging Arbitg). Im Gegensatz dazu wurde bei
der Hauptstudie (14 Scans von Weisheitszahnen)aeitematisierte Segmentierung verwen-
det, welche auf einem komplexen Bildverarbeitungsdihmus basiert (Definiens XD Deve-
loper 1.2) um das Volumen der Risse, der Pulpad@sdZahngewebes zu evaluieren. Fir eine
gualitative Beschreibung der Hitze-induzierten Welrungen wurden in beiden Studien
dreidimensionalen Modelle mit Amira 5.2.2 erstellt.

Die Bilddaten der Pilotstudien wurden nur fir distEllung von dreidimensionalen Modellen
verwendet. Die statistische Auswertung der Bilddater Hauptstudie zeigte einen statistisch
signifikanten Temperatur-abhangigen Anstieg vonzétinduzierten Rissen und Fissuren
zwischen den drei Temperaturgruppen. Zusatzlichnteon Klassifizierungen beziglich der
Verteilung, Richtung und Form von Hitze-induziertéeranderungen aufgrund der dreidi-

mensionalen Modelle vorgenommen werden.

\



Im Gegensatz zu bisher publizierten wissenschhéticArbeiten, kann mit dieser neuartigen
Methode die gesamte dreidimensionale Ausbreitumghitze-induzierten Rissen und Fissu-
ren innerhalb von Zahnen prasentiert werden. Digt-Rind Hauptstudie wurde unter den in
der Literatur vorgeschlagenen experimentellen Unu&a durchgefuhrt und offenbarten neue
Einblicke in die Hitze-induzierte Veranderungen \ihnen, welche die bisherigen Resultate
stlitzen, aber auch neue Perspektiven bei foremsisdhntersuchungen und archaologischem

Ausgrabungsmaterial er6ffnen.
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A. Analysis of burned human remains

Introduction

The main aims of forensic odontology are the idmatiion and age estimation of living and
dead humans. Teeth structures, like fingerprimsuaique, and can therefore clearly identify
a person. Besides DNA studies, the comparativeatiesddiography of human dentition is the
most widely used method in forensic odontology (\W@606). There are 160 surfaces of di-
agnostic value for adult human teeth - combinedh witidence of dental treatments, specific
tooth positions or individual root formation, thgsa perfect method for cost effective identi-

fication.

Various events can lead to burned human remaigsagcraft accidents (Taylor et al. 2002),
explosions, natural disasters (Schuller-Gotzbumd) Sunchanek 2007) or house fires (Sledzik
et al. 2002). In rare cases, fire is used for degi(Schmidt et al. 2000; Shkrum and Johnston
1992) or for homicides to destroy forensic evideand prevent clear identification and re-
covery (Fairgrieve 2008). In forensic cases invajviire the comparative dental radiography
combined with the visual dental record is currenblg most commonly used identification
method.

Evidence of heat-induced changes of skeletal resnaialso present in archaeological materi-
al, in the majority of the cases due to ritual caions (Daghighi 2006; Fereira et al. 2008;
Grol3kopf 2004; Lange et al. 1987; McKinley 1994;el#tker and Rife 2007; Wahl 1982).
The oldest archaeological finding of cremation a&ed back 26000 — 20000 years. The
burned female skeleton (also known as ‘Mungo LamyLM-1) was found in 1969 at Lake
Mungo (New South Wales, Australia). The remaind.bF-1 showed a noticeable burning
pattern: After death the body was burned, smashddtzen burned for a second time. Arc-
haeologists interpret this as an early burningatita ensure, that her spirit will not return and
haunt her descendants (Bowler et al. 1970; Jorn@®)19

During the last decades researchers mostly coratedtron the macroscopic heat-induced
changes of bones and teeth (Bachmann et al. 20fhBet al. 2008; Devlin and Herrmann
2008; Herrmann 1976; Moreno et al. 2009; Mullealett998; Schmidt 2008b; Shipman et al.
1984; Wahl 1982; Walker et al. 2008). However, macopic changes can be influenced by a
large number of external factors (e.g. oxygen awdlity, environmental conditions) and ma-

terial properties and therefore are not the ideal for temperature estimation (Thompson
2009; Walker et al. 2008).



With reference to microscopic changes, only fewhods have been published dealing with
the visualization of heat-induced cracks and fissunside bones (Thompson and Chudek
2007) and teeth (Fereira et al. 2008; Savio €1(06).

With the novel approach using x-ray microtomograghycro-CT) for computing a non-
invasive 3-D model, even thinnest fissures insideath can be visualized. A temperature-
dependent increase of multiple fissures and craas found inside teeth, and was used to
draw conclusions about the degree of high tempera&xposure. The purpose of this diploma
thesis, consisting of a pilot and a main study, Wees quantitative and qualitative volume
analysis of cracks resulting from high temperatufdss novel technique might be used like-

wise for forensic investigations and archaeologmtapose.

In the first section of this diploma thesis, an mi@wv of the morphology and terminology of
human dentition, dental identification process hedt-induced changes in teeth is given. Ad-
ditionally, a detailed summary of the methods arademals used for the studies is presented.

In the second section, the pilot study and the ratidy, as well as future prospects are given.



1.1. Morphology and terminology of human teeth

To understand the heat-induced changes in dergslei the . i, H‘E”“‘e‘

rown— | [ /T

7%’——Dentin
W ol

knowledge of histological and morphological prostof hu-

man teeth is crucial. Adults have 32 permanenhteehich are

. periodontal
/| membrane

in general histologically identical with the 20 dhkous teeth

z%— Nerve and
2 % blood supply

that are completely replaced at the age of 11+2sy@adbelaker

Figure 1: Structure and composition
2008). of a human tooth

A human tooth (see Figure 1) can be subdividedantoown (Corona dentis) and a root (Ra-
dix dentis). Root canals (Canalis radicis dentig) aising from the dental pulp cavity (Ca-
vum dentis) for nerves and blood supply. The nunadbeoot canals is specific for each tooth
type. While incisive, canines and second premdiarse one root canal, first premolars and
lower first and second molars have two. The uppst &nd second molars have three, and
third molars have up to five root canals. Humarthtewainly consist of dentin (Substantia
eburnae). The crown which is exposed above thegawvered by a thin layer of dental ena-
mel (Substantia adamantine), which consists of 8&8fganic salts and therefore is the hard-
est tissue in the human body. The root is anchim&de the alveolar jaw bone by periodontal
ligament/membrane. It is composed of dentin thahsased into cementum (Substantia ossea
dentis). The dental pulp cavity is found inside deatin layer and is filled with organic con-
nective tissue. (Gratzl 2005; Wachtler 2000)

The exact knowledge of the terms labeling surfaaed
orientation of teeth, shown in Figure 2, is essgrit un-
derstand the structure and method of anthropolb§ioa:

ing sheets as well as the computer based dentaiifida-

tion system (e.g. WINID3,_ http://www.winid.cm The

permanent dentition can be subdivided into fourdgaats
with eight teeth each. The Fédération Dentaireratio-
nale (FDI) system uses a two digit system — th&t firgit
indicates the quadrant and the second the tootls@Hi

1996). Accordingly, in dentistry the fillings aramed after

the surfaces filled.

Figure 2: Labeling surfaces and orientation of
teeth (Hillson 1996)



1.2. Dental identification process

An unknown body can be identified based on charisties of the body like estimated age,
sex, weight, height, hair, eye color and dentitieimgerprints can be analyzed by specialized
software, and images of the deceased can be cothpsdditionally, many bodies do have
individual jewelry, tattoos, implanted surgical dms or surgical/traumatic scars (Dolinak
and Matshes 2005). The practice shows, that a deatification of victims can be 100%
successful like the ones at the cable-car acciseeRtaprun in 2000, where all 155 victims
were identified within 19 days (Meyer 2003). In @timass fatalities in recent history like the
Tsunami in Southern Asia in 2004, the positive tdmation rate of foreign victims was
90,36%, whereas due to missing medical records 84)$2% of the known Thai victims
could be identified during the first 15 months aftiee catastrophe (Schuller-Gotzburg and
Suchanek 2007). But the identification rate ofimst is not always that high. Haglund (2002)
gives the impressive example of a mass grave flmml994 Rwandan Genocide. Out of 500
individuals only 17 could be identified correctlyitiv the help of their identity cards or
clothes. The forensic investigation teams at othess graves around the world are con-
fronted with similar problems.

Especially when soft tissue is lost by environmeritaman, chemical or physical force, fo-
rensic odontology, forensic radiology and forerenthropology, besides DNA comparison

can help to clearly identify individuals (Cox et 2008) .

The main aim of forensic odontology is the detemtion of identity on the basis of photo-
and radiographic analysis of dentition, jaws, amdnofacial bones (Bernstein 1997,
Bernstein 1998; Schmidt 2008a). Bite mark anal{Siseet 1998) as well as application of

dental evidence for jurisprudence are also patti@kcope.

There are 160 surfaces of diagnostic value fortdduhan teeth - combined with evidence of
dental treatments, specific tooth positions orvilial root formation, these characteristics
allow personal identification. Especially dentastarations and ante mortem dental records,
e.g. dental radiographs or dental impressionsyeamg helpful (see Figure 3 and 4). Other evi-
dence like dental prosthesis, dental brace, arghd&tic models can secure positive identifi-
cation. Sometimes the patient’'s name or initiaés@inted onto the denture or crowns. In the
last years individual bleaching trays and custonhifashion accessory became more and
more important (Bowers 2004).



The visual dental record combined with computeretasental identification systems still is

the gold standard in the field of forensic odonggloln cases of mass fatalities, dental identi-
fication is usually faster and less expensive tO&A analysis (Savio et al. 2006; Souviron

2005; Yoshida et al. 2005).

An individual identification is possible via compmon of ante mortem and post mortem den-
tal X-rays (comparative dental radiography) (Bezmst1998; Raitz et al. 2005; Souviron

2005). The first forensic case, in which compartilental radiography was applied as an
identification method, was in 1949, when 72 of 14@ims of a fire on a steamship could be

identified. Since that time, comparative dentaliogthphy has been routinely used for the
individual identification of unknown decedents. Hower, there are also limitations of this

method. A dental X-ray or orthopantomography (OR@ly shows a two-dimensional sha-

dow of a three-dimensional filling, whereas the sif the restoration cannot be distinguished.
Also the various metals and fillings cannot be etiéhtiated, because all are radiopaque.
(Bernstein 1998)

Figure 3: Standard orthopantomography (23 years, male) Figure 4: Dental impression of lower dentition

In Figure 3 a standard OPG of human dentition (im2@eyears, caucasian) is shown (73kV,
15mA,; Orthopos XG Plus, Sirona Dental Systems, Beins, Germany). This kind of dental

x-ray allows a two-dimensional overview of mandjbieaxilla and the complete dentition.

Clearly visible are the different kinds of dentadatments, fillings and the state of develop-
ment of the third molars, which would allow a potidentification in a forensic case. Addi-
tionally, during the dental treatment of the upfedt first molar (26) a dental impression of
the same patient’s lower dentition was made (sger€i4), which could be used in the foren-
sic bite-mark analysis. The pictures were kindlpved by Dr. Andreas Werner and the
Primary Care Clinic of the Bernhard-Gottlieb Unisigy Clinic of Dentistry, both located in

Vienna, Austria.



Kirchhoff et al. (2008) compared the effectivene$wvisual dental record and post mortem
computed tomography (PMCT) for identification preseWith a standard 64-slice computed
tomography the dental fillings/inlays, especiallynthetic were only hardly detectable.

Though, if the ante mortem x-rays are missing (diagk al. 2002), or to provide a fast docu-
mentation of the entire dentition (Jackowski et28l06) the method of computed tomography

can be very helpful.

If ante mortem dental records are missing or diffitco locate photographs of missing per-
sons smiling on them can also help in the ideratiifan process. These photographs can easily
be obtained from e.g. social networks, friendsammify. At the Medical Examiner Depart-
ment of Miami-Dade County approximately 30 percehpositive visual dental identifica-
tions are preformed with smiling photographs. Tlenparison obviously cannot be per-

formed in cases of missing, putrefactive or sebemr@ed anterior teeth (Souviron 2005).

However, in spite of all the technical advancess ivery important to remember, that not

every forensic dental examination is leads to atipesdentification.



1.3. Historical background of investigation of burred human remains

Exact knowledge of human osteology and a lot ofeence is of fundamental importance
for the anthropological and forensic investigatadrburned human remains. One of the first
experimental approaches on the alteration of thél skibjected to heat was done in 1875 by
Eduard v. Hofmann, an Austrian professor in legaditine (Hofmann 1875). Throughout
many decades it was believed that burned humanshkeme teeth from forensic and archaeo-
logical sites would not provide enough evidenceddrial or scientific study and had been
reburied in many cases. In 1928, Wrzosek consideueded bone fragments as adequate re-
search material and tried to find out factors fientification of age, height and number of
graves. During the 1930’s, Krumbein and Thieme whkeefirst anthropologists, who did ex-
tensive research on burned human remains (Trautr@@06; Wahl 1982). Waller (1934,
cited by Wahl 1982) developed guidelines for tleatment of burned human remains. Anoth-
er important study was performed in 1939 by thetAais anthropologist Amilian Kloiber,
who published his research on metrical data ofousribone fragments for cremated remains
(Kloiber 1939). Wahl (1982) published a color andrbstage scheme, which is still widely
used in a slightly modified version for the anadysf burned human remains. Detailed re-
views on the anthropological and forensic methogisdufor the investigation of burned hu-
man remains (including age and sex estimationnkage and temperature determination and
histological methods) were published by Mayne-Coar€l997), Grol3kopf (2004), Daghighi
(2006), Trautmann (2006) and Schmidt (2008a).

An important basic question in this context is tregin of the remains — if they are non-

human or human. Therefore, burned bone fragmests dnig challenge, even though there
are possibilities to determine the different tymgshuman and other species’ bones (e.g.
cranial bones from post-cranial bones) (Hincak.e2@07; Whyte 2003). Confusion of human

and non-human teeth is nearly impossible if they @mplete. The specific thickness of 1-
2mm of human dental enamel distinguishes non-huineen human teeth (Grine 2005). The

third molar of the polar bear seems to be the eobgh of a mammal to be similar to the

structure of a human tooth (Schmidt 2008a). Theiragiproblem to determine crown or root

fragments can be solved by examining the toothhennticroscopic level. In cross sections
human enamel has a keyhole pattern. Any animal tegth of similar size does not have this
pattern (Hillson 1996).



1.4.

1.4.1. Heat-induced transformation

Thermal properties of teeth and heat-inducedhlanges in teeth

Cremation of human remains means the practicé Tadie 1: Terminology for cremated remains after
Eckert et al. 1988, cited by Mayne-Correira (1997

disposing of a corpse by burning it. Shipman et

Al-Type of Cremation

Tissue Survival

(1984) distinguished a wide spectrum ranging fra

unburned, completely incinerated to calcined bomae m

terial. In Table 1 a general classification of typaf

m Charred Interal organs
Partial Soft Tissue

Incomplete Bone pieces
Complete Ashes only

cremation introduced by Eckert et al. in 1988 isvein (Mayne-Correira 1997). The German
phrase ‘Leichenbrand’ is used in archaeologicakexdinto refer to the rite of cremation but
mostly to refer to fragments of the human skeleb@ could not be burned entirely. Normal-

ly, there are only mineralized fragments of borezth remaining.

Mayne-Correira (1997) also categorized four tramsédgion stages in the process of crema-
tion (shown in Table 2) that were modified by Th@op (2004). At the first stage, the so
called dehydration, the water inside the bone asmdal tissue is lost due to the breaking of
hydroxyl bonds. Organic components and carbonatedoat at the second and third stage,

respectively (Devlin and Herrmann 2008).

Table 2: The four stages of heat-induced transformatidmoime (Thompson 2004)
Stage of trans- Evidence Temperature range Temperature range
formation (Mayne-Correira 1997) (Thompson 2004)

Dehydration Fracture patterns; weight loss 100°2600 100°-600°C

Decomposition | CPlOr change; weight loss; reduction in 500°C-600°C 300°-800°C
mechanical strength; changes in porosity

Inversion Increase in crystal size 700°-1100°C 50000°C
Increase in mechanical strength; reduc-

Fusion tion in dimensions; increase in crystal 1000 °C + 700°C +
size; changes in porosity

In 23.4% of the forensic cases involving extremathdhe soft tissue of the skull is affected,

whereas in almost every case the soft tissue oliotluer extremities is destroyed by the heat
(Gerling et al. 2000).

If a body is subjected to extreme heat, the testhnat affected at first. Teeth are primarily

protected by the soft tissue for about 10-24 mimaied the temperature inside the oral cavity
does not rise over 87°C, depending on the nutatistate, age, temperature and time of ex-
posure (Eichenhofer 1980, cited by Madea and Sdh26i@0).

8



The protection against direct heat of the antdaeth

is caused by the swelling of the lips and protmisid

the tongue. If even more heat is induced, the dips
the tongue retract and the heat affects the anter
teeth (Madea and Schmidt 2000). Bohnert et 3
(1998) listed the effects of fire on the skull mepee-
cifically, based on observations of cremationsiedrr

Figure 5: Fragments of a lower jaw burned for 30

out at 670°-810°C. After 8-10 minutes the SOftUESS minutes at 400°C. The anterior teeth are partiddly
stroyed and carbonized, while molars only show some

of the face is charred and only sparse soft tiggue fissures. The dentin is colored black, changinghite
color. (Rotzscher et al. 2004)

mains are visible after 20 minutes.

In case of burned human teeth resulting from hateicaccidents, or aircraft crashes, etc., the
remains are very fragile and have to be handled griéat care. To preserve them from shat-
tering and thus to secure a positive identificatioey can be fixed with cyanoacrylate or hair
spray (Griffiths and Bellamy 1993; Schmidt 2008dyers (1999) and Feriera (2008) con-
cluded that teeth subjected to gradual heat are roottle, while direct heat often leads to

complete fragmentation of the teeth.

Brown et al. (1970) and Lloyd et al. (1978) were fhist physicists who did profound expe-
riments about thermal properties of human teetleyTised a thermal cycling apparatus to
simulate thermal stress and to find out the derasity specific heat of dentin and enamel. Ad-
ditionally, Brown et al. (1970) published a diffat@al equation for calculating the thermal
conductivity of dentin and enamel. Braden (198%)) elperiments on the different properties
of restorative materials, so that mathematical fsode conductivity can be computed. These
experiments are very important for implantology dtichg material research (Gale and Dar-
vell 1999; Kodonas et al. 2009), as well as fordkplanations of the behavior of human teeth

exposed to extreme thermal stress (Hughes and \20it@; Muller et al. 1998).



1.4.2. Analysis of macroscopic and microscopic heatduced changes of teeth

The focus of interest in the analysis of heat-irlichanges shifted from the macroscopic to

the microscopic level during the last few decadds(npson 2009).

The surface color of bone and teeth is one of thim macroscopic features analyzing of heat-
induced changes. Concerning bone, the change fafcgucolor is mainly related to the tem-
perature rise and time of exposure. A shift frortured color to light yellow, brown, grayish-
blue, white and finally pink is often reported itefature (Devlin and Herrmann 2008; Merlati
et al. 2004; Moreno et al. 2009; Muller et al. 1988hmidt 2008b). Shipman et al. (1984)
introduced the ‘Munsell Soil color charts’ to standize the description of surface color of
burned human remains following experiments with dsoand teeth from sheep and goats.
Various experiments showed that environmental ¢mrdi, time, temperature and oxygen
availability are also key factors that influence ttolor of cremated bones (Walker et al.
2008).

Specific research on heat-induced changes of tadth is rare (Bachmann et al. 2004; Beach
et al. 2008; Moreno et al. 2008; Moreno et al. 20@8ller et al. 1998; Myers et al. 1999;
Schmidt et al. 2005). In general, teeth reactauige similar manner as bones do (see Figure |
(p-32) for molar teeth; Figure B (p.25) for premdieeth), although enamel has a much lower
organic content than bone (Beach et al. 2008). Mewesurface color changes can be influ-
enced by a large number of external factors (exggen availability, environmental condi-
tions) as well as material properties, and isdfoge not the ideal tool for temperature estima-
tion (Thompson 2009).

The behavior of human teeth subjected to high teatpees (200° - 1200°C) was recently
studied by Moreno et al. (2008; 2009) using 200aetéd human teeth. The study proved that
dental tissues as well as dental filling mater{alg. amalgam, composite, etc.) resist extreme
thermal stress. Small changes in dimensional expanBssures, cracks, fractures and color
changes of the tissue and dental filling matenaése present. Studies by Rossouw et al.
(1999), Merlati et al.(2002; 2004), Bush et al.g)) Savio et al. (2006), Brandao et al.
(2007) and Bonavilla et al. (2008) showed thatgreservation of modern dental filling mate-
rials during heat may also help for the identificatprocess. Microscopic changes of burned
human and animal bones and teeth were often exdnisiag classical histology (Fereira et
al. 2008; Hughes and White 2009; Muller et al. 29@gers et al. 1999).
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The pioneer study concerning heat-induced chanfyeKkrastructure of bone and teeth using
scanning electron microscope (SEM) was publishe8ltipman et al. (Shipman et al. 1984).
This destructive and intricate method has been tlsedighout many decades, and is useful
for the estimation of burning temperature and atteraation of dental filling materials, but
entire teeth or bone fragments cannot be analy@ad (et al. 1986; Fairgrieve 1994; Holden
et al. 1995b; Merlati et al. 2004; Muller et al.989 Quatrehomme et al. 1998; Shipman et al.
1984; Thompson 2005; Wilson and Massey 1987).

Two other methods, X-ray Diffraction (XRD) and FraurTransform Infrared Spectroscopy
(FTIR), concentrate on the Crystallinity Index (Bret al. 2007; Holden et al. 1995a; Piga et
al. 2008; Piga et al. 2009; Rogers and Daniels 28@%pman et al. 1984), which “is a meas-
ure of the order of the crystal structure and cositfpm with bone” (Thompson et al. 2009)
are reported. Changes of this Crystallinity Indexthe result of thermal stress. XRD is based
on “the conclusion that the hydroxyapatite (...) lief@d in structure between 700 to 1000°C
to resemblés tricalcium phosphate” (Mayne-Correira 1997). Shapnet al. (1984) compared

this transaction of crystals with the productiorcefamics.

Hiller et al. (2003) used small-angle X-ray scatigr(SAXS) to determine the actual crystal-
lite size and shape, providing a more accuratermigtation method and very promising re-
sults for the prediction of burning temperaturesddivantages of these methods are that they

also are destructive and intricate.
However, the destruction of the material is noteptable in archaeological excavation ma-

terial or evidence from forensic cases. Therefoom-invasive and non-destructive methods

had to be found in order to be able to analyze-imehiced changes of bones and teeth.
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1.5. Visualization of heat-induced changes inside¢th

Fereira et al. (2008) used photomicroscopy (100gmifigation) on histological sections to
visualize the variations of cracks and fissuregaang and old teeth. In total 30 human teeth
were either heated directly with a gas burner @atde constantly with a muffle furnace (in-
crease of 18.8°C/minute) up to 1150°C.For furthealgsis they were embedded in Polyme-
thylmetacrilate. The teeth which were heated canistashowed less structural damage than

those submitted to direct heat.

Savio et al. (2006) evaluated the effects of higimgeratures on

human teeth using periapical radiographs. The stisdy 90 hu-

man teeth divided into two groups (unrestored wslodontically

treated teeth) and exposed them to six differemptratures

(200°C, 400°C, 600°C, 800°C, 1000°C, 1100°C) usingelectric

furnace with a constant increase of 30°C/minuteloer temper-

atures (200°C) no or only small fissures (400°Cyemgresent in Figure b Radiograh p—"

the crown. Fissures within the crown and root walseerved at a main study, 800°C)
temperature of 600°C and 800°C. At a temperaturBd60D°C and 1100°C the crown was re-
duced into fragments, while the root showed largetéires through the dentin, and all signif-

icant radiographic details (e.qg. fillings) were served.

Another important study was performed by Thompsod @hudek (2007) using Magnetic
Resonance Imaging (MRI) to visualize heat-indudeghges in bone. The authors used 1.5cm
thick sections of sheep bone and exposed themitaastfor 30 minutes at 700°C using an
electric furnace. This was the first time three esional imaging methods were used for the

imaging of burned bone.

Combining the basic ideas and methods of Fereiral.ef2008), Savio et al. (2006) and
Thompson and Chudek (2007) the next logical step wgng micro-CT for the visualization
of heat-induced changes inside teeth and bone$ itro-CT images a non-invasive 3-D
model of entire teeth or bone fragments can be cbedpand the microscopic structure can be
statistically analyzed. While the MRI technique susevoxel size of 230pum (Thompson and
Chudek 2007), standard micro-CT provides a voxad sis small as 6 pm, allowing to visual-

ize smallest fissures within the teeth or bonesmadly only visible in microscopic sections.
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1.6. Hypothesis

The main aim of this diploma thesis is to introdaceovel approach in the imaging of burned
human remains. By now, there are no scientific ijgabbns about the usage of the technology
of micro-CT in the forensic or archaeological comt®r burned human teeth or bones. Mi-

cro-CT provides a non-destructive, three-dimendiog@onstruction of very high resolution.

The pilot study, which primarily served for thetieg of methods, as well as the main study,

tried to verify the following hypothesis:

Thermal stress leads to a temperature-specificnaelof cracks in human teeth, which

can help to estimate the temperature at the tinfeeat exposure.
The three main aims of these studies can be sumedanith the following questions:

1. How do isolated healthy young human third molaectéo thermal stress induced by

high temperatures?

2. What is the visible, measurable and statisticalgwvant data that can be elicited from

burned human third molars?

3. Is the 3-D micro-CT comparison of burned humanhteet appropriate alternative me-
thod for determining temperatures of burned huneamains (e.g. from forensic inves-

tigations or archaeological excavations)?
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1.7. Materials and Methods
1.7.1. Background

Human third molars

Compared to frist and second molars, third molaosislarge variation in anatomy compared

to other permanent molars. There often are justdaivhhem present or they are congenitally
completely missing (Schumacher and Schmidt, 19@0yeneral, third molars can be distin-

guished into right and left maxillary/mandibulairthmolars. Although there is a large varia-

tion these tooth type was chosen in this studiesolar reasons: 1) Because of their position
in the jaw they most likely tend to survive sevheat, 2) they rarely show damages/fillings,
3) they are the teeth that are most commonly ebdda@nd 4) they are extracted in a certain

age group

Heat treatment

Experimental approaches with a pyre of dry hardw@dtiyte 2003) as well as a direct fire
source (e.g. gas burner) were used to simulateragtthermal stress (Fereira et al. 2008), but
do not produce satisfying and repeatable resuttsréfore, the usage of an electric furnace to
simulate the thermal stress on human bones anditeetidely used in experimental forensic
science (Bush et al. 2006; Fereira et al. 2008eHdt al. 2003; Holden et al. 1995b; Merlati
et al. 2002; Merlati et al. 2004; Moreno et al. 20Moreno et al. 2009; Myers et al. 1999;
Rossouw et al. 1999; Savio et al. 2006; Shipmaal. €i984; Thompson 2005; Thompson and
Chudek 2007; Thompson et al. 2009).

However, there is a high variability in time of egure, final temperature and temperature
increase (ranging from 10°C to 30°C increase paute) in previously published studies.
Gerling et al. (2000) stated that the majority (b2# of 106 cases) of forensic cases involving
fire do happen in closed roomshe model of evolution of fire temperature insid®ms
(EN1991-1-2:2002) shows that the temperature wses 400°C in about five minutes (80°C
increase per minute) during the flashover periodrig§on and Qunitiere 2000)his extreme
increase is unfortunately impossible to accomplsth an electric furnace (see Figure 9
(p.17) for a standard time/temperature curve oufflmafurnace). Shipman et al. (1984) stated
that 400°C are reached by normal campfire (ramedgihing 700°C), an apartment fire reaches
about 650°C (American Society of Forensic Odontpl2g07) and modern crematoria 800°C
to 1000°C (Madea and Schmidt 2000). Therefore ethemperature groups (400°C, 650°C
and 800°C) have been chosen for the studies tdaientypical situations of cremation.
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Micro-CT

The micro-CT is basically a miniaturized version of

~
cone-beam CTs, which are normally used in medical

diagnostics. In the last few years the micro-CTnsca
ning technology, which is based on x-ray transroissi
images, became more commonly used in the field o
biology and medicine. Micro-CT provides a non-
destructive, three-dimensional reconstruction oflbMmeigyre 7: Micro-cT Skyscan 1174

objects in a very high resolution. The specimerspdaced on a rotating disk, which is con-
trolled by a step motor inside the lead-shieldeanther (Buzug 2008; De Witte et al. 2008).
This study used a SkyScan 1174 (SkyScan, KontiefigiBnm) micro-CT scanner, which is
currently the most compact micro-CT scanner wortlbwit has a cooled 1.3 megapixel x-ray
camera, a tungsten x-ray source and a spatialutesolas small as 6pum, and allows an object

size of 5-30 mm in diameter and 50mm in length,clvhs ideal for teeth and bone fragments.

1.7.2. Human third molars

The 23 teeth (including molars and premolars fr@amowus age groups) used in the pilot study
(see chapter 2.1) were donations and partiallyvddrirom cadaver extractions at the De-
partment for Systematic Anatomy, Center for Anatang Cell Biology, Medical University
of Vienna, Austria. The 37 third molars used in thain study were donations derived from
endodontic dental treatments at several Austriadicak offices and departments (Dr. Mi-
chael Griss, Rankweil; Department of Oral Surgémndeskrankenhaus Feldkirch; Depart-
ment of Oral Surgery, Sozialmedizinisches Zentrush -©Donauspital, Vienna; Dr. Mathias
Kranzl, Vienna; Dr. Klaus Wurzinger, Hochst). A thration of consent was filled out by the
donors involved in the study. In total 18 third @rsl (9 female: 9 male, average: 23.06 £ 2.15
years) are included in the main study, 19 teethevescluded from the study due to unknown

age, damages (e.g. broken roots), endodontic tezdsndental restorations or caries.

In the run-up to the main study all third molarsr@photographed for documentation in buc-
cal, lingual, apical and occlusal position (seeuFég8). The pictures were taken with a Pana-
sonic™ Lumix TZ7 compact digital camera (1/125s, f 110180, automatic white balance)

fixed at a reproduction stand.
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Figure 8: Photo-documentation of third molar in buccaldajl lingual (b) view, storage tube (c)

Each extracted tooth was cleaned, disinfected &edaards stored in a conical 5ml centri-
fuge tube with a stand (VWR SuperClear™). Rehydratand removal of formaldehyde
(when derived from cadaver extractions) of thehtegas achieved by prepared phosphate
buffered saline (PBS) storage for 30minutes at roemmperature using the following receipt
(De Angelis 2007):

- 8 g of NaCl

- 0.2 g of KCI

- 1.44 g of NgHPO,

- 0.24 g of KHPO,

- Dissolving in 800 ml of distilled 4@

- Adjust the pH to 7.4 using HCI or NaOH

- Add distilled HO to 1 liter. Store at room temperature

At the next step the teeth were stored in commirgmurchasable artificial saliva (Sigma

Sialin, Sigmapharm Vienna), which consists of:

- 500mg of Carboxymethyl cellulose Natrium
- 85 mg of NaCl

- 120 mg of KClI

- 35 mg of KHPO,

.22 mg of CaCl x61,0

- 3 mg of Mgd

- 3000 mg of gH1404

- 100 mg of g@HgOs

The artificial saliva, which is normally used insea of Xerostomia, should simulate the exist-
ing environment in the oral cavity and save thehtdeom drying out. Until the teeth were
burned they had been stored in this fluid (exchdreyery two weeks) at 4°C in a commercial

refrigerator.
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1.7.3. Electric Furnace and Temperature Adjustment

The heat treatment of the teeth was performed wasthelectric Time/Temperature Curve

Medlin-Naber N3R
muffle furnace (Medlin-Naber N3R, Vienna, Austri) the De- | «

partment of Chemical Ecology and Ecosystem Sciddoajersity | ™

of Vienna, Austria. In a furnace test heating oa f1.5.2010,

starting at room temperature (20°C), 400°C was redowithin

€ 1 35 7 91113151719 2123 2527 29 31

13,25 minutes; 650°C in 23,25 minutes and 800°QGlrb mi- et

nutes. In Figure 9 a time/temperature curve ofubked electric Figure 9: Timeitemperature curve
of muffle furnace Medlin-Naber

furnace is shown. The heating protocol can be seea linear N3R

curve with 25°C mean increase per minute.

After the thermal stress (especially at 650°C add°8) the teeth were very fragile and brit-
tle. After the second micro-CT scan they were figsdsuggested in literature with commer-

cial hair spray for storage (Griffiths and Bellat§93; Souviron 2005).

1.7.4. Micro-CT

Depending on the size of the tooth the pixel-siz@ exposure time was chosen (see Appen-
dix). The general adjustment for the scans was fiiy7and 3500-4500 ms (800uA, 50 kV),
180° rotation (with 3 pictures per degree), sixrageng steps and random movement result-
ing in a mean scanning time of 5-6 hours per todtte resulting slices were reconstructed
using NSRECON (SkyScan, Kontich, Belgium).

The reconstruction software helped to reduce ty@da scanning artifacts, e.g. ring artifacts,
misalignment and beam-hardening. While the origatalnning files (1024x1024 pixels) were
stored in 16-bit TIFF format, the reconstructeddiwere saved as 8-bit JPGs for easier han-

dling during the 3-D reconstruction.
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1.7.5. 3-D reconstruction

Manual classification

Following the reconstruction and conversion of thes data (Adobe® Photoshop Creative
Suite 4) the scanning files of the pilot study weranually segmented and 3-D reconstruc-
tions were made. The manual segmentation of theelouteeth (see Figure 10) was a classifi-
cation of voxel data into objects representingdpatial location of dental pulp (blue), cracks
(green) and dental tissue (red) on the basis tdréifices in grey scale values and shape.

The segmentation and 3-D modeling was done witlhgddmaging Amira 5.2 (Visage Imag-
ing Inc., San Diego, USA) at the Department of Catgery, Medical University of Vienna,

Austria.

Figure 10: Manual segmentation using Visage Imaging Amira%s.2
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Automated classification

In contrast to the pilot study, following the restmiction and conversion of the raw data
(Adobe® Photoshop Creative Suite 4) the scannieg 6f the main study were automatically
segmented using Definiens XD Developer 1.2 softwzaekage (Definiens AG, Munich,
Germany) at the Department of Oral Surgery, Meditralersity of Vienna, Austria.

Definiens XD Developer 1.2 (Definiens AG, Munichei@any) was originally developed for
the analysis of satellite images. Therefore, speciage pattern recognition algorithms are
needed. The cracks and fissures inside the hardldessue also show a specific pattern and
therefore can be analyzed using a specially deeedlgbgorithm. A flowchart of this algo-
rithm used for the automated segmentation is shawigure 11A. After down sampling the
micro-CT images, they are subdivided into smaltprases if the color variability in its pixels

is greater than a set threshold value (Quadtreen8efgition, see Figure 11B). Following this
step, which helps to distinguish between the umfbtack background and the tooth, an ini-
tial classification (cracks, dental dental pulpnidé tissue, and background) is made (see Fig-
ure 11C). At the next step, the cracks and the drackd have to be exactly distinguished
from dental tissue (see Figure 11D). Following tlsimall cracks (fissures) can be classified
and added to the class of cracks, shown in FigliEe if certain requirements are fulfilled
(e.g. continuity, grey scale value, shape). Tha &etween the roots, which might be erro-
neously classified as cracks, is found at the stefh and added to the background class. At
the last classification step, the dental dentab paifound based on the shape, grey scale value
and continuity within the image stack. After alhwanted clutter is removed and the classifi-
cation synchronized to the original image data (Segire 11F). The classification values
(number of pixel belonging to a certain class) exported to a CSV file for the statistical
analysis with SPSS 16 (SPSS Inc., Chicago, USA).

This method is much more time effective comparedht manual segmentation, although
sometimes false positive results in the classificathat had to be removed manually before
exporting the data. Afterwards, 3-D models were potad using Visage Imagin Amira 5.2.2
(Visage Imaging Inc., San Diego, USA) at the Deparit of Oral Surgery, Medical Universi-
ty of Vienna, Austria.
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B. Micro-CT analysis of heat-induced changes in huam molars

2.1. Pilot Study

The pilot study was primarily performed to test tekability of the novel approach of micro-
CT in the analysis of burned human teeth. One@hthin aims was to find out if any qualita-
tive relevant data could be elicited from the imadgéa set. Therefore a lot of experience had
to be gained concerning temperature adjustmerdsaga of specimens, micro-CT scanner
setup, and thermal properties of human teeth. Thesseests should produce the basis of the
main study. The experience gained during this @itoty should furthermore help to produce
not only qualitative results but also quantitatigsults for statistical analysis.

My collaboration partner of the pilot study was NMdstharina Baron. She is also co-author of
the poster ‘Micro-CT analysis of adult human molarsl premolars after exposure to con-
trolled high temperatures’ that presented firsultssof the pilot study at the ‘Vth Internation-
al Anthropological Congress of Ales Hrdlicka’ (2.5~ September 2009, Prague, Czech Re-
public). Additionally the final results of the pilstudy were presented at the ‘4th Meeting of
Junior Scientists in Anthropology‘ (25. — 28. Mar210, Freiburg im Breisgau, Germany).
The following chapter is printed in excerpts in t@enference Proceedings (Sandholzer
2010).

2.1.1. Introduction

The main aims of forensic odontology are the idmatiion and age estimation of living and
dead humangleeth structures, like fingerprints, are unique ead therefore clearly identify
a person. Postmortem radiographic analysis is étigeamost widely used identification me-
thods in forensic odontology. Human teeth subjettetligh temperatures are able to resist
fire exposure up to 1400°C due to protection gilegrsoft tissue of the head. There are 160
surfaces of adult human teeth - combined with ewtdeof dental treatments, specific tooth
positions or individual root formation, this meamperfect method for cost effective identifi-
cation. The visual dental record combined with egdaphic analysis and computer based
dental identification systems are still the gold#andard in the field of forensic odontology
(Savio et al. 2006; Souviron 2005).
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Various events can lead to burned human remaigsaecraft accidents, explosions, earth-
guakes or house fires (Sledzik et al. 2002). Ie c@ses fire is used for suicides (Shkrum and
Johnston 1992) or in homicides to destroy foremsidence and prevent clear identification
and recovery (Fairgrieve 2008). In archaeologicatenal evidence of thermal stress is also
present (Baier 2009; Daghighi 2006; GroRkopf 20@Kinley 1994; Wahl 1982). Exact
knowledge of human dentition and extensive expegeare of particular importance for the
investigation of burned human remains. For manydes burned human remains from arc-
haeological sites were reburied, because it wasugegl that no information is provided from
burned bones or teeth. In 1928 Wrzosek considevedeld bone fragments as adequate re-
search material and tried to find indications foentification of age, height and number of
graves. Since the early days of the analysis afidndihuman remains many scientific articles
and reviews have been published (Ubelaker 2009)mainly isolated and pilot studies as

well as case reports.

Besides the classical methods for the temperatstima&ion of burned human remains (re-
viewed by Grof3kopf 2004), various scientificallyngolex approaches using trace element
analysis, x-ray diffraction (including small-angkersion), infrared spectrometry, mercury-
intrusion porositometry, electron microscopy andhynather techniques were developed or

improved during the last few decades (Thompson 2004

The behavior of human teeth subjected to high teatpees (200°C, 400°C, 600°C, 800°C,
1000°C, 1200°C) was recently macroscopically gddiy Moreno et al. (2008) using 199
extracted human teeth. The study proved that déistales as well as dental materials (e.g.
amalgam fillings, composite, etc.) resist extreheral stress. Small changes in dimensional
expansion, fissures, cracks, fractures and colangés of the tissue and dental materials were
reported. Another approach by Walker et al. (20083 to estimate the burning temperature
of human remains based on color changes of theriadatEhe authors indicate that the most
important factors for color changes are oxygenlaldity, the duration of heat exposure, and
the actual fire temperature. Schmidt (2008b) andcBeet al. (2008) found out that the color
changes in teeth are similar to those documentédme, but the technique is quite uncertain
due to different external factors (e.g. metal sumding the dead body) and lighting condi-
tions during data acquisition. The studies by Ragal. (2009) using x-ray diffraction and
Thompson et al. (2009) using Fourier Transformareéd Spectroscopy showed very promis-
ing results for the prediction of burning temperatiDisadvantages of these methods are that

they are mainly destructive and intricate.
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Note: The part about visualization of heat-inductnges in bones and teeth, which is in-
cluded in the Conference Proceedings, is alreadgtimeed in chapter 1.5.and therefore left

out in this section.

However, the destruction of the material is noteptable in archaeological excavation ma-
terial or evidence from forensic cases. Therefoom-invasive and non-destructive methods
had to be found in order to be able to analyze-imeltced changes of bones and teeth. In this
micro-CT pilot study the appearance of cracks d@sglifes inside human teeth tried to be used
to draw conclusions on the high temperature exgodtre purpose of this pilot study was the
testing of methods and the basic qualitative amalylscracks and fissures resulting from high

temperatures.

2.1.2. Materials and Methods

In total, 23 molars and premolars of various agmugs from dental treatments and human
cadaver extractions were collected and categoraoedrding to Hillson (1996). Of the 23
adult human teeth used for this pilot study, dudifferent scanner and furnace adjustments
that had to be made, only 15 were later includethendata analysis. After treatment with
phosphate buffered saline (PBS) and rehydratiansgecimens were stored in synthetic sali-
va (Sialin-Sigma Solution, Sigmapharm Vienna) & 4First, high resolution micro-CT scans
of teeth were made with a SkyScan 1174 compactor@dr scanner (SkyScan, Kontich, Bel-
gium) at the Department of Theoretical Biology, ubsity of Vienna, Austria. A series of
longitudinal high-resolution images was generatsidgia pixel size of 24-2dm. The teeth
were divided into three temperature groups and dslrander controlled temperatures of
400°C, 650°C and 800°C in an electric furnace (Meblaber N3R, 25°C increase/minute)
starting at 20°C (room temperature). After the oated heating the specimens were scanned

for a second time with similar scanning paramedsrbefore.

Following the reconstruction and conversion ofthe data (SkyScan NRECON Reconstruc-
tion, Adobe® Photoshop Creative Suite 4) the svegr® segmented and reconstructed. The
segmentation and 3-D modeling was done with Vidaggging Amira 5.2 (Visage Imaging
Inc., San Diego, USA) at the Department of Oralg8uy, Medical University of Vienna,
Austria. The manual segmentation of burned teethavelassification of image data into ob-
jects representing the spatial location of dentdppcracks and dental tissue by assigning

these voxels to a particular material on the bafsggey scale differences.
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2.1.3. Results of pilot study

General color changes as reported in literatumen(fblue grayish at 650°C to chalky white at
800°C) are visible (see Figure A and B). Therease color structures in Figure A (female
M3, 800°C). In general the color first turns dabokuge grayish) and then to lighter colors (ash-
grey to white). In the left part of Figure B, a fal first premolar burned with 650°C and a

male first premolar burned with 800°C are shown.

Figure A: Unrestored third molar (fe- Figure B: Comparison of unrestored teeth (left: female, &) §50°C; right: male,
male, 26 yrs) after the thermal stress 65 yrs, 800°C) after different degree of thermedss. Presence of many fractures
(800°C). Presence of many fractures within the dentin arising from the dental pulp. Tiremolars have a grayish color
within the dentin arising from the dental in the enamel and a chalky-white in the cementum.

pulp.

Figure C: 3-D models of burned premolar (male, 65 yrs; 8Q@5iG~igure B. The Figure D: Premolar comparison of

tooth shows an increased number of cracks in tperuggion due to loss of crown  conventional X-ray (longitudinal
view) and corresponding micro-CT

scan (cross section)

In the 3-D models (Figure C-F) cracks are showred the dental pulp in gold and the hard
dental tissue transparent in blue. In contrashéotéeth burned at 400°C the molars and pre-
molars burned at 650°C and 800°C have clearly kasiiiferences in linear fragmentations in

micro-CT scans, in varying dimensions.
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Figure C (male premolar, 65yrs; 800°C) shows areg®ed number of fissures and cracks in
the amelodential limit due to the fragmentationtlué crown. In the case of a male molar
(65yrs, 650°C) sporadic cracks arising from thetalepulp and some longitudinal fractures

deriving from the cementum are visible (see Fidtire

Figure E: 3-D models of burned molar (male, 65 yrs; 800%)ows sporadic cracks Figure F: Comparison of convention-

and fissures arising from the dental pulp and slmmgitudinal fractures deriving the  al X-ray (longitudinal view) and

cementum. corresponding micro-CT scan (cross
section)

2.1.4. Discussion

Statistical analysis and comparison of the totdum®, maximal length and width of the
cracks were not possible due to the reduced sasipdeand heterogeneity (age and teeth
type) in this pilot study. This study, like the vamsajority of previous studies did not take
some important variables in account, which are gresinder real circumstances. Usually
teeth are not burned isolated but within the jafvéhe victims covered by facial soft tissue.
Another factor that was not considered is the &ddhe fast increase of temperature (up to
400°C in 5 minutes) in a real house burning, theation of heat exposure and the thermal
shock (fast cooling due to quench water) expeabechtise slightly different results (Linde-
maier 2009, personal communication). A comparisoinese heating curves is given in Dia-
gram 1. The blue line illustrates the temperatocedase used in crematoria for complete de-
struction of the human body (2-3 hours, 800-1008&@ending on body size) and the green

lines shows the different heating protocols usethleyauthors mentioned in this manuscript.
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The orange line represents the approximation ofribdality of development of the fire in a
house burning (Eurocode EN1991-1-2:2002) usedréndiotection engineering. When look-
ing at the overview of heating protocols previoused in literature the discrepancy between
the “real” and previously used protocols can bensééhough, this pilot study used the same

experimental conditions of a muffle furnace prombsethe literature.

Overview of heating protocols previously used in literature
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Figure G: Overview of heating protocols previously usedtierature

However, it should be kept in mind that these tgdi were the first results of a novel expe-
rimental approach in the analysis of burned huneatht The pilot study showed interesting
observations confirming previous two-dimensionautes from current literature. Micro-CT
was demonstrated to be a good method for the n@asive analysis of burned human teeth
and therefore these new insights should be includedother more detailed study.

For this follow-up study a homogenous sample ofthgdhuman teeth should be used. Con-
sequently only molars from clinical extractionst(nadaver extractions) of a young age group
should be collected. Especially technical adjustnrefinement as well as additional ap-
proaches in the quantitative and statistical amalysthe image data should be included in the

follow-up study to provide even more representatesailts.
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2.2. Main Study

2.2.1. Abstract
MICRO-CT EVALUATION OF HEAT-INDUCED CHANGES IN HUMAN MOLARS

Michael Sandholzet 2 Katharina Barort 2 Patrick Heimef, Brian Metschef

' Department of Anthropology, University of Viennaygtria
2 Department of Oral Surgery, Medical Universityiénna, Austria
#Pepartment of Theoretical Biology, University of Viea, Austria

Only a few methods have been published dealing with visualization of heat-induced
cracks and fissures inside bones and teeth. Asval rapproachthis study used non-
destructive x-ray microtomography (micro-CT) forlmme analysis of heat-induced fissures

and cracks to observe human molars’ reaction towsilevels of thermal stress.

Eighteen clinically extracted young third molarsreveehydrated and burned under controlled
temperatures (400°C, 650°C, 800°C) using an eteturmace (Medlin-Naber N3R, Vienna,
Austria) adjusted with 25°C increase/minute. Thessguent high-resolution 3-D images
(voxel-size 17.7 um) were made with a compact m€foscanner (SkyScan 1174, Kontich,
Belgium). In total, 14 scans were automaticallynsegted with Definiens XD Developer 1.2
(Definiens AG, Munich, Germany), three-dimensionaddels were computed with Amira
5.2.2 (Visage Imaging Inc., San Diego, USA) andigtiaally analyzed with SPSS 16 (SPSS
Inc., Chicago, USA).

A statistically significant (p<0.05, ANOVA post haSD) temperature-dependent increase of
heat-induced cracks and fissures was observed éetilie three temperature groups. In addi-
tion the distribution and shape of the heat-indudeahges could be classified using the com-

puted three-dimensional models.

The macroscopic heat-induced changes observedisnstudy correspond with previous

observations of unrestored human teeth but dotale® into account the entire microscopic
three-dimensional expansions of heat-induced crackkfissures inside hard dental tissue.
Using the same experimental conditions proposetiariterature, this study shows interest-
ing observations confirming previous results arférofg new perspectives in forensic inves-

tigations as well as in the analysis of archaeclig@xcavation material.
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2.2.2. Introduction

Positive identification and investigation of burriadman remains require a lot of experience
and great care (Griffiths and Bellamy 1993). Burhadhan remains can be the results of di-
rect contact with open flames or the exposuregh kemperatures (American Society of Fo-
rensic Odontology 2007). Various events can ledalrned human remains, e.g. aircraft ac-
cidents (Taylor et al. 2002), natural disasterdi(fBer-Gotzburg and Suchanek 2007) or
house fires (Sledzik et al. 2002). In some casesdiused for suicides (Schmidt et al. 2000;
Shkrum and Johnston 1992) or for homicides to dgdtrensic evidence and prevent clear

identification and recovery (Fairgrieve 2008).

Bohnert et al. (1998) listed the effects of firetba skull based on observations of cremations
carried out at 670°-810°C. Teeth are primarily pcted by the soft tissue, muscles and fat for
10-24 minutes, and consequently the temperatuideinise oral cavity does not rise over
87°C, depending on the nutritional state, age, sxatpre and time of exposure (Eichenhofer
1980). In 23.4% of the incomplete cremations iref@ic cases the soft tissue of the skull is
affected and the heat impairs the oral cavity (@grét al. 2000). However, the posterior
teeth are more likely to be preserved due to thertaof skin, muscle and fatty tissue and
therefore, are more likely to be used for the idieation process of deceased (American So-
ciety of Forensic Odontology 2007). A general eation of burning temperature could pro-
vide important information of ritual habits in pasicieties as well secure the possibility to
reconstruct a criminal acthe results provided in this study are of high imi@oace for the

fields of forensic science and archaeology progdimmore detailed understanding of thermal
stress induced three-dimensional alteriations mamuteeth.

In the last decades the focus of interest shiftechfthe analysis of macroscopic heat-induced
changes to the microscopic changes. In generakas@mpic changes can be influenced by a
large number of external factors such as time amperature of heat exposure, availability of
oxygen as well as material properties and thereforeot seem to be the ideal tool for tem-
perature estimation (Thompson 2009; Walker et@082. So far, microstructure and ultra-
structure of burned bones and teeth were mainlgn@ed by using classical histology (Ferei-
ra et al. 2008; Hughes and White 2009; Muller ef888; Myers et al. 1999), X-ray Diffrac-
tion (XRD) (Enzo et al. 2007; Piga et al. 2008;&Pgg al. 2009; Rogers and Daniels 2002),
Fourier Transform Infrared Spectroscopy (FTIR) (fipson et al. 2009), small-angle X-ray

scattering (SAXS) (Hiller et al. 2003) and scanngtgctron microscope (SEM) (Carr et al.
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1986; Fairgrieve 1994; Holden et al. 1995b; Merdtal. 2004; Muller et al. 1998; Quatre-
homme et al. 1998; Shipman et al. 1984; Thomps@®;20/ilson and Massey 1987).

All of these destructive and intricate methods hiaeen used throughout many decades, and
can be useful for the estimation of burning tempeeaof bones and teeth as well as for the

characterization of dental filling materials.

However, the destruction of the material is noteptable in archaeological excavation ma-
terial or evidence from forensic cases. Therefoos-invasive and non-destructive methods

had to be found in order to analyze heat-induceshgbs of bones and teeth.
Visualization of heat-induced changes

Savio et al. (2006) evaluated the effects of heghgeratures on human teeth using periapical
radiographs. In total, 90 unrestored and endodalhtitreated human teeth exposed to tem-
peratures from 200°C-1100°C using an electric foenavith a constant increase of

30°C/minute, were analyzed.

Another important study was performed by Thompsod @hudek (2007) using Magnetic
Resonance Imaging (MRI) to visualize heat-indudeshges in bone. The authors used 1.5cm
thick sections of sheep bone and exposed themitaastfor 30 minutes at 700°C using an
electric furnace. This was the first time three elsional imaging methods were used for the

purpose of burned bones.
Aim of micro-CT study

For a better understanding of the heat-inducedetdmmensional changes inside teeth the
non-invasive technology of x-ray microtomographydgimo-CT) is used for the first time. This

experimental study provides image data for a cptal# three-dimensional reconstruction as
well as quantitative results. This novel approacbwaluation of burned human teeth presents
results for a more detailed understanding of théstrass induced three-dimensional altera-
tions in human teeth as well as useful statistieah for interpretation and estimation of burn-

ing temperatures.
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2.2.3. Material and Methods
Human teeth sampling and preparation

A total of 37 human third molars, derived from atal extractions were cleaned to eliminate
blood residues, and disinfected iB% sodium hypochlorite solution for 30 minutésdecla-
ration of consent was filled out by every donordived in this study. Nineteen teeth were
excluded from the study because of unknown patieges, damages (e.g. broken roots), en-
dodontic treatments, dental restorations or cafié® 18 intact third molars (nine female,
nine male, mean age: 23.8@.15years) were rehydrated by using phosphate buffeaéde

for 30 minutes at room temperature and afterwagdsh specimen was stored in a conical
5ml tube in synthetic saliva (Sialin-Sigma Soluti@gmapharm Vienna) at 4°C for two to
eight month. The solution was changed every twokaee

Thermal treatment

The 18 teeth were randomly divided into three gsobefore subjecting them to the thermal
stress. The six teeth of each temperature group®CGl0650°C, 800°C) were put in crucibles
and burned at the same time in an electric furiisiezllin Naber N3R, Vienna, Austria) with
25°C increase/min starting at room temperature.tirhe of thermal stress exposure for each
group was on average 13.25 min to reach 400°C523i8 to reach 650°C and 31.5 min to
reach 800°C. As soon as the desired temperaturaesated the specimens were removed
from the furnace, cooled to room temperature amt stored in conical tubes stowed with
cotton. The macroscopic changes of the teeth weserithed and documented by direct vision

of the samples and photographs using a compacaldigimera (Canon Ixus 80IS).
Micro-CT study

This study used a SkyScan 1174 compact micro-Cihngra(SkyScan, Kontich, Belgium)
located at the Department of Theoretical Biologpjvérsity of Vienna, Austria. The general
adjustment for the scans was a voxel size of 17and 3500-4500 ms (800uA, 50 kV),
180° rotation (with 3 pictures per degree), 0.5mhardinium Filter and random movement
resulting in a mean scanning time of 5-6 hours. fHseilting slices were reconstructed using
NSRECON (SkyScan, Kontich, Belgium). The originahisning files (1024x1024 pixels)
were stored in 16-bit TIFF format; the reconstrddites were saved as 8-bit JPGs for easier

handling during the 3-D reconstruction.
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3-D Reconstruction

Following the reconstruction (SkyScan NRECON Retroiesion) and conversion of the raw
data (Adobe® Photoshop Creative Suite 4) the seame segmented, measured and recon-
structed. The automated segmentation was doneiby D&finiens XD Developer 1.2 (Defi-
niens AG, Munich, Germany) based on a speciallyebiged image analysis algorithm, al-
lowing a classification of voxel data into objeotpresenting the dental pulp, cracks and den-
tal tissue on the basis of grey scale and shapereliices. To control the results of the auto-
mated segmentation additional manual segmentatascarried out in five cases using Vi-
sage Imaging Amira 5.2.2 (Visage Imaging Inc., Be&ego, USA) at the Department of Oral
Surgery, Medical University of Vienna, Austria. Thesulting data (number of pixels of the
three classes) of the automated segmentation waigzed with SPSS 16 (SPSS Inc., Chica-
go, USA) software package. The final 3-D reconstomcwas also performed with Visage
Imaging Amira 5.2.2.

Statistical Analysis

The results of the automated segmentation wergzathlwith analysis of variance (ANOVA)
and uncorrected post hoc LSD tests using SPSS B639nc., Chicago, USA) software
package. A probability level of p<0.05 was usedm@idex of statistical significance.
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2.2.4. Results

Heat-induced Changes

Three teeth completely broke apart during t
heating process and one tooth during the sub
guent handling. In total, 14 teeth (400°C gro
n=5; 650°C group n=5; 800°C n=4) were i

cluded in the statistical data analysis.
Figure I: Comparison of heat-induced changes in tooth color
(from left to right: tooth 7: 400°C, tooth 5: 65Q°@oth 12:
800°C)

400°C Group

At 400°C the teeth showed a loss of brightneshefdrown and root. In two cases the root
acquired a brown color. A partial or full disintagjon of crown was observed in none of the
specimens. In the micro-CT images (see Figure nly amall fissures were visible in the
crown region (Figure Il A), whereas multiple fisssrand small cracks were in the root region
(Figure 1l B). These fissures were frequently lecdain the root and usually did not reach the
dentin-enamel junction. In the 3-D models, the 4D@foup showed mostly fissures in longi-
tudinal, in rare cases also in transverse direclitie mean volume of cracks and fissures was
2.95% (SD: £ 1.83%, values ranging from 1.61% -8%3of the total tooth volume.

Figure II: 3-D surface rendering (400°C group, tooth7)
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650°C Group

The teeth subjected to 650°C became fragile and/asthagrayish-black discoloration of the
whole tooth. A partial or full disintegration oféhcrown was observed in all specimens.
Fragmentation after the separation of the crowridcbe observed in two specimens. In the
micro-CT images (see Figure 1) a variety of fisssiand cracks was identified. Deep cracks
were evident in the root (Figure Il B), whereas thamel surface showed small fissures. The
vast majority of the cracks were present in the arfethe dentin-enamel junction (Figure Il
A). In general, this region showed a small amountracks accompanied by many fissures
around the dentin-enamel border. The cracks dml &fect the enamel but only rarely propa-
gated out through the enamel. In the 3-D modeks,650°C group mostly showed cracks in
longitudinal and transverse direction arising friva dental pulp, and a complex contour pat-
tern could be foundlThe mean volume of cracks and fissures was 7.799% £2.65%, val-
ues ranging from 5.02% — 11.83%) of the total toatlume.

Figure IlI: 3-D model (650°C group, tooth5)
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800°C Group

In general, the teeth subjected to 800°C becamefragile and showed chalky white disco-
loration of the root and slightly grayish color iadions of the crown. A partial or full disinte-
gration of the crown was observed in all specimé&nggmentation after the separation of the
crown could be observed in two specimens. In thaorCT images (see Figure IV) a high
variation of fissures and cracks was observed.vBEse majority of the cracks were present in
the area of the dentin-enamel junction (Figure IV & general, this region showed massive
cracks with many fissures around the dentin-endwetler. The cracks did also affect the
enamel and did propagate out through the enam#iel3-D models, the 800°C group mostly
showed cracks in longitudinal and transverse doecarising from the dental pulp, and a
complex contour pattern could be found. The medarwe of cracks and fissures was 9.65%
(SD: £ 5.65%, values ranging from 4.03% — 14.54%4je total tooth volume.

Figure 1V: 3-D model (800°C group, tooth12)
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Statistical Analysis

The results of the volume data elicited from théomated segmentation, which were ana-
lyzed with SPSS 16 (SPSS Inc., Chicago, USA) sotweackage, are given in Table I. The

resulting data from Table | were used for a mudtipbmparison shown in Table II.

Table I: Volume elicited from automated segmentation daEMP: temperature group; VC: Volume Cracks; VDP: \odu
Dental Dental pulp; VDM: Volume Dental Material; TWotal Volume; PC: Percentage Cracks; PDM: Percenbental

Material; PDP: Percentage Dental Dental pulp)

TEMP VC VDP VDM TV PC PDM PDP
tooth13 400°C 260268 Jx 498989 pY 15373563 py 16132820 py 1.61%| 95.29% 3.09%
tooth4 400°C 297555 pgx 710144 p{ 12393600 p4 13401299 p§ 2.22%| 92.48% 5.30%
tooth10 400°C 283950 gx 424204 pqy 10637190 py 11345343 py 2.50%| 93.76% 3.74%
tooth18 400°C 523613 §x 365249 pY 12030155 py 12919017 py 4.05%| 93.12% 2.83%
tooth7 400°C 664903 pgx 374927 p{ 14132696 p§ 15172525 pyf 4.38%| 93.15% 2.47%
tooth11 650°C 836294 x 884915 pq 14946493 py 16667700 py 5.02%| 89.76% 5.31%
tooth17 650°C 726109 x 344335 pY 10025293 py 11095737 py 6.54%| 90.35% 3.10%
tooth14 650°C 354368 [4x 186035 pY 4856763 p§ 5397165py 6.57%| 89.99% 3.45%
tooth5 650°C 712821 gx 327098 p{ 7054513 p§ 8094431 py 8.81%| 87.15% 4.04%
tooth2 650°C 1872007 gx 831219 p{ 13122695 py 15825920 p§ 11.83%| 82.92% 5.25%
tooth15 800°C 347491 4x 362227 p{ 7916578 p§ 8626296 p§ 4.03%| 91.77% 4.20%
tooth9 800°C 493011 gx 428694 pq 7964024 p4 8885729 p§ 5.55%| 89.63%) 4.82%
tooth12 800°C 1982607 px575634 pq 11109772 p§ 13668013 py 14.51%| 81.28% 4.21%
tooth6 800°C 1258431 gx 195683 pY 7203777 p§ 8657890 py 14.54%| 83.20% 2.26%

Table II: Multiple Comparisons (ANOVA post hoc LSD test)

Multiple Comparisons
Volume of Cracks
LSD
0) J) Mean Differenc{ Standard .. ... 95% Confidence Interval
Temperature Temperature (1-9) Error Significanc Lower Bound| Upper Bound
400 650 -4.79812%| 2.171969 .049 -9.57869 -.01779
800 -6.69994%| 2.303729 .014  -11.77049 -1.62959
650 400 4.79812%| 2.171969 .049 .01779 9.57869
800 -1.901829% 2.303729 427 -6.97239 3.16869
800 400 6.69994%| 2.303729 .014 1.62959 11.7704%
650 1.90182% 2.303729 427 -3.16869 6.97239
* The mean difference is significant at the 0.8%l.
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Figure V: Scatter Plot of group classifications. Blue cirdledicate the
presence of the crown, while green circles indidtde absence after
thermal stress. In the 400°C group all crowns vggeserved, while the
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Figure VI: Scatter Plot including interpolation line. The muelation
line indicates a steep increase of the crack volbetareen 400°C and
650°C. In contrast there is a less steep increaseeln 650°C and

800°C.
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in the 650°C and 800°C group the variation of crackume was much

higher due to presence/absence of crown.
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2.2.5. Discussion

Macroscopic Results

The macroscopic heat-induced color changes of $higly correspond with previous
observations of unrestored human teeth (Merladl.€2002; Merlati et al. 2004; Moreno et al.
2009). The different material properties of dentind enamel cause a seperation and
fragmentation of the crown between 400°C and 50M¢ers et al. 1999). The partial or full
disintegration of the crown is strongly relatedthe final temperature. Hughes and White
(2009) indicate that in general, postmortem teetttengo dehydration which makes the dentin
material more brittle and dentin-enamel junctionaleex. Additionally, the location of the
origin of the cracks near the dental pulp cavitycasised by the intertubular tensile stress,
allowing the crack to propagate through the stmattyrmodified dentin and enamel (Hughes
and White 2009).Therefore, artificial saliva re@mts a very good storage to prevent teeth
from drying out and a certain hydration level waamtained. There was no statistical correla-
tion of the duration of storage and the total vaduai cracks could be found. In total, four
specimens of the 650°C and 800°C temperature gnadpa completely fragmented crown,
what led to a reduced volume of cracks, similateeth exposed to 400°C with complete

crowns (see Figure V).

The water content inside the dentin, which is wnligher in young teeth, supports the rapid
evaporation of the stored water, leading to a ncoraplex crack pattern (Myers et al. 1999).
In addition, in the pilot study with molars and mr@ars of various age groups similar results
were observed (Sandholzer 2010). Because of thegymean age of the specimens in this
study, further studies are necessary to observecampare the three-dimensional changes

inside older teeth.
Segmentation Results

The automated segmentation with Definiens XD Degwetol.2 (Definiens AG, Munich,
Germany) showed accurate and repeatable resultsn@dsurements were computed using
the same image algorithm; therefore, an intra-emanerror is not present. Manual control of
the segmentation results were additionally caragetlin five cases but showed no major in-
fluence on the originally elicited data. The staticesults have primarly been influenced by
two factors. First, by the small sample size (n=44yl second, the seperation of the crown
influenced the results, leading to a big variamcthe total volume of cracks (Figure V-VII).
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A statistically significant (p<0.05, ANOVA post haSD) temperature-dependent increase of
heat-induced cracks and fissures was observed estd@0°C and 650°(p = 0.049),as well

as 400°C and 800°C (p = 0.014). ANOVA tests (p<pd&lSo showed that in this study the
total volume of the tooth as well as the volumeha& dental pulp do not influence the total

volume of cracks.

Temperature Adjustments

A comparison of electric furnace heating protogosviously used in literature shows a wide

range of time of exposure and temperature incrpaseninute (Enzo et al. 2007; Fereira et al.
2008; Moreno et al. 2009; Savio et al. 2006; Tharmnpend Chudek 2007). An important fac-

tor, generally not taken into account, but whichulgobe present in an actual house burning,
is the fast increase of temperature, usage ofaficelerants, the long duration of heat expo-
sure and the fast cooling due to quench water. & feets are expected to lead to modified
results. This micro-CT study used a 25°C gradualeiase per minute, comparable to other
previous experimental studies dealing with heatigsdl changes inside teeth (Fereira et al.
2008; Savio et al. 2006).

micro-CT

The high resolution of micro-CT compared to MRI & is the most important advantage.
While the MRI uses a voxel size of 230um (Thompaad Chudek 2007), micro-CT pro-
vides a maximum resolution as small as 6um, allgwisualization of fine fissures within
teeth or bone, normally only visible in light mieaopic observations. However, as micro-CT
is based on x-ray transmission images, teeth ddliwvith metal compositions might lead to

artefacts influencing the image data analysis (BU2008).

Clearly, this novel approach has advantages in eosign with previously proposed
methods. In contrast to histological sections, SERD, SAXS and FTIR, micro-CT is non-
invasive and can therefore also be used in forearsicarchaeological investigations without
destroying the specimen. Additonally, not only drp@ces or sections can be considered, but
also whole jaws or longbones could be handled witbdern micro-CTs in a sufficent

resolution.
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2.2.6. Conclusion

In the last few years the micro-CT scanning tecbgwylbecame commonly used in various
fields of biology and medicine. Currently this taotogy also gets more and more used for

forensic purposes (Thali et al. 2003).

This study clearly visualized how isolated healtbgth of young humans react to extreme
temperatures and that thermal stress can leadtémperature-specific volume of cracks in
human teeth, which can help to estimate the tenyrerat the time of heat exposure. Rele-
vant data of the cracks and fissures could be wftdyg elicited from the burned human third
molars using modern techniques and complex anatysthods. Due to the small sample size
it is too early to say, that micro-CT tise appropriate alternative method for determining-tem
peratures of burned human remains (e.g. from fazensgestigations or archaeological exca-
vations). However, the results of this study aré meant to provide results, which would
have occurred in an intact human body in a real fitherefore further research involving
more specimens, complete human mandibles or s&alisdifferent heating protocols (e.g.
duration of heat exposure) is necessary to cortiivenresults from this studyrhe usage of
micro-CT proved to have many advantages comparezhticer, mostly invasive or destruc-

tive, methods.

However, this study used the same experimentalitonsl proposed in literature, revealing
novel insight into heat-induced changes of teethiealing novel insight into heat-induced
changes of teeth, confirming previous results affieking new perspectives for forensic in-

vestigations as well as archaeological excavatiaterral.
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C. Appendix

3.1. Study survey

40

Gender Age Donor Group Saliva Storage Burning
#1 female 21 SK 400 21.9.2009 18.5.2010
#2 female 21 SK 650 21.9.2009 18.5.2010
#3 female 21 SK 800 21.9.2009 20.5.2010
#4 female 21 SK 400 21.9.2009 18.5.2010
#5 female 23 CM 650 16.9.2009 18.5.2010
#6 female 23 CM 800 16.9.2009 20.5.2010
#7 female 23 CM 400 16.9.2009 18.5.2010
#8 female 23 CM 650 16.9.2009 18.5.2010
#9 male 22 MU 800 15.1.2010 20.5.2010
#10 male 22 MU 400 15.1.2010 18.5.2010
#11 male 22 MU 650 15.1.2010 18.5.2010
#12 male 28 RB 800 21.9.2009 20.5.2010
#13 male 28 RB 400 26.1.2010 18.5.2010
#14 male 25 MG 650 25.9.2009 18.5.2010
#15 male 23 MG 800 26.1.2010 20.5.2010
#16 female 21 DwW 800 26.1.2010 20.5.2010
#17 male 24 MG 650 28.3.2010 18.5.2010
#18 male 24 MG 400 28.3.2010 18.5.2010
Start Tempera- Increase/min End temperature Duration of Expo- micro-CT scan
ture sure
#1 20°C 25°C/min 400°C 13.25 min 18.5.2010
#2 20°C 25°C/min 650°C 23.25 min 19.5.2010
#3 20°C 25°C/min 800°C 31.50 min 20.5.2010
#4 20°C 25°C/min 400°C 13.25 min 25.5.2010
#5 20°C 25°C/min 650°C 23.25 min 27.5.2010
#6 20°C 25°C/min 800°C 31.50 min 28.5.2010
#7 20°C 25°C/min 400°C 13.25 min 28.5.2010
#8 20°C 25°C/min 650°C 23.25 min 31.5.2010
#9 20°C 25°C/min 800°C 31.50 min 31.5.2010
#10 20°C 25°C/min 400°C 13.25 min 31.5.2010
#11 20°C 25°C/min 650°C 23.25 min 1.6.2010
#12 20°C 25°C/min 800°C 31.50 min 1.6.2010
#13 20°C 25°C/min 400°C 13.25 min 2.6.2010
#14 20°C 25°C/min 650°C 23.25 min 2.6.2010
#15 20°C 25°C/min 800°C 31.50 min 2.6.2010
#16 20°C 25°C/min 800°C 31.50 min 4.6.2010
#17 20°C 25°C/min 650°C 23.25 min 4.6.2010
#18 20°C 25°C/min 400°C 13.25 min 4.6.2010
female 9 mean age
male 9 23.06 (£ 2,15) yrs




Scanning Settings and Calibration (SkyScan 1174)

Pixel size Exposure Filter
#1 21 pm 4500 ms 0,5mm Al
#2 21 pm 4500 ms 0,5mm Al
#3 21 pm 5000 ms 0,5mm Al
#4 21 pm 3500 ms 0,5mm Al
#5 21 pm 4000 ms 0,5mm Al
#6 21 pm 4500 ms 0,5mm Al
#7 21 pm 4500 ms 0,5mm Al
#8 21 pm 4500 ms 0,5mm Al
#9 21 pm 4500 ms 0,5mm Al
#10 21 pum 4500 ms 0,5mm Al
#11 21 pum 4500 ms 0,5mm Al
#12 21 pm 4500 ms 0,5mm Al
#13 21 pm 4500 ms 0,5mm Al
#14 21 pum 4500 ms 0,5mm Al
#15 21 pm 4500 ms 0,5mm Al
#16 21 pm 4500 ms 0,5mm Al
#17 21 pm 4500 ms 0,5mm Al
#18 21 pm 4500 ms 0,5mm Al
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Nominal Measured
pixel size pixel size
6 um 6.3 um
9 um 7.4 um
12 um 9.4 um
15 um 11.9 um
18 um 14.8 um
21 pm 17.7 pm
24 pm 21.2 um
27 pm 24.6 um
30 um 28.3 um
33 um 32.0 um




3.2. Figures

Analysis of burned human remains

Figure 1: Structure and composition of human tooth
http://medicalimages.allrefer.com/large/tooth-anatgpg DOR: 25.10.2009

Figure 2: Labeling surfaces and orientation of teeth,
Hillson S. 1996. Dental anthropology. Cambridgeudnsity Press, p.10

Figure 3: Standard orthopantomography (23 years, male)

Figure 4: Dental impression of lower dentition

Figure 5: Fragments of a lower jaw burned for 30 minute$0&°C.
Roétzscher K, Grundmann C, and Benthaus S. 2004effeets of high tempera-
tures on human teeth and dentures. InternatiorstePdournal of Dentistry and
Oral Medicine 6(1):213.

Figure 6: Radiograph of burned third molar (tooth 6, 800°C)

Figure 7: Micro-CT SkyScan 1174 compact micro-CT scanner,
http://www.skyscan.be/products/1174.hDOR: 2.11.2009

Figure 8: Photo-documentation of third molar in buccal andual view, storage tube
Figure 9: Time/temperature curve Medlin-Naber N3R
Figure 10: Manual segmentation using Visage Imaging AmiraXs.2

Figure 11: Flowchart and main steps of automated segmentasimg Definiens XD
Developer 1.2

Pilot study

Figure A: Unrestored third molar 800°C

Figure B: Comparison of unrestored teeth 650°C/800°C

Figure C: 3-D models of burned premolar 800°C

Figure D: Premolar comparison of X-ray and correspondingor€T scan

Figure E: 3-D models of burned molar 800°C

Figure F: Molar comparison of conventional X-ray and coragting micro-CT scan

Figure G: Overview of heating protocols previously usedterature
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Main study

Figure I: Comparison of heat-induced changes in tooth dtdath 7: 400°C, tooth 5: 650°C,
tooth 12: 800°C)

Figure 1l: 3-D model (400°C group, tooth7)

Figure Ill: 3-D model (650°C group, tooth5)
Figure IV: 3-D model (800°C group, tooth12)
Figure V: Scatter Plot group classifications
Figure VI: Scatter Plot including interpolation line

Figure VII: Mean Volume of Cracks

3.3. Tables

Analysis of burned human remains

Table 1: Terminology for cremated remains after Eckertle1938,
cited by Mayne-Correira (1997), p. 275

Table 2: The four stages of heat-induced transformatidooime (Thompson 2004), p.204

Main study

Table I: Volume elicited from automated segmentation data

Table II: Multiple Comparisons (ANOVA post hoc LSD test)
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