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Abstract

CT-scanning has been applied much more to archaeological materials overthe past few
years and DEXA-scans have also made an introduction in the field of archaeology. This
thesis tried to use these two types of scans to find a way to reassociate commingled
remains from archaeological contexts. For this the CT-scans and DEXA-scans of a small
portion of the Middenbeemster collection were used. Bone mineral density, which was
measured using the DEXA-scans, and cortical indices, which were measured using the
CT-scans, were calculated forthe humeri and femora of these individuals. Regression
models were made to see if there was a usable relation between the BMDs or cortical
indices of different bones and to find a way to match the values of differentbonesto
each other. Most of the regression models indicated that there were indeed usable
relations between the different bones for most of their combinations. The values of
each bone were recalculated to match the othertypes of bones, so that neighbourhood
analyses could be performedtotry and reassociate these bones. The neighbourhood
analysis looks forthe distance to the closest neighbourforeach of the bones. This was
compared to the distance between the bones of the individuals to see how much
percent of the time the closest bone was indeed the bone of the same individual. These
neighbourhood analyses were performed on different groups sizes for each of the
combinations of bones. The groups of five, which are the smallest groups, gave the most
results above the 33,33% marker that was used in this thesis. (This marker was used to
indicate if the amount of accurately reassociated bones was high enough forthe
neighbourhood analysis to be applicable to commingles remains.) The left to right femur
combinations also scored above this marker fortheir groups of ten.

Afterthese neighbourhood analyses were preformed, the two variables were rescaled
to the same scale and combined to see if their combinations would resultin more
accurate reassociations. The neighbourhood analyses performed on the groups of five
with both combinations all scored above the 33,33% marker, with the femur-to-femur
combinations scored a percentage of accuracy of 76%. More combinations of bone also
scored above the markerfor their groups of ten and the femur-to-femur combinations
evenscored above the 33.33% accuracy for their groups of fifteen.

Whilst some combinations of bones scored promising levels of accuracy, the applicability



of the BMDs and cortical indices to commingled remainsis still limited. The group size of
individuals needsto be small, notall bones can be measured, both types of
measurement are not always available, and the results are highly dependenton the
individuals that are present. Future researchis, thus, still needed, but the bone mineral
density and cortical index could, in some situations, be used to reassemble the bones of

commingled remains.
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1. Introduction

Commingled remains are often found in archaeological contexts. They can originate
from cultural practices, like the long-term burial chambers from the Bronze Age
(Osterholtzetal. 2013a, 35). They can originate from natural disasters, like the mass
graves resulting from the Black Death (Lutgert 2000, 255). Lastly, they can be the result
of natural processes, like the burrowing of animals, that mix different graves (De Groote
et al. 2020, 144). The analysis of the populations associated with these remainsis made
more difficult by the commingling. It is difficult to estimate how many people are buried
in commingled graves. There are, therefore, some techniques developed to make
estimations of the number of individuals that are buried, but they mainly calculate the
minimum number orthe most likely number. These techniques also do not or barely
help with associating the bones of individuals with each other (Adams and Konigsberg
2004, 141; Lyman 1994, 289).

There are techniques that can be used to identify individuals from forensic contexts.
These techniques often use pre-existing radiographicimages, like dentalrecords or CT-
scans. Once a persondiesin a modern-day mass disaster, like a plane crash, thenthe
individual may be identified by comparingthe pre-existingimages with images made
postmortem. CT-scanning can also help with identifying individuals via traits, such as sex
and disease. This was, for example, used to identify the people that died in the fires that
devastated the state of Victoria in Australia. CT-scanning helped with the identification
of 161 of the 163 missing people (O’Donnelletal. 2011, 15). The scans were primarily
used to identify diseases, teeth, age, sex, and possible personalitems that were onthe
remains. When teeth were identified, they were compared to the records of dentists to
find similarities in cavities, wear, missing teeth, and other dentaltraits. The age, sexand
disease traits that could be identified using CT-scans were more used to help with the
profile than to actually identify the victims (O’Donnelletal. 2011, 15-16).

The application of radiographic imaging to commingled remainsin archaeological
contextsis extremely limited, since there is hardly evera record of the pathology of
those individuals nor are there pre-existingimages to compare to. The application of
radiographic imaging to archaeological commingled remains has, therefore, been limited

to identifying pathological conditions amongst these remains, oridentifying age related



traits of skeletalelements. This thesis will look at the possibility of applying radiographic
imaging to archaeologic commingled remains in order to reassociate bones of
individuals within those remains.

Commingled remains are primarily only sorted by looking at sex, age, and size. The
sorting of the commingled remains is a way of making analysis of these individuals more
approachable, but the ideal is to identify individuals within a commingled assemblage.
There is much more that can be said when studying remains of singular individuals, like
activity, but it also helps with putting certainty behind sex and age and it helps with
identifying certain pathological elements. In addition, being able to reassociate the
bones of a singular individual creates the possibility of ethically re uniting the body of
those people. These CTand DEXA-scans will, therefore, hopefully, help with finding a

way to identify individuals within commingled assemblages.

1.1 Research questions

This thesis will look at the possible application of two types of scans for the
identification of commingled remainsin an archaeological context. The type of scans
used are computerized tomography or CT-scanning and dual energy X-ray
absorptiometry or DEXA/DXA-scanning. CT-scanningis a technique primarily usedin the
medical field that allows the inside of a body to be studied without damagingit. CT-
scanning uses multiple X-ray measurements taken at different angles to create images of
the body. DEXA-scanningis a technique thatis also primarily usedin the medical field. It
uses two different X-ray energies to measure the mineral density of bone.

Both of these types of scans will be used to look at the bone mineraldensity (BMD) of
skeletal remains from the Middenbeemster collection. The Middenbeemster skeleton
collection or MB11 is currently housed at the osteology department of the faculty of
archaeology of Leiden University. A part of this collection will be scanned usingboth a
CT-scannerand a DEXA-scanneratthe Leids Universitair Medisch Centrum (LUMC). This
createsthe possibility of looking at CT-scans and the bone mineral density (BMD) of
these skeletons and the possibility of reassociating individuals based on those scans.

The main research question will be:

- Can CT and/or DEXA-scans be used to identify individuals from archaeological

commingled remains?



The following questions will be used to answerthe main research question:

- Can aconsistency in bone mineral density between sides of askeleton be found
using DEXA-scanning?

- Istherea relation in bone mineral density between different bones of an
individual?

- Isthere a consistency between sides of askeleton and cortical bone loss, that
can be found using CT-scanning?

- Istherearelation in cortical bone loss between different bones of an individual?

- Can bone mineral density and/or cortical bone loss be used to sortout

individuals from commingled remains?

The goal of this thesis is to find a relation between the BMD of bones of a single
individual that differs enough from other skeletal remains. This relation could, ideally, be
a way to sort individuals from commingled remains based on their BMD, but it is also
possible that BMD could be used to differentiate groups withina commingled
assemblage. Therefore, depending on whetherthere are positive results from this
research, the relation between BMD of bones within a skeleton will lead to a technique
that can be used to identify which bones from a mixed assemblage belongtothe same
personor to a technique that will help more accurately estimating the minimum number

of people thatare presentin said mixed assemblage.

1.2 Hypothesis

A few correlations and differences have to be present for this thesis to have a positive
result. Firstly, the differencesin BMD between bonesfrom asingular individual should
not be significant. A study performed by McClanahan et all. (2002), however, found that
athletic activities had influence in the bone mineral density of young adults. They
discovered abone mineral density difference between the upperlimbsin both menand
women that played sports like golf, basketball, and soccer, but this difference was even
more pronounced in tennis and baseball. They also found that there was less oftena
difference between the lower limbs. The only sports that created a measurable
difference for men were footballand tennis, whilst women sports showed no significa nt

differences atall (McClanahan et al 2002, 586 and 589).
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This research suggests that differences in types of activities already create a difference
in BMD per side within the upperlimbs. The lowerlimbs, on the otherhand, mostly
seemto have similar BMD values. This means that it is more likely for the femorato be
associated with each other, than for the humeri.

The larger difference in BMD between upperlimbs described above does not exclude
the possibility of reassociatingthe humeri of individuals. For this, the difference within a
singular person needs to be smaller than the difference in BMD between individuals.
This is also needed forreassociating the femora, but the smaller difference within
singular individuals means that the difference between individuals needs to be less big.
The results from the study be Curate etall. (2013) suggestthat there mostlikely is a
measurable difference in BMD between individuals for the femoral necks, but that this
difference notonly results from age differences, butalso from otherfactors, like activity.
Curate et all. (2013) looked at the possibility of creating an age-at-death estimation
technique based on BMD values measured with a DEXA-scanner. The skeletons had a
known sex and age, and the BMD values were measured atthe femoral necks of the left
femora. The age-at-death estimation technique that resulted from this study was
described as usable, but with a high standard deviation between 6.2and 10.4 years
(Curate etall. 2013, 296.e1-296.€3).

In all, this meansthatit is likely that the femora of individuals can be reassociated with
the help of BMD measurements. The same type of measurements performed onthe
humericould also lead to a way to reassociate the bones with the individual, but the
outcome is harderto predict, since there has been lessresearchinto the relation of

BMD of the humeribetween individuals.

Bone mineral density might also be observed with the help of proxies, in particular the
loss of cortical bone. Ortner(2003) described a way to identify osteoporosis with the use
of CT-scans. He found that people with osteoporosis had less cortical bone in the
humerus (Ortner 2003, 414). Mays (1999) found that osteoporosis was associated with
low BMD in past populations (Mays 1999, 72 and 74). These two studies do not directly
relate BMD with cortical bone loss, butthere might be a correlation betweenthem,
since they both have a clear relation to osteoporosis. Looking at this proxy might,

therefore, give similar findings as bone mineral de nsity, concerning the reassociation of
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bonesfrom commingled remains to individuals.

The hypothesis forthis thesisis, therefore, as follows:

There will be a correlation between the BMD values of bones from different
sides of the skeleton. This relation will be more prominentin the lowerlimbs
(femoralneck) thanin the upperlimbs.

The relation in BMD between different bones of an individual will most likely not
be one on one. However, age will, hopefully, have more impact on the BMD
values than otherfactors, which might mean that a differentrelationin BMD
between different bones of an individual might be present.

Assumingthat osteoporosis is strongly related to cortical bone loss, as suggested
by Ortner(2003) and bone mineraldensity, as suggested by Mays (1999), then
the relations of cortical bone loss between differentbones of an individual will
be similar to those of BMD (Ortner 2003, 414; Mays 1999, 72 and 74). These
relations will most likely have more variation, since cortical bone loss is not
directly related BMD and are more varied between individuals (Ortner 2003,
414).

The levels of bone mineral density and cortical bone loss between bones of an
individual will differfrom those of otherindividuals. This means thatthese two
characteristics can, most likely be used to sort outindividuals from commingled
remains. The sorting will vary depending on the size of the commingled
assemblage. Smallerassemblages may resultin individuals being identified, but
larger assemblages will more likely result in groups of individuals with similar
levels of BMD and cortical bone loss. These groups will, however, stillbe useful

for estimating how many individuals are present within the assemblage.

In the Background chapterthe existing techniques for dealing with commingled remains

will be discussed, after which the history and application of CT-scanning and DEXA-

scanning to archaeological remains will be summarized. The chapter Materials and

Methods will look at the background of the skeletal collection used, at the process of

scanning the remains and at the analytical process applied to the resulting scans. The

chapterResults will look at the scansthat were performed and at the outcome of the

analytical processesandthe chapter Discussion will interpret these findings. This thesis
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will finish with a chapter Conclusion that will shortly state the findings of the discussion,

the possible applications, and the ideas for future research.
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2. Background

This chapter will start with describing the current techniques used for analysing
commingled remains. These techniques used on commingled remains focus onthe
estimation of the number of individuals presentin the assemblage. After discussing
these techniques this chapter will shortly describe the history of the CT-scannerand the
DEXA-scannerand this chapter will finish with describing the application of these two

scanners to archaeological remains up to now.

2.1 Commingled remains

Commingled burials generally originate from one of two ways. The first originates from
long term use of a burial site. This, for example, occurred in Tell Abrad. This Tell contains
a burial tomb that was used between 2100 and 2000 BC. The placementof remainsin
this tomb mixed up previously buried individuals, which ultimately resulted in a tomb
filled with commingled remains, exceptforone later burial of an articulated skeleton
that was placed amongst these commingled remains. This burial is believed to be the
last burial in this tomb, after which it was closed off by settlement debris and sand
(Osterholtzetal. 2013, 2-5; Osterholtz et al. 2013a, 35-36; Ubelakerand Rife 2008, 99-
100).

The other type originates from singular mass disasters, like a plague, war, or natural
disaster (Mundorff 2008, 123; Osterholtzetal. 2013, 5). The excavations at the Holy
Ghost Hospital at Lubeck, Germany, for example, has multiple commingled assemblages
fromsingular events. The four mass graves date back to around the fourteenth century,
during which there were multiple Black Death outbreaks. Two off the mass graves found
at this site are believed to be linked to the outbreak of 1350. The othertwo mass graves
are believed to contain victims of other later outbreaks. In the two mass graves linked to
the outbreak of 1350, 696 individuals were discovered, even though one of these mass
graves could partially not be excavated. The two mass graves with victims of later
outbreaks contained 87 and 33 individuals. Only a few thin layers of dirt were found
between the layers of skeletons, which corresponds with the idea that these graves
were used forindividuals from a singular plague outbreak, since reopeningthe graves

would result in eitherthicker layers of soil or more commingling of the bones (Liitgert
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2000, 255-258).

The burials of multiple individuals can also become commingled by processes thatare
not part of the burial practice. It is, for example, possible that remains get commingled
by natural processes, such asthe burrowing animals or the washing away of sediments
by large quantities of precipitation. These processes can transportand mix the bones.
This happened at the burial site in Scladina, where multiple individuals were buriedin a
cave. Many of the remains were transported out of the cave and down the slope of the
hill (De Groote etal. 2020, 144-145).

Lastly, there is a possibility that bones get commingled during an excavation or post
excavation. This happenedto the North American Midwestern skeletal colle ction
housed atthe University of Chicago. The collection was subdivided and housed in
multiple institutions when the subsidies for maintaining the collection stopped. During
the transport of the collection many notes and materials were misplaced or damaged.
Good documentation can often help with finding the bones that are associated and
photos from the field can help finding the individual whose bone was misplaced

(Osterholtz etal. 2013, 5; Sullivan and Childs 2003, 58-59).

Analysinga commingled assemblage can be difficult, since it is not clear which bones
belonged tothe same person and since there is no guarantee that the assemblage is
complete (Ubelakerand Rife 2008, 97). Calculating the minimum number of individuals
for an assemblage can help with analysing the remains. The MNI of a commingled
assemblage is calculated by looking for characteristics that can distinguish individuals
from each other. Size, age, sex, and side are the most commonly used. The bonesin the
assemblage are separated based onthese parameters. There has to be certainty that
bones donot belongtogether, because asmall humerusand a medium femur could still
belongto the same person. The MNIis then calculated by counting the minimum
number of differentindividuals present. If there are, for example, ahumerus froma
child whose age-at-death was estimated between three and four, two female rightiilia
and one left male Os coxa, thenthe MNI becomes four. This becomes more difficult
once there are more bones present. Othertechniques used to calculate the MNIlinclude
the shape of the bone, like the overallshape of the Os coxae, and pathological

conditions, like rickets (Herrmann and Devlin 2008, 257; Osterholtzetal. 2013a, 39).
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The MNI only measures the number of individuals of whom can be stated that they are
present with certainty. This means that individuals presentin the assemblage that
cannot be identified with certainty will not be counted in this estimation. The MNI is,
therefore, usually lowerthanthe actual number of individuals. The most likely number
of individuals (MLNI) can be calculated to get a more accurate estimation of the amount
of people thatare presentinthe assemblage. The MLNI can be calculated with the

following formula according to Adams and Konigsberg, 2004:

_ [(L +1DH(R+1) B
B (P+1)

In this formulathe N stands for the number of individuals, L standsforthe numberofa
certain elementfromthe leftside, R stands for the number of the same element from
the right side and P stands forthe number of pairs. The brackets mean that the number
should be rounded off toa whole number. The formularesults in a higher MLNIwhen
there are relatively few pairs, because it is more likely that many individuals were lost if
only singular bones remain and the formula resultsin a lower MLNI when there are
relatively many pairs, because it is less likely that many individuals were lost if both
bones of individuals were discovered (Adams and Konigsberg 2004, 141).

There is also a technique that does not count the MNI, but the minimum number of
elements (MNE). When calculating the MNE, every element of a skeleton is counted
separately. If you, forexample, look at the right tibiae, then all the right tibia fragments
are separated and counted. If there are two proximal ends, one distal end and one
whole tibia, and the proximal and distal ends do not overlap, thenthe MNEfor the right
tibiae is three. This can then be repeated forevery type of bone presentinan
assemblage (Lyman 1994, 289).

The exact number of individuals presentin an archaeological assemblage is hard to
determine. The MNIland MNE both measure aminimum amount and the MLNI only
makes an estimation. The use of radiographic imaging in archaeology has come a long
way and it may also help with the study of commingled remains.

Otherresearchers have also tried to reassemble commingled human remains with the
use of osteometrics. Byrd and LeGarde (2014), forexample, used measurements on

multiple bonestotry and reassociate them. They ended up with and accuracy of 74% up
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to 85% (Byrd and LeGarde 2014, 167). When their technique was, however, tested on
different populations by Bertsatos and Chovalopoulou (2019) the same measurements
resultedin much loweraccuracies, ranging between 4,8% and 71,7% accuracy (Bertsatos
and Chovalopoulou 2019, 256). Others, like Vickers et al. 2015, made similar technigues
for reassembling individuals based on bone sizes, but they are troubled by the size of
the commingled assemblage and the difference in bone size of the individuals within

that assemblage (Byrd and LeGarde 2018, 348).

The next part of this chapter will, therefore, discuss the history of the CT-scannerand

DEXA-scannerand their application to archaeological human remains.

2.2 CT-scanning and DEXA-scanning

The first CT-scannerthat was used in a clinical setting was an X-ray CT-scanner. [t was
introduced in the 1970’s and it was used for diagnostic imaging. Previously, the only
ways of diagnostic imaging were with regular X-ray or othertwo-dimensionalimaging
techniques. The X-ray CT-scanner was, therefore, a big step forward, since it could result
in three dimensionalimages (Hughes 2011, 58).

This type of CT-scanner worked by emitting X-rays from one point and measuringthe
results on the otherside of the scanned elementinthe form of an arch. The X-ray
source and measuring points than turned around the objectin a circle, until it was
measured from all sides. This would form one image. For the nextimage, the object
would be moved aset distance into the machine, after which the measuring process
would start again (Hughes 2011, 58-59).

In 1989 a new type of CT-scannerwas introduced: the spiral CT-scanner. In this type of
scanner, the subject moves continuously through the machine, whilst the machine
rotates around the subject and creates the images. This type of scanneris, therefore,
also much fasterthan the previous type of CT-scanner. Later the multi-detector spiral
CT-scanner, orthe MSCT, was invented. This type works similar to the spiral CT-scanner,
exceptthatit uses more rows of detectors, which makesthe MSCT even faster (Hughes

2011, 59).

The dual-energy X-ray absorptiometry scanner, or DEXA/DXA scanner, was first

introduced in 1987. This type of scannerwas used to measure the bone mineral density
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(BMD) of an individual (Blake and Fogelman 2007, 509). The DEXA scannersare usedto
identify osteoporosis. This is correlated with a higher risk of bone fractures. BMD
measurements are not only used for diagnosis, butthey are also used to examine the
effectiveness of treatments (Blake and Fogelman 2007, 509; Maghraoui and Roux 2008,
605).

There is a small variety of DEXA scanners, but they all workin a similar fashion. Two
sources of different X-ray energies and two radiation detectors are placed opposite of
each other, one above and one below. The patient or subjectis then placed on a table in
betweenthe sourcesand the detectors. The scanner will then measure the X-rays that
reach the detectors across the region of the patient or subject thatis to be scanned. The
lessening of the radiation can then be translatedinto the BMD for that region

(Maghraouiand Roux 2008, 606).

2.2.1 CT-scanning and DEXA-scanning in archaeology

The first CT-scans that were made of archaeological remains, were made of mummies.
The use of the CT-scannergave researchers the possibility to closely examine the insides
of mummified remains, without damaging them. The main goals of researchers were to
discover pathological conditions, to find age-at-death and sex indicators and to figure
out the post-mortem alterations that were made to the remains.

The very first CT-scan of archaeological remains was performedin 1977 ontwo Egyptian
mummies (Hughes 2011, 60). The first scan was of the brain of a fourteen-year-old
Egyptian male from around 1200 B.C. (Figure 2.1). The body was not mummified, but
merely wrapped in linen, which meant that the brain was nottampered with post-
mortem. Both brain hemispheres had already been removed by previous researchers.
There were faint outlines of the different types of brain matter. They did not discover
any pathological conditions, but they did describe areas that were denser, which they

labelled as post-mortem artefacts (Harwood-Nash 1979, 768-770).
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Figure 2.1: Left: Both hemispheres from the fourteen-year-old Egyptian male. Right: The CT-
scan of both hemispheres. The arrow points towards the ventricle of the left hemisphere.
There translucent parts are believed to be the post-mortem artefacts. The article also states
that there are differences between white and grey matter present (Harwood-Nash 1979,
769).

The other mummy that was scanned during this research was a young female from
around 850 B.C. The scans showed that her entrails had been removed through an
incision on the side of her body. Her brains were removed viathe ethmoid and the nose
with the use of a trocar. The entrails were then wrapped and placed back into the body
via the same incision on the side, together with wax, mud, and sawdust. Wax, mud, and
sawdust were also placed in other parts of the body to presumably try and embalm the
rest of the body. The incision on the side was then covered with a metal plate. The
outside of the body was covered with salts and ornaments, after which it was wrapped
in bandages and placed in a stiffened canvas (Harwood-Nash 1979, 770).

The CT-scans of the second skeleton showed the wrapped entrails, the ornamentsandin
some placed the mud within the mummy. Severaluntouched organs could also be
recognized togetherwith many of the bones. Inthe skull the path of the trocar could

also be seen (Figure 2.2) (Harwood-Nash 1979, 770-773).
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Figure 2.2: Left: A CT cross-section of the head. The white arrow points to the path
that the trocar took whilst extracting the brain matter. The black arrow points
towards a well-preserved optic nerve. Right: A CT cross-section of the lower
abdomen. The white plaque is the piece of metal that was used to close off the
incision (Harwood-Nash 1979, 771-772).

The results of these two scans proved that CT-scanning was a very useful non-invasive
way of examiningmummies and many other mummies were scannedinthe nextfew

years (Hughes 2011, 60).

Overthe nextfew decades, CT-scanners and the application of CT-scanningto
archaeological remains were improved. Fasterand more detailed CT-scanners made
scanning more accessible and more data about the insides and structures could be
extracted fromthose scans.

One more notable mummy that was examined using both early and improved CT-
scanning was Otzi the ice man. The original CT-scansthat were performedin 1991 were
primarily focused on the skull. The researchersfound fracturesin the left maxilla and
flattening on the left side of the face. This was most likely caused by the pressure
created by the ice that covered the mummy (Nedden et al. 1994, 269-272).

Many more scans were made of the ice man in the following years. With the help of the
improved CT-scanning, combined with radiographic imaging, researchers were able to
determine much about Otzi (Murphy etal. 2003, 615-616).

The CT-scans showed that Otzi’s brain has shrunken and is positioned towards the
posteriorside of the skull. The different parts of the brain, meaningthe hemispheres,
brain stem and spinal cord, could still be distinguished, butthe difference between
white and grey matter could notbe observed (Murphy etal. 2003, 616).

The skull itself has a lot of small cracks and fractures. Some of the sutures also appearto
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be pushed partially open. These cracks and the state of the sutures are hypothesized to
be the result of thawingand freezing of the skull. Waterinside the skull would have
caused the cranial vault to be pushed open. One of the nasalbones also seemsto be
broken and placed in a weird angulation towards the inferior side. Researchers believe
this to also be a post-mortem fracture caused by the ice pushing down on the skull.
Otherdamage to the mummy from freezingand thawing resulted in translucency in
other parts of the skeleton and the crushing of the thorax by ice (Murphy etal. 2003,
617).

Researchers found some mild endplate sclerosis with spurs amongst the lower cervical
vertebrae, which is indicative forintervertebral disk disease. There are also signs of
healedrib fractures on left fifth to nightribs. These healed fractures are believedto be
caused by a singular moment of trauma to the thorax. On the right acetabulum and
femoralhead, they discovered traces of osteoarthritis and the tibiae showed some
Harris lines. The left small toe portrayed signs of arthropathy, whichis commonly
associated with arthritis, but researchers hypothesized that this could also be a result of
frostbite, after considering the absence of arthritic signs in the other digits of the hands
and feet(Murphy et al 2003, 618-621).

Most of the organs were hard to be recognized due to the dehydration. Only the brain
could be clearly distinguished. There were, however, some calcifications on locations
where arteries would be expected, which indicates that Otzi might have had
arteriosclerotic cardiovascular disease. An arrowhead was also discovered lodged
between the ribcage and the left scapula. Otzi might have died from loss of blood from
the arrow wound (Murphy et al. 621-622).

The significant difference inresults shows the increase in information that can be
extracted from remains with the improvement of the CT-scanners, but the use of CT
scans on skeletal material still appears less popular than its use on mummified remains.
There are, however, severaltypes of observations that can be made with the use of CT-
scanning. Structural changes of the bone can be better analysed via CT-scanning. This is
especially usefulwhen looking at diseases that have an effect on these structures, like
osteoporosis (Ortner 2003, 521).

Thinning of trabecular bone and cortical bone loss can, for example, be observed via

radiographic cross-sections of bones (Crocer et al. 2009, 30; Mays 2001, 36; Ortner
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2003, 414). Ortner, 2003, for example, describes a case in which a female skeleton has
osteoporosis. Examination of many of the bones had already been performed, butthey
also made CT-scans of the humeri. The CT cross sections showed that there was thinning
of the trabecular bone in the humeralheads and loss of cortical bone throughout the
humeri(Ortner 2003, 414).

CT-scanningcan also help with identifying pathological lesions that are located within
the bones. This can be seenin different case study that was described by Ortner, 2003.
CT-scans were made of a male cranium that originated from the Late Prehistoric or
Historic periodin Tennessee. The skullhas multiple osteoblasticlesions, particularly on
the occipital bone. The CT-scan of this skull showed thatthe tumours were also present
on the interior of the cranium. On first examination, the growths appeared as benign
fibro-osseous tumours with aslow growingrate. The CT images, however, showed that
in one area of growth on the anterior aspect of the skull was differently structured. This
structure was poorly organized and had no sclerotic margins, in oppositionto the other
growths that had a more structures appearance, which indicates that this growth might

have turnedinto a malignant tumour (Figure 2.3) (Ortner 2003, 521 and 523).
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Figure 2.3: The carcinomic growths are clearly visible on this CT-scan. The growth that is
believed to be a malignant tumouris shown by the white arrow (Ortner 2003, 522).

CT-scanning of skeletalremains can also help with reconstructing pastliving situations
and events by looking at bone structures and by identifying diseases.

A study by Primeauetal., 2019, for example, used CT-scanningin orderto study the
effects of two climate events on the contemporary population. They used two skeletal
collections from Denmark from the medieval period. These collections were used to look
at linear enamel hypoplasia, Harris lines in the tibiae and infectious middle ear disease
as proxies forstress and malnourishment. The linear enamel hypoplasia was observed
with the naked eye, but the researchers used CT-scanningto look at the Harris lines and
infectious middle ear disease (Primeau et al. 2009, 80).

Harris lines are presumably caused by periods of malnutrition, which can cause the
growth of the long bonesto slow down. The infectious middle ear disease can be seenin

the temporalbone. The infection causes a difference in size of the mastoid processes,
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differencesin mastoid cell structure and sclerosis in the mastoid area. A scan of the
temporalbone is needed to see these changes, and even though they used a CT-scan,
some otherscans, like regular X-ray, can also be used to identify this infection (Primeau

etal. 2009, 82-83).

The DEXA-scanner has a smallerrange of applications to archaeological materials. These
types of scans are solely used to measure the bone mineral density (BMD) for
archaeological samples. There has, however, been anincrease in the application of
DEXA-scannersto archaeological remainsin recentyearsto look at the relation between
BMD and sex, age, activity, and othervariables (Di Stefano etal. 2012, 232).

Mays et al., 1998, used DEXA-scanstolook forage related changesin the bone mineral
density. They used a medieval population from England. They divided the populationin
male and female and subdivided these groupsin three age ranges, 18-29, 30-49 and
50+. They then used the DEXA-scannerto measure the BMD in the proximal part of the
femur. After comparing the BMD values between the groups, they found that there was
no significant difference forthe two youngest male groups, butthat there was a
significant loss of bone mineral density with age for the othergroups of both sexes
around the femoralneck (Mays et al. 1998, 100-101).

People from the past most likely had similar problems when people suffered from
osteoporosis as modern day people. This is, forexample, shown by Mays, 1999, who
looked forosteoporosis via DEXA-scans from the female skeletons originating from the
deserted village of Wharram Percy. He found that the skeletal remains containing
compression fracturesin the vertebrae and ribs had a lower bone mineral density.
Similar fractions in current population can also be traced back to osteoporosis and low
bone mineral densities (Mays 1999, 72 and 74).

Kendelland Willey, 2013, also looked at the preservation likeliness of bones compared
to their BMD to see if the minimum number of individuals (MNI) calculation should be
altered based upon the average BMD of people from a certain age-group. Their
hypothesis was that bones with a lower BMD were less likely to preserve, meaning that
they would be underrepresented in commingled assemblages. Theirstudy seemedto
have positive results, but they did not account for sex differences. They used large age

groups and their suggestions for alterations were vague. They suggest that, when
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looking forthe MINI, researchers should preferto use bones with a higher BMD, since
those bones are more likely to be preserved from each age group, which s difficult to
use in practice, where the choice is, mostlikely, limited by the assemblage (Kendelland

Willey 2013, 92-95 and 100-101).

2.3 Conclusion

Commingled remains are studied by measuring the minimum number of individuals or
elements present, or by approximating the number of individuals in the commingled
assemblage. This helps with studying the associated populations, but it is still limited.
The use of CT-scanningin archaeology has grown overthe past few decades and DEXA -
scanning has also made an introduction. These scans are mainly used for the
identification of diseases and changesin bone structure, and for studies associated with
these diseases and changes, like the impact of climate events onthe contemporary
population. CT-scanning and DEXA-scanning have not been applied to commingled
remainsin large amounts, but they might be usable for identifyingindividuals basedon

their bone mineraldensity and bone structure.
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3. Materials and methods

The materials and methods chapter will first describe the skeletal collection that was
used forthis thesis and give some information about the excavation from whichit
originated. Afterthis introduction into the materials the chapterwill describe the CT-
scans that were performed and the measurements that were taken on those CT-scans.
Next, the DEXA-scanning will shortly be described. The chapter will finish with
presenting the analytical steps taken to examine the datafrom the CT measurements
and fromthe DEXA-scans, by describing the ways that the resulting data was visualized
so it could be interpreted and by describing the way that these outcomes were

presented as a possibly applicable way of reassembling commingled remains.

3.1 The Middenbeemster skeleton collection

The grounds adjoining to a Protestant church named the Keyserkerkin Middenbeemster
were partially excavated from the 13 of June until the 5" of August 2011. The church
was built in the beginning of the 17" century. Burials took place in and around this
church fromthe beginning of the 17 century until the beginning of the 19* century.
Excavators, therefore, expected a high number of skeletons to be recovered during the
excavation (Hakvoort 2013, 13-14).

The total excavated area covered 440 m?. The first test pit already uncovered atotal of
35 graves, whilst the pit only reached 92 cm below the surface. In the end over 400
burials were discovered during this excavation. When a grave was found, the outline of
the grave was first exposed. Afterwards, the remainsin the grave were dugout with the
use of trowels, wooden sticks, and brushes. Once a grave was fully exposed, the
contents were photographed, measured in, documented ona form, and removed to be
dried and stored. The orientation, position, additional finds, and missing parts of the
skeleton are recorded on the form. The skeletal materials from these burials are
currently housed at the faculty of Archaeology of Leiden University (Hakvoort 2013, 19
and 35).

The initial research about the population is based on a subsample of 125 skeletonsthat
was believed to be representative forthe population buried nextto this church. Out of

the 125 skeletons analysed, 54 were adolescent. Thisis a relatively high number
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compared to similar sites. There were many non-adult skeletons aged between the ages
of 0and 3. Inthe adult population most of the skeletons were aged between 36and 50.
The adult population buried at this cemetery contained 37 females and 34 males (80,3%
is determined with certainty). The remains themselves were on average in good
conditions and most of the skeletons were mostly complete (64% had a 75-100%
completeness). The formulas made by Trotter (1970) were used to estimate height.
Most females were estimated to have been between 150and 169 cm and most males
were estimated to have been between 160 and 179 cm (Hakvoort 2013, 40-44).

A lot of pathologies were found in this populations, including various degenerative
diseases, deficiencies, and developmental defects. None of the diseases present were

very unusualor presentin large quantities (Hakvoort 2013, 46 and 51-52).

A total of 50 individuals were scanned using the CT-scannerand DEXA-scanner. The
skeletons were selected based on preservation and overallcompleteness, meaning that
sex, age, and pathological conditions were not taken into account. Otherindividuals
from the Middenbeemster collection were still planned to be scanned with these
scanners, butdue to the deadline for this thesis, only the first 50 scanned individuals
could be used. These scans were initially made for otherresearch, but permission was

granted to use these scansin this thesis.
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3.2 CT-scanning

CT-scans were performed at the Leids Universitair Medisch Centrum (LUMC). These
scans were made with a PET-CT Philips Vereos (settings: 64 slice, 140 Kev, 75mAs and
slice thickness 1mm). Each skeleton was laid out on a plastic slab in anatomical position.
The vertebral column was articulated pervertebrae group (cervical, thoracic, and
lumbar) and space was left between them if vertebrae were missing. The skulls and
mandible were only scanned if most of the bone was still intact (>50%). The rest of the
long bones, and the pelvic girdle were laid outif enough of the bone was intact (pieces
bigger than 33%) and small fragments were left out. Lastly, the scapula and clavicle were
only scanned fora number of individuals, because there was a limited amount of time to

use the CT-scanner.

The cortical bone loss was measured with the use of the cortical bone index described

by Mays (2001):

T—-M
Cl = * 100

In this formula Cl stands for cortical bone index, T stands for total bone diameterand M
stands for the diameter of the medullary cavity (Mays 2001, 36). Tand M were
measured on established locations using CT-scans. For the femora this correlates to just
below the femoraltrochanters. The measurements weretaken on the CT-slides where
the medullary cavity first touched the cortical bone onthe superior side. This first occurs
on the lateral anterior side of the bone. The T and M were measured from the medial
anterior side to the lateral posteriorside (just lateral of the linea aspera). The line
reachedthe lateral posterior side on a 90-degree angle (figure 3.1a).

For the humerithe measurements were taken just below the humeralhead, on the first
CT-slide where over 90% of the medullary cavity touched the cortical bone. The
measurements were taken fromthe mustanterior to the most posterior portion of the
bone (figure 3.1b). The otherbones were excluded.

If these locations were hard to find or on a very different place along the shaft, the
location most similar to the examplesinfigure 3.1 were used. The similarity of location

between leftand right of one individual were valued higher than the similarity to the
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examples.
In some instances, the measurements were hard to take due to, for example, sand

inclusions, damage, or possible pathologies. These bones were excluded from the

cortical index measurements.

2.32 cm

Figure 3.1a (left): A CT cross-section of the right femur of skeleton S045V0055. The red line
indicates where the measurements weretaken.
Figure 3.1B (right): A CT cross-section of the right humerus of skeleton S045V0055. The green line
indicates where the measurements weretaken.
(Both the cross-sections are a bottom view, which means that the right lateral side is on the left.)

3.3 The DEXA-scans

The DEXA-scans were also made at the LUMC. They were made with a Hologic Horizon A
DEXA-scanner. When scanning with a DEXA-scanner, there isa protocolin the program
for each of the bones that are normally measured. This protocol basically instructs the
machine to make the scan forthat type of bone. The location of a bone where the
measurement willbe takenis placed underthe scannerand the protocol associated with
that bone is activated.

For each of the skeletons the humeri, femora, ulnae, radii, and the five lumbar vertebrae
were selected. If abone was damaged in the area where the measurement would be
taken, then these boneswere notscanned.

The humeriand femorawere scanned individually. The scans of the humeri were made

with the hip protocol. The bones were positioned as if the individuals were laying on
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their backs. Only the proximal ends of the humeri and femorawere scanned, since the
bone mineral density was measured at the femoralneck and just below the humeral
head. The radii and ulnae were measured in articulated position. The measurement of
the radii and ulnae was taken around 1/3 onto the shaft from the distal side. The DEXA-
scans of these bonesare, therefore, from the distal end up to 2/3 of the bones. The
lumbar vertebrae were scanned together. They were positioned with their posterior side
upwards, since it was easier to stabilize them that way. They were laid down with a
small distance between their bodies, which later made it easierto identify them.

In the rest of this thesis, only the BMD measurements of the humerus and femurare
used due to the limited time available to do this research.

The bone mineral density measurements were made by P. Dibbets-Schnieder of the
LUMC. The software that belongs to the scanner was used to make these
measurements. For both the femoraand the humerishe positioned the region of
interest (ROI), in which the program measures the BMD, on the neck of the bone so that
the midline divides the head in two equal parts. This ROl was not allowed to cross the
bone in any otherregion, like the trochanter. The measurements were then performed
by the software.

The resulting BMD values were difficult to compare to ‘normal’ rangesthat are foundin
living individuals. The humerusis normally not scanned with the DEXA-scannerand
there are, thus, no ‘normal’ ranges presentforliving nor dead individuals. For the femur
there are ‘normal’ ranges for living individuals and ranges that indicate the presence of
abnormalities like osteoporosis. The skeletons of the Middenbeemster collection are no
longersurrounded by tissue, are dry and have been undergoing taphonomicprocesses.
Itis, therefore, uncertain that the ‘normal’ ranges of living individuals are comparable to
the BMD values of these skeletons. Hence, the ‘normal’ ranges of living individuals are,

to avoid confusion, not presented here.

3.4 Statistics

Afterthe measurements of the humeriand femorawere taken, they were compared to
each otherto see if the femoraand humeriof individuals could be reassociated.
The measurements showed a difference in value between the bones and aslight

difference between sides. Forthe different bones to be reassociated, the data, thus, had
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to be recalculated. Regression models were, therefore, made with the use of excel.

For the bone mineral density values, a regression model was created foreach
combination of bones using excel. A combination of bonesrefers to a pair of the four
bonesthat were usedin this thesis, namely a pair of the left femur, right femur, left
humerus and/or right humerus. Forthe regression models, the BMD values were paired
by the individual to whom these values belong, to create coordinates. A polynomial,
logarithmic, linear, exponential, and squared modelwas created for each of these
combinations. Each formula gave similar standard deviations and correlation coefficients
percombination. The regression model with the lowest standard deviation was selected
for each of the combinationsin both directions. (When trying to reassociate bones, bone
A could be usedto look forbone B, but bone B could also be used to look for bone A.
One combination of bones can, thus, be used in two directions.) Forexample, a
regression modelforthe most likely associated BMD of a right femurfora left humerus
was selected, butadifferent modelwas also made for estimating the most likely
associated BMD of the lefthumerusforthe right femur.

One lefthumerus had a negative BMD, which is most likely notthe natural BMD of this
individual, but caused by a faultin measurement, adisease ortaphonomic factors. This
bone was, therefore, excluded from the regression models.

Regression models were also made for the cortical index of each combination of bones.
The five differenttypes of regression models were also created here, but similar to the
BMD models, the standard deviations and correlation coefficients were very similar for
each type of model per combination. The best fitting models were also selected forthe

cortical indices.

This neighbourhood analysis was performedin R. A neighbourhood analysisis a function
that can be usedto look at data point patternsin one or more dimensions. The NNDIST
function from the spatstat package in R was used in this thesis (see appendix 1). The
default of this specific neighbourhood analysis function looks for the distance between
each data pointand its closest neighbouring point. The function was slightly altered for
the requirements for this thesis. The data was grouped perbone, and later these groups
were subdivided to form groups of different sizes. The distance to the nearest

neighbouring bone of each bone type was searched. The distance to the nearest

31



neighbouring searched bone could then be collected and compared to the distance
betweenthe bones perindividual. The distance between the two bones associated to
the same individual was measured with excel, since this is a mere subtraction. If the
distance betweentwo bones of anindividual were the same as the distance betweena
bone and its nearest neighbour, the individuals’ bones were accurately reassociated. If
there was a bone from a differentindividual closer to the original bone, the individuals’
bones would not be accurately reassociated. The percentage of accurately reassociated
bones per combination were then calculated for each combination of bones, in both

directions, for both the BMDs and the cortical indices.

The process described above was performed on the total number of skeletons, butalso
on smaller groups of individuals. This was to see if there was a difference in results
between large quantities of skeletons and smaller quantities of skeletons.

Firstly, five groups of five were randomly selected out of the total sample. Inorder to
prevent large amounts of overlap the following set of requirements were made fora
group:

- A group can have no more than two individuals that are also presenttogetherin
anothergroup, but it can have singular individuals from the othergroups.

- Anindividual is not used more than two times.

This was performed for each combination of bones forboth BMD and cortical index
separately. A neighbourhood analysis was then also performed on each of these groups.
Afterthe groups of five, the neighbourhood analysis was also performed on groups of
ten. The combinations of bonesthat had an accuracy below 33,33% for the groups of
five were excluded from this step. This is because the accuracy is very unlikely to grow,
since larger groups resultin more values and, therefore, more overlap between values.
Notenough BMD data was present to make five groups of ten using the set of
requirements described above. The maximum number of groups was, therefore,
selected. The cortical indices are in large enough numberto form five groupsfor each
combination.

Lastly, groups of fifteen were made forthe groups of ten that scored above the 33,33%
threshold. The same requirements forgroup formation were also used here, after which

neighbourhood analyses were performed on each of those groups.
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3.4.1 BMD and cortical index combinations

Afterthe groups of fifteen were finished, anew set of neighbourhood analyses were
performed, whereboth the bone mineraldensity and cortical indices were used. The
bones were selected that had both these values, for each of the combinations.

In orderto be able to match the BMD values with the cortical indices the values had to
be rescaled. This is because the BMD values (0,3-1,2) are much smaller that the cortical
indices (25-70). In orderto do this the ranges over which the values were spread, were
determined for each of the bonesfor both variables. These lowest and highest values
were rounded off, so the lowest and highest values did not correspond with the end of
the ranges, but instead fell within the range. For BMD the ranges were rounded off with
0,05 accuracy justbelow the lowestvalue and above the highestvalue. For the cortical
indices the ranges were rounded off in the same way to whole numbers. The values
were then recalculated to a range from 0 to 100, so the values could be properly
compared.

The distance betweenthe bones of anindividual were calculated with the help of
Pythagoras, since the bones are now spread overa two-dimensional field. The
neighbourhood analyses functionin R calculated the distance between the two bones
directly.

The first neighbourhood analyses performed on the combinations of bones that
combined the BMD values with cortical indices were the total groups. Afterwards five
groups of five were formed for each of the combinations. Neighbourhood analyses were
thenalso performed onthese groups. The 33,33% boundary was then used to decide for
which combinations neighbourhood analyses would be performed for larger groups.
Usingthe same requirements that were used when creating larger groups for the
separated variables, the groups of ten, fifteen and twenty were made. Lastly, the

neighbourhood analyses were performed on these group sizes.

3.5 Assessment of the neighbourhood analysis results

Afterthese neighbourhood analyses were allfinished, the differences between bones
that were accurately reassociated were selected for each combination of bonesand
plotted out against the value of the original bone (the BMD value or cortical index that

was not recalculated). This might give an indication if the distance fromthe average
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value has a large influence on the chances of two bones being reassociated with
accuracy. These graphs were then compared for the total groups, groups of five, tenand
fifteen, to getan indication of how much group size can influence the accuracy of these
comparisons.

The inaccurate data was also plottedin the same graphsto see if thereis a distribution

for the inaccurate data compared to the measurementvalues.

For the data that combined both variables, 3D graphs were made pergroup size per
combination. One side of the graphs shows the BMD value, the othersside of the graph
shows the cortical index, and the Y-axis of the graphs show the differences between the
two associated bones. Inthese graphs the plotted bones are divided based on whether
or not they were accurately reassociated to theirown bone.

These 3D graphs were plotted with the help of the scatterplot3d functionin R, which is a
function specifically made for creating graphs like the ones described here (see appendix

1).

Anothertype of graph was made for the neighbourhood analyses that had an accuracy
above the threshold. These graphs for the separate variables will show the BMD or
cortical index value of the bone on the X-axis and the distances between each bone and
its nearest neighbour on the Y-axis. The colour of the point on the plot will indicate if the
bone was accurately reassociated or not. These plots will give an indication as to how
accurate a reassociationis depending on how close the individual lays to the average,
since it will be more likely that two bones with rare values belongto each otherthan
two bones that both have very common values.

Similar graphs will also be made for the combined variables. These 3D graphs will also
show the distance to the nearest neighbourand the corresponding values of the bone
used. Otherthan being three dimensional, the function of these 3D graphs will be the
same as those made for the separate variables. These graphs will also be made with the

use of the scatterplot3d functionin R.

3.6 Application and ethics

Lastly, the data was usedto create a set of guidelines as to how to use bone mineral

density and cortical indices to sort out humeriand femorafrom commingled remains.
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This outline contains the formulato recalculate the measurements to match different
bones and variables, and a table that shows which variables result in what percentage of

accuracy for each of the combinations.

The research performed in this thesis is solely based on scans of bones, which means
that the skeletalmaterial was not harmed during this research. The application of this
research to the reassembly of individual will also only use scanning techniques and no
other, possibly destructive, methods. The non-destructiveness of this approach should,
thus, not cause ethical conflict when it is applied to the remains of individuals, whilst
providing researchers with the data needed to analyse the remains (Walker 2000, 24-
26). The reassociation of human remains that were commingledis in the eyes of many
also a humane way of treating the dead (Anstett and Dreyfus 2015, 109), which means
that overall, there are no mayor ethical dilemmas with the research performed here nor

with the application of these techniquesto commingled remainsin the field.

35



4. Results

This chapter will begin with presenting the results fromthe DEXA-scans and CT-scans. It
will then continue to describe the regression models that were created in orderto
examine the datathat came out of those scans. The rest of the chapter will focus on the
neighbourhood analyses that were performed on the data and the visualization of the

resulting data.

4.1 Results DEXA-scans

The scans resulted in usable BMDs of 41 leftfemora, 40 right femora, 24 left humeriand
33 right humeri. The missing values either resulted from missing or damaged bones or
from faulty measurements (e.g.,BMDs of 0).

The measured bone mineral densities ranged between 0,48and 1,19 for the femora
(figure 4.1a and 4.1b) and between 0,32and 0,80 forthe humeri (figures 4.1c and 4.1d).
One lefthumerus had a BMD of -0,28, which is most likely not the natural bone mineral
density of an individual, but instead caused, by disease, taphonomy or a fault in

measurement. This humerus was, therefore, excluded from further analysis.

4.2 CT-scan results and cortical indices

A total of 48 skeletons were scanned with the CT-scanner of the LUMC. This resulted in
cortical indices for 46 left femora, 45 right femora, 45 left humeriand 44 right humeri.

The missing values either resulted from missing bones, sand inclusions that prevented

measurement or pathology/taphonomy that prevented measurement.

The cortical indices ranged between 25,08 and 65,69 forthe femora (figures 4.2a and

4.2b) and between 19,68 and 54,57 for the humeri(figures 4.2c and 4.2d).
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Figure 4.1a (top left): The bone mineral density value distribution for the right femur.

Figure 4.1b (bottom left): The bone mineral density value distribution for the left femur.

Figure 4.1c (topright): The bone mineral density value distribution for the right humerus.

Figure 4.1d (bottom right): The bone mineral density value distribution for the left humerus. The value
lowerthan 0,25 is -0,28.
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Figure 4.2a (top left): The cortical index distribution for the right femur.
Figure 4.2b (bottom left): The cortical index distribution for the left femur.
Figure 4.2c (topright): The cortical index distribution forthe right humerus.
Figure 4.2d (bottom right): The corticalindex distribution for the left humerus.

o

38



4.3 Regression models

The data resulting from the CT-scans and the DEXA-scans was used to make regression
modelsin order to be able to compare the values of different bones with each other.
The standard deviation and correlation coefficient were also calculated forthe resulting
models.

The individuals that had the values of both bonesthat were used in a regression model
were selected and plotted out to find the formula that bestrepresented the correlation
betweenthe twobones.

For example, if the expected bone mineral density of aright humerus has to be
calculated when the bone mineral density of a left femuris known, the following model

is created (Figure 4.3):

Regression model for left femur to right humerus
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Figure 4.3: Example regression modelfor the calculation of the expectedBMD
of right humeribased onthe BMD of leftfemora of the same individuals. The
dottedline is the best fitting formula based on the BMD values.

The formula that resulted from this modelis:
y =1,0039x2 - 1,131x +0,6898

In this formulay is the expected BMD of the right humerus and x is the BMD of the left
femur. The associated standard deviation of this formulais 0,09768 and the correlation
coefficientis 0,8722.

Similar models were created for each combination of bones, meaning for each pair of
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the four bonesthatwere usedin this thesis, forboth the BMD values and the cortical
indices (Table 4.1). These formulas were then used to calculate the expected BMD’s and

cortical indices for all the combinations of bones.

Table 4.1: This table shows the formulas for recalculating bone mineral density and
cortical indices to estimate what the values would be of anotherbone orforthe same
bone of the other side. The standard deviation and correlation coefficient are also
givenfor each formula.

Bone Estimated BMD formula | SD R Cortical SD R
Bone index
formula
L Femur R Femur y =1,0843x2 - 0,146755 | 0,943398 | y= 7,89393 | 0,844452
0,8752x + 0,8072x
0,7894 +9,1528
L Femur L Humerus y= 0,108131 | 0,826136 | y= 7,757022 | 0,353412
1,847x1,0357 0,4283x
+ 28,081
L Femur R Humerus y=1,2018x + 0,141336 | 0,830542 | y=0,53x 8,026326 0,51049
0,2535 + 24,024
R Femur L Femur y=-0,011x2 + 0,150324 0,91717 | y= 8,257818 | 0,844452
0,9585x + 0,8834x
0,0299 + 3,1846
RFemur | L Humerus y = 4,0836x2 - 0,143926 | 0,853053 | y= 8,229917 | 0,504777
1,7681x + 0,6435x
0,7525 + 19,784
R Femur R Humerus y =-0,4039x2 0,138046 | 0,809568 | y= 8,481152 | 0,596238
+1,5661x + 0,644x +
0,1718 19,046
L L Femur y= 0,053981 | 0,808703 | y= 6,400287 | 0,353412
Humeru 0,2455e0,7467x 0,2916x
s + 18,275
L R Femur y = -0,0029x2 0,057273 | 0,843742 | y= 6,4557 | 0,504777
Humeru +0,367x + 0,3959x
S 0,1596 + 14,677
L R Humerus y =-0,5135x2 0,061083 | 0,710493 | y= 7,322382 | 0,821279
Humeru +0,9288x + 0,7403x
S 0,1419 + 7,4887
R L Femur y =1,0039x2 - 0,097678 | 0,872238 | y= 7,730518 0,51049
Humeru 1,131x + 0,4917x
s 0,6898 + 11,525
R R Femur y=1,1226x2 - 0,09731 | 0,869713 | y= 7,852347 | 0,596238
Humeru 1,249x + 0,5521x
S 0,7101 + 9,68
R L Humerus y =4,5851x2 - 0,114108 0,71854 | y= 8,123493 | 0,821279
Humeru 2,9244x% + 0,9111x
S 0,8248 + 3,5397
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4.4 Results Neighbourhood analysis

The closest neighbours in regard to BMD value and cortical index were compared to the

distance to the bone of the same individual to see how often the bones of individuals

are closestto each other. The table 4.2 shows the total number of bonesthat could be

compared percombination of bones and the resulting perce ntages.

Table 4.2: This table shows the group sizes for the combinations of bones and
the percent accuracy of the neighbourhood analysis performed on the total

groups.
4.2 Bone Searched Group % BMD | Group | % CI
bone size BMD size ClI
Left femur Rightfemur 37 18,92 43 13,95
Left femur Lefthumerus | 19 21,05 41 2,44
Left femur Righthumerus | 29 6,90 40 7,50
Rightfemur Left femur 37 13,52 43 11,63
Right femur Lefthumerus | 19 5,26 40 0
Rightfemur Righthumerus | 29 13,79 40 7,50
Lefthumerus | Left femur 19 15,79 41 4,87
Left humerus | Rightfemur 19 5,26 40 7,50
Lefthumerus | Righthumerus | 15 20 40 5
Right Left femur 29 17,24 40 2,50
humerus
Right Rightfemur 29 10,34 40 5
humerus
Right Lefthumerus | 15 0 39 7,69
humerus

Table 4.2: “Bone” refersto the type of bone whose values were used to find associated bones.
“Searched bone” refers to the type of bone that the neighbourhood analysis was looking for.
“Group Size BMD” and “Group Size CI” are the total amount of paired bonesthat were used for
each neighbourhood analysis. “%BMD” and “%Cl” are the percentage of individuals whose own
searched bones were closest to their bones, which translates to the degree of success for the

analvsis.

4.4.1 Neighbourhood analysis on smaller groups

The neighbourhood analysis was also performed on smaller groups, starting with groups

of five. The percentage of individuals whose correct bone was found with the help of the

neighbourhood analysisis givenin table 4.3.
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Table 4.3: This table shows the percent accuracy of the neighbourhood

analysis performed on five groups of five.
4.3 Bone Searched bone | % BMD % CI
Left femur Rightfemur 56 36
Left femur Left humerus 28 24
Left femur Righthumerus | 40 28
Rightfemur Left femur 68 44
Rightfemur Lefthumerus 40 28
Rightfemur Righthumerus | 44 48
Left humerus Left femur 20 36
Left humerus Rightfemur 40 28
Lefthumerus Righthumerus | 32 56
Righthumerus | Leftfemur 40 32
Righthumerus | Rightfemur 36 40
Righthumerus | Lefthumerus 24 52

Table 4.3: “Bone” refersto the type of bone whose values were used to find associated bones.
“Searched bone” refers to the type of bone that the neighbourhood analysis was looking for.
“%BMD” and “%Cl” are the percentage of individuals whose own searched bones were closest
to their bones, which translates to the degree of success for the analysis.

The neighbourhood analysis was also performed on groups of ten. This was performed
on five groups of ten for each of the combinations that had a percentaccuracy higher
than 33%. Since the amount of BMD data was insufficient to make five groups, the

number of groups for BMD was reduced per combination. Table 4 shows the number of

groups that could be used and the percentage of accurate reassociated bones per

combination.

42



Table 4.4: This table shows the percent accuracy of the neighbourhood analysis

performed on groups of ten.

4.4 Bone Searchedbone | Number | % Number | %
of groups | BMD of groups | CI
Left femur Rightfemur 4 3750 |5 34
Left femur Lefthumerus - - - -
Left femur Righthumerus | 3 20 - -
Rightfemur Left femur 4 3250 |5 32
Rightfemur Left humerus 2 25 - -
Rightfemur Righthumerus | 3 26,67 |5 20
Lefthumerus | Left femur - - 5 20
Left humerus | Rightfemur 2 20 - -
Lefthumerus | Righthumerus | - - 5 32
Right Left femur 3 30 - -
humerus
Right Rightfemur 3 23,33 |5 26
humerus
Right Lefthumerus - - 5 28
humerus
Table 4.4: “Bone” refersto the type of bone whose values were used to find associated bones.
“Searched bone” refers to the type of bone that the neighbourhood analysis was looking for.
“Number of groups” are the total amount of groups that were used for each respective variable.
“%BMD” and “%Cl” are the percentage of individuals whose own searched bones were closest
to their bones, which translates to the degree of success for the analysis.

Afterthe groups of ten were analysed, the same steps were followed to make groups of
15. This meant that only forthe left femora, the right femorawere searched forboth

BMD and cortical index. The results and the number of groups are givenin table 4.5.

Table 4.5: This table shows the percent accuracy of the neighbourhood analysis
performed on groups of fifteen.

4.5 Bone Searched bone | Number | % Number | % CI
of groups | BMD of groups
Left femur Rightfemur 2 30 3 24,44

Table 4.5: “Bone” refersto the type of bone whose values were used to find associated bones.
“Searched bone” refers to the type of bone that the neighbourhood analysis was looking for.
“Number of groups” are the total amount of groups that were used for each respective variable.
“%BMD” and “%Cl” are the percentage of individuals whose own searched bones were closest
to their bones, which translates to the degree of success for the analysis.

Afterthe groups of 15 were finished, the BMD a cortical index data was combined to see

if combining the variables would make the reassociation of bones more accurate. The
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first set of neighbourhood analyses was performed on the total groups. The group sizes

and the percentages of accuracy are presented in table 4.6.

Afterthis, five groups of five were made for each of the combinations of bonesforthe

combined variables. The results are shownin table 4.7. Following the 33,33% boundary,

groups of ten were also made, but since every combination had an accuracy above this

limit for groups of five, neighbourhood analyses were performed on allthe

combinations for groups of ten. The results and the number of groups that could be

formed percombination are presented intable 4.8. The same boundary was used for

groups of fifteen, those accuracies are presented in table 4.9, and for the groups of 20,

whose accuracies are presentedintable 4.10. Forthe groups of 20, only the femur-to-

femur combinations are given, since they are the only two combinations thatscored

higherthan 33,33% for their groups of fifteen.

cortical indices.

Table 4.6: This table shows the percent accuracy of the neighbourhood analysis
performed on the total groups that were based on both the BMD values and the

4.6 Bone Searched bone | Group size % accurate
Left femur Rightfemur 35 22,86
Left femur Left humerus 19 26,32
Left femur Righthumerus | 28 14,29
Rightfemur Left femur 35 22,86
Rightfemur Left humerus 18 11,11
Rightfemur Righthumerus | 28 17,86
Lefthumerus Left femur 19 21,05
Left humerus Rightfemur 18 16,67
Left humerus Righthumerus | 15 6,67
Righthumerus | Leftfemur 28 7,41
Righthumerus | Rightfemur 28 10,71
Righthumerus | Lefthumerus 15 26,67

Table 4.6: “Bone” refersto the type of bone whose values were used to find associated bones.
“Searched bone” refers to the type of bone that the neighbourhood analysis was looking for.
“Group Size” refers to the total amount of paired bones that were used for each neighbourhood
analysis. “%accurate” refersto the percentage of individuals whose own searched bones were
closest to their bones, which translates to the degree of success for the analysis.




Table 4.7: This table shows the percent accuracy of the neighbourhood analysis
performed onthe five groups of five that were basedon both the BMD values and the

cortical indices.

4.7 Bone Searched bone % accurate
Left femur Rightfemur 76
Left femur Left humerus 44
Left femur Righthumerus 36
Rightfemur Left femur 76
Rightfemur Left humerus 52
Rightfemur Righthumerus 36
Left humerus Left femur 44
Lefthumerus Rightfemur 40
Left humerus Righthumerus 40
Righthumerus Left femur 48
Righthumerus Rightfemur 36
Righthumerus Lefthumerus 52

Table 4.8: This table shows the percent accuracy of the neighbourhood analysis
performed on the groups of ten that were based on both the BMD values and the

cortical indices.

4.8 Bone Searched bone | Number of % accurate
groups

Left femur Rightfemur 4 47,50
Left femur Left humerus 2 35
Left femur Righthumerus | 3 23,33
Rightfemur Left femur 4 47,50
Rightfemur Left humerus 2 35
Rightfemur Righthumerus | 3 33,33
Lefthumerus Left femur 2 25
Left humerus Rightfemur 2 25
Lefthumerus Righthumerus | 1 40
Righthumerus | Leftfemur 3 20
Righthumerus | Rightfemur 3 36,67
Righthumerus | Lefthumerus 1 40

Table 4.7 and 4.8: “Bone” refersto the type of bone whose values were used to find associated
bones. “Searched bone” refers to the type of bone that the neighbourhood analysis was looking
for. “Number of groups” refers to the total amount of groups that were used for the
neighbourhood analysis. “%accurate” refers to the percentage of individuals whose own
searched bones were closest to their bones, which translates to the degree of success for the
analysis.
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cortical indices.

Table 4.9: This table shows the percent accuracy of the neighbourhood analysis
performed onthe groups of fifteen that were based on both the BMD values and the

4.9 Bone Searched bone | Number of % accurate
groups
Left femur Rightfemur 2 43,33
Left femur Left humerus 1 26,67
Left femur Righthumerus | - -
Rightfemur Left femur 2 36,67
Rightfemur Left humerus 1 13,33
Rightfemur Righthumerus | 2 20
Lefthumerus Left femur - -
Lefthumerus Rightfemur - -
Left humerus Righthumerus | 1 6,67
Righthumerus | Leftfemur - -
Righthumerus | Rightfemur 2 20
Righthumerus | Lefthumerus 1 26,67

Table 4.10: This table shows the percent accuracy of the neighbourhood analysis
performed onthe groups of twenty that were based on both the BMD values and the
cortical indices.

4.10 Bone Searched bone | Number of % accurate
groups

Left femur Rightfemur 1 30

Rightfemur Left femur 1 20

Table 4.9 and 4.10: “Bone” refers to the type of bone whose values were used to find associated
bones. “Searched bone” refers to the type of bone that the neighbourhood analysis was looking
for. “Number of groups” refers to the total amount of groups that were used for the
neighbourhood analysis. “%accurate” refers to the percentage of individuals whose own
searched bones were closest to their bones, which translates to the degree of success for the
analysis.

4.5 Assessment of the neighbourhood analysis results

The accurate results and the inaccurate results of the neighbourhood analyses were
plotted out against the value of the bone that was not recalculated to see if the distance
fromthe average value hasa lot of influence on the chances of a pair of bones being
accurately reassociated. The graphs for the left fe murto right femur combination are
presented below as an example (figure 4.4to 4.11). The othergraphsare presentedin

appendix 2. The following properties apply to these graphs:

- the X-axis presents the BMD-value or cortical index of the known bone

46



the Y-axis represents the absolute difference in BMD value or cortical index of
the bones of an individual

green dotsrepresentindividuals whose own bone was reassociated

red dots representthe individuals whose bones were reassociated with bones of

a differentindividual

Afterthese graphs, the 3D graphs that were made for neighbourhood analyses that used

both variables. These 3D graphs can be found in appendix 3. The following properties

apply to these graphs:

the X-axis presents the BMD-value of the known bone

the Y-axis presents the cortical index of the known bone

the Z-axis presents the absolute difference between the known boneand the
searched bone of that individual

green dotsrepresentindividuals whose own bone was reassociated

red dots represent the individuals whose bones were reassociated with bones of

a differentindividual
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For each of the neighbourhood analyses that had an accuracy above the 33,33%
threshold, a plot was made that show the distance to the nearest neighbourforabone
(Y-axis), compared to the value of the bone (X-axis). Forthe combined variables, the
BMD is given on the X-axis, the cortical index onthe Y-axis and the distance to the
nearest neighbour on the Z-axis. These graphs were made to give an indication as to
how likely it is that two bones thatare matched with the neighbourhood analysis
actually belongtogether. The graphsforthe left femurto right femur combination are
presented below as an example (4.12-4.18). The graphs forthe other combinations can

be foundin appendix 4.

Bone mineral density (BMD) - groups of five
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Figure 4.12: The distance from the BMD of a bone to the nearest neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Cortical index - groups of five
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Figure 4.13: The distance from the cortical index of a bone to the nearest neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals

The BMD and cortical index combined- groups of five
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Figure 4.14: The distance from the BMD and cortical index of a bone to the nearest
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Red dots: inaccurately reassociated individuals
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Bone mineral density (BMD) - groups of ten
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Figure 4.15: The distance from the BMD of a bone to the nearest neighbouring bone.
Greendots: accurately reassociated individuals
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Cortical index - groups of ten
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Figure 4.16: The distance from the cortical index of a bone to the nearest neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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The BMD and cortical index combined- groups of ten
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Figure 4.17 and 4.18: The distance from the BMD and cortical index of a bone to the nearest
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4.6 A set of guidelines

For the set of guidelines, summarization of some of the data was needed, which is

presentedin the followingtables (table 4.11 to 4.13). Each table shows the accuracies

for each variable for one group size. Only the groups that had accuracies above the

33,33% threshold are included, since the use of the groups that scored below the

threshold is not advised.

Table 4.11: This table shows the percent accuracy of the neighbourhood analyses
performed onthe groups of five that were basedon both the BMD values, the cortical
indices, and the combined variables.

4.11 Bone Searched % accurate | % accurate | % accurate

bone BMD cortical combined
index variables

Left femur Rightfemur | 56 36 76

Left femur Left - - 44
humerus

Left femur Right 40 - 36
humerus

Rightfemur | Leftfemur 68 44 76

Rightfemur | Left 40 - 52
humerus

Rightfemur | Right 44 48 36
humerus

Left Left femur - 36 44

humerus

Left Rightfemur | 40 - 40

humerus

Left Right - 56 40

humerus humerus

Right Left femur 40 - 48

humerus

Right Rightfemur | 36 40 36

humerus

Right Left - 52 52

humerus humerus

Table 4.11: “Bone” refersto the type of bone whose values were used to find associated bones.
“Searched bone” refers to the type of bone that the neighbourhood analysis was looking for.
“%accurate” refers to the percentage of individuals whose own searched bones were closest
to their bones for that variable or those variables, which translates to the degree of successfor

the analysis.
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Table 4.12: This table shows the percent accuracy of the neighbourhood analyses
performed onthe groups of tenthat were based on both the BMD values, the cortical
indices, and the combined variables.

4.12 Bone Searched % accurate | % accurate | % accurate

bone BMD cortical combined
index variables

Left femur Rightfemur | 37,50 34 47,50

Left femur Left - - 35
humerus

Left femur Right - - -
humerus

Rightfemur | Left femur - - 47,5

Rightfemur | Left - - 35
humerus

Rightfemur | Right - - 33,33
humerus

Left Left femur - - -

humerus

Left Rightfemur | - - -

humerus

Left Right - - 40

humerus humerus

Right Left femur - - -

humerus

Right Rightfemur | - - 36,67

humerus

Right Left - - 40

humerus humerus

Table 4.13: This table shows the percent accuracy of the neighbourhood analyses
performed on the groups of fifteen that were based on both the BMD values, the
cortical indices, and the combined variables.

4.13 Bone Searched % accurate | % accurate | % accurate
bone BMD cortical combined
index variables
Left femur Rightfemur | - - 43,33
Rightfemur | Leftfemur - - 36,67

Table 4.12 and 4.13: “Bone” refers to the type of bone whose values were used to find
associated bones. “Searched bone” refersto the type of bone that the neighbourhood analysis

was looking for.

“%accurate” refersto the percentage of individuals whose own searched

bones were closest to their bones for that variable or those variables, which translates to the
degree of success for the analysis.
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Whilst this chapter has presented the datathat came out of this research, the following
chapterwill provide the interpretation of these results. It will also discuss the
applicability of the BMD values and cortical indices to the reassembly of individuals with

the use of the data provided here.
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5. Discussion

The discussion chapter will begin with interpreting the results from each of the steps
takenin this research. These interpretations will, firstly, describe the resultsin short
after which the indicators for relations between bones, usability for reassociation and
the differences between variables and group sizes will be given. Afterwards, the
research questions will be answered with the use of these interpretation. This chapter
will finish with the possible application of the results of this thesis and its limitations,

and the future research thatis advised based of the outcome of this research.

5.1 The measurement data

The data that resulted from the DEXA-scans and the measurements on the CT-scans was
plotted out to see how the data was divided over the range that it occupied. This
resultedin a setof graphs that presenta normal distribution of the data.

The normal distribution for the BMD values of the femorahad a similar shape. They
presentalarge peak between0,7and 0,8 and their extension towards the higherend
runs a bit furtherthan their extension towards the lowerend. The peak of the values for
the right femuris higherand thinnerthan that of the left femur.

The normal distributions for the BMD of the humeri, however, differ from each other
and from the distributions of the femora. Their peaks lay around the 0,4 with the peak
of the right humerus a bit lowerthan that of the lefthumerus. The lower extension of
the right humerusis also the smaller one, whilst the higher extension of the left
humerusis smaller. Lastly, the peak of the values for the right humerusis higher and
thinnerthan that of the values forthe left humerus.

This indicates that forthe femorathere is a high chance that the bone mineral density
values can be used for their reassembly, but that the values of the humeriare more
diverse and, therefore, less likely to be successful. When the values of the femoraare
compared to the values of the humeriit can be seen that the values of the femoraare
almost twice as high. The decision was therefore made to create regression models for
the BMD values for each combination of bones before the neighbourhood analysis was

performed.
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The normal distributions for the cortical indices forthe femoraalso had similar peaks
around 40. Their extensions are both short towards the lower side and they both only
have a few values furthertowards the higherside. The peak of the right femorais
slightly lower and wider than that of the left femora.

The distributions for the humeriare similar to those of the femora, except their peaks
lay around 30-35 and their extensions towards the higherside are a bit larger. The peak
of the right humeriis also slightly lower and wider than that of the left humeri.

The similarity in graphsindicates that the cortical indices are likely usefulforthe
reassociation of bones, since similar values are needed forthe reassociation to work.
Since the peaks of the femoraand humerihad a slight difference, it was decided that
regression models were also to be made for each of the combinations of bones forthe

cortical indices.

5.2 The regression models

Regression models were created for each of the combinations of bones for both the
BMD values and the cortical indices. The models were made in both directions. This was
done, because the recalculation from one bone type to another bone type might give a
differentlevel of accuracy than the recalculation in the otherdirection.

The correlation coefficients, which indicate to what degree two variables are related,
range betweenthe 0,71 and 0,94 for the bone mineral density models. The highest
correlation coefficients, 0,94 and 0,92, come from the models forthe relation between
the left and right femora. These high correlation coefficients were expected, since
similar results were also found in other studies (McClanahan et al 2002, 586; Curate et
all. 2013, 296.e1-296.e3).

The correlation coefficients forthe combinations of humeriwith femoraall lay between
0,81 and 0,87. These combinations of bones will, therefore, most likely give similar
resultswhen these combinations are used to reassociate bones. The slight difference
that was expected between bone combinations from the same side and bone
combinations from different sides was not represented in the correlation coefficients,
but the standards deviations are slightly higherfor the latter combinations.

The lowest correlation coefficients, 0,71 and 0,72, belongto the combinations of the

humeri. This might be due to the effect that activity can have on the bone mineral
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density of the humerus (McClanahan etal 2002, 586). The reassociation of bones based
in the BMD of humeriwill, therefore, be less accurate than that of the femora. The
correlation coefficients are, however, stillhigh and it is thus possible that the humerican

still be used.

The correlation coefficients forthe cortical indices range between 0,35and 0,84. The
highest correlation coefficients range between the 0,82 and 0,84. They are associated
with the comparisons between humeriand between femora, with the latterbeing
slightly higher. These correlation coefficients indicate that the cortical indices can
reliably be used toreassociate bones, but this should be done with caution. For the
femorathe BMD’s will most likely be more accurate, since those coefficients are higher,
but the cortical indices will probably give better results forreassociating humeri.

The combinations with both humeriand femoragive a much lower correlation
coefficient. For most of them this ranges between 0,50and 0,60. These combinations
are, therefore, notlikely to accurately reassociate bones, but they might still be usefulto
a certain degree. For the combinations of the left femurwith the left humerithe
correlation coefficients are around 0,35. These combinations will, thus, not be very
accurate whenthey are used to match these bones, but they were included in the rest

of the analysis.

5.3 The neighbourhood analyses

With the use of the nndist functionin R the nearest neighbours foreach bone were
identified. The distances to the nearest neighbours were compared to the bones of the
same individual. If these two distances are the same, they are considered as a positive
reassociation of bones, butif the nearest neighbouris not associated with the original
bone, thenit is considered as a negative result.

The skeletons forwhom both bones of a combination had the needed values were

selected and used in the neighbourhood analysis.

5.3.1 Total groups

The first set of neighbourhood analyses were performed on the totalamounts of
skeletons that had the needed values foracombination. This resulted in groups of very

differentsizes, especially forthe bone mineral density measurements.
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The results of these neighbourhood analyses forthe BMD values are surprisingly
inconsistent. It was expected that combinations of bones would have similar levels of
accuracy in both directions, but this was notthe case. The only combinations of bones
that gave similar resultsin both directions were the right femurwith the left humerus
and the right femur with the right humerus, with the latter still having a small
difference. Thisis presumably caused by two factors.

The first and main reason is the group size. Since the number of individuals in the total
groupsis relatively large in relation to the differences between bones, itis very likely
that the numberof values that are usedin the neighbourhood analysis are creating
random accuracies. It becomes more likely that for one pair of bones the reassembly is

only accurate in one direction if the concentration of valuesincreases (Figure 5.1).

Example spread

0,805 0,81 0,815 0,82 0,825 0,83 0,835 0,84 0,845

Figure 5.1: This figure contains fake data in order to shows what goes wrong in
a neighbourhood analysis of too much data is entered compared to the
difference within one individual. In this figure A and B are two different
individuals and 1 and 2 are two different bones. If the distance from 1 to 2 are
measured, Al will give a positive outcome, but if the distance from 2 to 1 are
measured A2 will give a negative outcome.

Since the percentages of accuracy of the total groups are low it is possible that what is
explainedin figure 5.1 causes the accuracies to be slightly random. If the group totals
would increase further, the accuracies would decrease further, and thisrandomness
would also most likely increase.

The second factor that appearsto have had influence onthese results is chance. All of
the percentages represent only small numbers of combinations that were successful.

Most of them range between 0and 5 successfulcombinations and only the combination

59



left femurto right femurreaches7. It is very likely that many of these combinations are
justthe few individuals for whom the recalculation formulas work best, or the
individuals that have the furthest outlying values, which would decrease the chances of

otherindividuals interfering with their reassociation.

The results of neighbourhood analyses performed on the cortical indices of the total
groups have lower levels of percentualaccuracy than the BMD values. This is most likely
caused by the larger group sizes that were available for the cortical indices. The overlap
of pairs has increased with the increase of individuals and, subsequently, this also
caused the percentualaccuracy to decrease.

The total number of accurate reassociations ranges between 0and 3 for most of the
combinations. The combinations that only include the femurare slightly larger with 5
and 6 accurate pairs. This indicates that the total groups are also too large forthe
neighbourhood analysis when looking at the cortical index. The values appeara bit more
similar than those of the BMD results, when comparing a combination of bonesin two
directions, but since the percentagesare solow it is hard to say if this is an indicator for

a pattern or merely a coincidence, similar to what effected the BMD percentages.

5.3.2 Groups of five

In orderto see if the results would improve for smaller amounts of individuals, five
groups of five were made from random individuals for each of the combinations. The
neighbourhood analysis was then performed on each of the groups and the total
percentualaccuracy was calculated for each combination of bones.

The accuracies forthese neighbourhood analyses were much better. Forthe bone
mineral density, the left femur and right femur combinations presented the best results
of 56% and 68%. Whilst not being very close to each other, these percentages lay much
higherthan the other outcomesforgroups of five. All the combinations of bones give
similar accuracies in both directions, which is more in line with what was expected. Most
of them have around 40% accuracy, butas indicated by the regression models for the
humeri, their combinations resulted in lower accuracies, namely 32% and 24%. This is
thusdue to their lower level of correlation. The left femurand left humerus
combinations also presentloweraccuracies, 20% and 28%. These lower percentages

were not expected since theirregression models indicated that these two boneshada
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reasonable relation in terms of BMD value. The reason why this combination of bones
had a loweraccuracy is uncertain. It might be caused by unfortunate sampling, but for
now these two groups, together with the left humerus-right humerus combinations,
were excluded from the furtheranalysis.

These groups were excluded from neighbourhood analyses performed on slightly larger

groups, since theirlevel of accuracy was lowerthan 33,33%.

For the groups of five that were based on the cortical indices, the highest levels of
accuracy were found forthe combinations of the left humerus with the right humerus
and vice versa. They had accuracies of 56% and 52% respectively. This is significantly
betterthan the accuracies found for these combinations with the use of the BMD
values. For most of the other combinations, this was not the case.

Most of the combinations have similar percentages in both directions. The combinations
between the femora give percentages around 40%, which is less accurate than the
results of the BMD groups. This was expected, since the correlation coefficients were
lowerfor the cortical indices for these combinations than those of the BMD values.
Most of the other combinations also correlate with their correlation coefficients. The
right femur-right humerus combinations resultin percentages of 40% and 48% and their
correlation coefficients are around 0,6. The right femur-lefthumerus and the left femur-
right humerus combinations have percentages around 28% and their coefficients are
around 0,5. The only combinations that give results that are slightly higherand varied
than expected are the combination of the left femur with the left humerus and the same
combination in the otherdirection. Their percentages are 24% and 36% respectively,
whilst their correlation coefficients are around 0,35. It is, therefore, believed that these
higher percentages are caused by similar patterns as the higher percentages found for
the total groups, because the relations between the cortical indices between thesetwo
bones that were found with the regression models, are not good enough to present
these high results.

Nevertheless, the same boundary of 33,33% was used for excluding combinations with
low accuracies from neighbourhood analyses of larger groups. The lefthumerus to left
femur combinations was, thus, included, but the results should not be seen as

significant.
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5.3.3 Groups of ten

For the groups of tenthat were created forthe BMD values, the percentual accuracies
were about half the size of the accuracies of the groups of five. The combinations of
bones did still resultin similar values forboth directions. The only combinations that had
a slightly larger percentual difference were the combinations between the left femur
and the right humerus, which had a difference of ten percent. Since the difference in
numberof bones only correspondsto three bones, this difference was written off as
insignificant.

The right femurand left femurcombinations had slightly higheraccuracies, justas their
corresponding groups of five individuals had slightly higher accuracies amongst their
respective groups. Forthe groups of tenthe left femurto the right femurcombination
had the highestlevel of accuracy, which also corresponds with the correlation
coefficients found for these combinations. This is, howeverin contrast with the groups
of five, where the reversed combination had higherlevels of accuracy. This difference
could be caused by the fact that the total number of samples that were used in this
analysis were not high enough, which resulted in a small chance factor in the
neighbourhood analysis and its outcome.

The 33,33% boundary wasalso used on the groups of ten, which meant that the
neighbourhood analysis was only performed on the left femurto right femur

combination forthe BMD values.

The accuracy of the groups of ten forthe cortical indices was also much lower than that
of the corresponding groups of five for most of the combinations. There was a slightly
less drastic decrease in accuracy forthe right femurto left femurcombination and there
was barely a change in accuracy for the left femurto right femur combination. These
combinations presumably changed less because the two bones are more related to each
otherin terms of cortical thickness, which could resultin larger groups staying more
accurate, whilst other combinations of bones decrease fasterin accuracy whentheir
group sizes increase. This does, however, not account for the accuracy of the left femur
to right femur group staying at a similar level. The reason why this combination of bones

only had a percentual decrease of 2% is uncertain.
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The 33,33% boundary was also used for these groups, which means that only the left

femurto right femurcombinationis used forthe groups of 15.

5.3.4 Groups of fifteen

The left femurto right femur combination had an accuracy of 30% for the bone mineral
density groups of 15. This levelis somewhatlowerthanthe accuracy of groups of 10,
but still much larger thanthe accuracy of the total group of 37. The results of this
neighbourhood analysis are, thus, as expected.

The same combination had an accuracy of 24,44% for the cortical indices groups of 15.
This level is lowerthan the accuracy of the groups of ten, which means that if the level
of accuracy indeed stays similar between groups of five and ten, then the line of
accuracy does start to lower somewherebetween the groups of ten and fifteen.

The accuracy of 24,44% was much closer to the level of accuracy presentin the total
groups than expected. The total group still has half the level of accuracy but is almost
three times as large.

This weird curve for the accuracy levels for the cortical index data is possibly caused by
the presence of a few outlying individuals that remain accurately reassociated when the
group size increases, combined with the possibility that the random samples taken for
the smaller groups had an unfortunate combination of individuals that kept the accuracy

on the same level.

5.3.5 Total groups for the BMD-cortical index combination

All the combinations of bones had an increase in accuracy whenthe two variables were
combined, except forthe right humerus to the left femurand the left humerustoright
humerus combinations. The increase in accuracy also differs per combination. The right
humerusto left humerus, forexample wentfrom 0% and 7,69% to 26,67%, whilst the
left femurto right femur combination wentfrom 18,92% and 13,95 % to 22,86%.
Unfortunately, none of these total groups resulted in accuracies above the 33,33%
threshold.

For the left femurand right femur combinations the accuracies became more similar in
both directions, butfor the other combinations the accuracy differences between the
directions remained similar or became larger. For the left humerus to right humerus

combination the directions even switched in terms of highest and lowest accuracy.
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For these total groups the accuracy levels did, thus, get slightly better, but they are still
largely influenced by the same factors that influenced the total groups of the BMD-
values. Therefore, groups of five were created for each of the combinations to see if the

accuracy also increased forthat group size.

5.3.6 Groups of five for the BMD-cortical index combination

Combiningthe two variables had a positive increase in accuracy forsome of the
combinations of bones, whilst other remained similar in accuracy or even decreased.
The combinations of the left femurand right femurincreased inaccuracy in both
direction to 76%. The left femurand left humerus combinations also both increased to
an accuracy of 44%. The combination from the right femurto the left humerus gotan
accuracy of 52%, whilst the combination did not geta betteraccuracy in the other
direction and only got 40% accuracy. Similarly, the right humerusto left femur
combination gotan accuracy of 48%, whilst the other direction remainedin the middle
of its BMD and cortical index accuracy for groups of five with 36%.

There was one combination that decreased in accuracy. The right femurto right
humerus combination ended up with an accuracy lowerthan both the accuracies found
when looking at the separated variables. The other combinations remained between

their accuracies from the groups of five for their BMD’s and cortical indices.

The changesin accuracy originate from the relation of the BMD values of an individual’s
bones with those of the cortical indices of the same bones. If the relationis good, then
the bones will become more dispersed when they are plotted out, resultingin relatively
smaller differences within an individual and larger differences between individuals. The
reassociating of bones for which this is true will become more accurate. If the relation
between BMD and cortical index of a bone is less good, then the distance between
bones of an individual and the distance between individuals might change, but the
amount of accuracy will similar. Lastly, if the relation between the two variables of a
bone is bad, thenthe bones of different individuals will get closer to each otherand
consequently, the accuracy will also decrease, which is what happened for the

combination of the right femurto the right humerus.
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5.3.7 Groups of ten for the BMD-cortical index combination

The percentage of accuracy were lower for most of the groups of tenthen for the
groups of five. The only two combination forwhom this was not the case are the left
humerus toright humerus combination and the right humerusto right femur
combinations. The left to right humerus combination remained the same in accuracy,
which could be explained by the low amount of data that is present for this combination
(only 15 individuals). Due to this low amount of data, the accuracy could have been
tainted by random individuals with similar valuesand/or by random individuals with
uncommon values.

The right humerus to right femurcombination had a very small increase in accuracy
form 36% for the groups of five to 36,67% for the groups of ten. This very slight increase
in accuracy is most likely caused by the need to duplicate a few of the individuals and
their data to reach the required number of individuals for three groups. These two
duplicated individuals also turned out to be correctly reassociated individuals for their

second appearance.

Overall, the results of the combined groups of ten are much betterthanthose of the
separate variables. The femur-to-femur combinations even have accuracies of 47,5%.
The combinations of humerus to humerus and femurto femuralso have the same levels
of accuracy in both directions.

Thereis, however, more variation between the combination of differentbones. The
combinations of femora with the right humerus have similar accuracies in both
directions, but the combinations of femora with the left humerus do not. When the left
humerusis usedto find these femora, the accuracy is only 25%. These combinations,
where the left humerusis used to find otherbones, and the combinations between the
left femurand right humerus, which were similar in accuracy, but still low, are, thus,

excluded from the groups of fifteen.

5.3.8 Groups of fifteen for the BMD-cortical index combination

All the combinations only had enough datato form one or two groups of fifteen. The
levels of accuracy will, thus, be more influenced by the individuals that are present, and
they will, consequently, be less telling of how accurate the neighbourhood analyses

actually are for groups of fifteen. Forthe two combinations between the humeri, the
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total groups were already groups of fifteen. The results are, thus, the same.

The accuracy for all the combinations dropped whenthe groups were increased to
fifteen individuals. The only combinations for whom the accuracy was still above the
33,33% threshold are the combinations of the femora. All of the combinations for which
both directions of searching bones, were present, had similar percentages of accuracy
and they, at most, only differed two positive reassociations. The only two that do not
give similar results are the combinations of the humeri, which were already discussed
when the total groups were described.

The only combinations for which the groups of twenty were formed, are the

combinations of the femora.

5.3.9 Groups of twenty for the BMD-cortical index combinations

Both of the groups scored below the 33,33% threshold. Both of the directions only had a
difference of two correctly reassociated bones, but since there was only enough data to
formone group perdirection, this meant that they did have an accuracy difference of
10%.

No furthergroups or larger groups sizes were formed, since both of these groups scored

below the threshold.

5.4 Assessment of the neighbourhood analysis results

5.4.1 Graphs of the difference within an individual

Many of the graphs that were made for the results of the neighbourhood analyses
performed onthe BMD-values, have asimilar pattern. The accurately reassociated
bones have the smallest difference compared to the otherbones of similar BMD values.
The bones that have larger differences are generally wrongly reassociated. The bones
that lay furtheraway from the average bone mineral densities, often also have a larger
difference between the bones, but their chances of being accurately reassociated also
increase. This is because, the furtheraway from the average a bone lies, the smaller the
chance becomesthat the bones of anotherindividual have similar values. This mostly
occurs amongst bones that have values higherthan the average, most likely because
their distance from the average is also larger.

The bones that had a negative result, meaning that they were incorrectly reassociated,
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tendto be clustered around the average value. The negative results also tend to have
larger distances between theirvalues, thanthe bones that were accurately reassociated
with similar BMD-values.

There seemsto be a correlation between the level of accuracy and the degree to which
the pattern described above can be seenin the plot. With higher degrees of accuracy,
larger distances get more often accurately reassociated, and the distribution of the
negative results shrinks towards the average. Consistently, the pattern described above
is less visible in plots based on combinations and group sizes that have a low level of

accuracy.

The same pattern can be seen amongst the plots made forthe cortical index results. The
results stray relatively furtherfromthe average, and the cluster around the average
appears more spread out. The difference between two bones with less common values
is oftenstill too large to reassociate the bones accurately.

Thus, whilst the reassociation of bones becomes more accurate with distance from the
average when looking at BMD values, this appears to not be the case forthe cortical
indices. Instead, the cortical indices are mainly dependent on small differences between

the bones, independent of their distance from the average cortical index.

When looking at the 3-dimensional plots made for the combined variables, similar
patterns appearfor most of the groups that have accuracies above the 33,33%
threshold. This means that most of the inaccurately reassociated bones are located on
the lower portion of the BMD-axis. On the cortical index-axis, the datais more spread
out, with sometimes miner clusteringaround the lowerside. For most of the plots based
on accuracies below the threshold and some of the plots that lay above it, the
distribution of accurately versusinaccurately reassociated bones seemsrandom. Forthe
plots that show accuracy, but no patternin the distribution, the level of accuracy is most
likely caused by the spread of the data within the groups, because the accuracy will be
much higher, if the individuals of a groups are spread apart. The spread of the
individuals within a group can, thus be very influential on the level of accuracy that
comes out of the neighbourhood analyses performed in this thesis, butit will similarly
also have much influence on the success of the reassociation of bones found in

commingled assemblages.
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5.4.2 Graphs of the difference to the nearest neighbour

When looking at the relation between accurate and inaccurate reassociations, the value
of the bone, and the distance tothe nearest neighbour, noreal pattern can be observed
amongst all the graphs. For the 2-dimensional plots, many of the points lay in the same
range. For the BMD plots, most of the combinations show a severe decrease in
inaccurate reassociations with highervalues. The only combinations for whom there
seemsto be no decrease in inaccurate reassociations with higher values, are the
combinationsinvolving the left humerus.

The same sort of distribution of accurate and inaccurate reassociated bones can be seen
amongstthe plots for the cortical indices. Here, the inaccurate and accurate boneslay in
the same region, exceptfor when the cortical index increasesin value, which is
accompanied with a decrease in inaccurate bones. The only plots forwhom this does

not seemto be the case are the plots with an accuracy below 36%.

When looking at the 3-dimensional plots, that have both variables compared to the
distance to the nearest neighbourandthe accuracy of reassociation, once again, similar
patterns appear. The accurate and inaccurate bonesappearin the same region with
similar distances to their nearest neighbour, but when the value of the variables
increases, the number of inaccurate bones decrease. This seems to be slightly more the
case forthe BMD values, than forthe cortical indices, but it can be seen in both.
However, in almost half of the plots this trend cannot be observed. All of the plots in
which this cannot be observed, exceptforone, are based on combinations that involve
the left humerus. Insome of the plots that involve the right femur, the trend is present,

but less obvious.

If bones are to be reassociated with these variables, a reasonable reliability is needed.
The reliability increases with highervalues if the patternin present, butif the patternis
not present, the reliability will not be higher than the percentualaccuracy of the
neighbourhood analysis. The left humerus has, thus, a low level of reliability for
reassociation based on the bone mineral density or based on the bone mineral density
combined with the cortical index. Similarly, combinations that scored below 36%
accuracy when using the cortical index, also don’t have a higher reliability for higher

values.
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For the rest of the combinations, the reliability of an accurate reassociationincreases
with the value of the bones and this should, therefore, be applicable to commingled
remains. But, when the values of the bones are located in the clusters of the lower
values, the reliability decreases and it will, thus, become less useful forindividuals that

have values around the average.
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5.5 Answering of the research questions

- Can aconsistency in bone mineral density between sides of askeleton be found
using DEXA-scanning?
The regression models that were made to compare the bone mineral densities
of differentbones had descent correlation coefficients. For the combinations of
bones of the same sides of the skeleton, these correlation coefficients range
between 0,81and 0,87, which meansthat thereis indeed agood relation in
BMDs of the same side of an individual. When the bones were compared
diagonally, forexample when the right femurandthe left humerus were
compared, the correlation coefficients also ranged between the 0,81 and 0,87.
This similarity in range indicates that the relation between bones of the same
side of an individual are not betterthan the relation of bones from different
sides of an individual (excluding the relations between the same bones from
differentsides). There s, thus, not a consistency in BMD between sidesof a
skeleton, butthereis a good relation between the BMD’s of humeriand femora
in general.

- Istherearelation in bone mineral density between different bones of an
individual?
The relations between different bones of an individual that were found in this
research are of sufficient quality to get positive results for some of the
combinations of bones. When looking at the correlation coefficients, the femur-
to-femur comparisons have the bestrelation, followed by the combinations
between femoraand humeri. The combinations of both humerihave the least
accurate correlation coefficients of 0,71 and 0,72. The combinations of the left
and right humeriand the combinations between the leftfemurand left humerus
are the only onesthat did notresult in any accuracies above 33,33% and, thus,
they are the only combinations for whom the relation in regard to bone mineral
density alone was not good enough forthe analysis performed forthis thesis.

- Istherea consistency between sides of a skeleton and cortical bone loss, that
can be found using CT-scanning?

A cortical bone index was usedin order to measure the cortical bone thickness.
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The regression models that were made for each of these combinations of bones
gave varying correlation coefficients. When the humeriwere compared and
whenthe femorawere compared, these correlation coefficients were
reasonably high (just above 0,8), but when the humeriwere compared to the
femora, the correlation coefficients only reached 0,6 and lower. The
comparisons of the right femurwith the right humerus gave the bestresults,
whilst the comparisons between the left femur with the left humerus presented
the lowest. There is, thus, a small consistency in cortical bone index forthe right
side of the skeleton, bust the bestrelations between bones are found within
types of bones.

Is there a relation in cortical bone loss between different bones of an individual?
The relations in cortical bonesloss between differentbones of anindividual that
were found in this research vary depending on the combination of bones. The
relation between the same type of bone of different sides is much better, and
thus more useful, than the relation between different bones. Even though the
correlation coefficients of bones of the same side were not high, they did give
accurate reassociation levels that were just above the 33,33% threshold for
some of the combinations when looking at groups of five. In mostinstances, the
relation in cortical index between different bones of anindividual is, thus, much
less accurate and applicable for reassociating commingled remains than the
relation of bone mineral densities. The only bones that have a betterrelation
are the humeriand the combination of the lefthumerusto the left femur.

Can bone mineral density and cortical bone loss be used to sort out individuals
from commingled remains?

In this research the two variables were also combined, to see if the number of
accurately reassociated bones would improve if both variables were considered.
For the total groups, the percentage of accuracy increased, butit did not reach
above the 33,33% threshold. Therefore, groups of five were made and,
subsequently, larger groups were formed forthe combinations forwhomthe
threshold was exceeded.

In most cases the results from these neighbourhood analyses that use both

variables, were betterthanthose of the separate variables. All the combinations
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scored above the threshold when looking at groups of 5, with the femur-to-
femur combination reaching up to 76% accuracy. These two combinations also
scored above the threshold for groups of fifteen. When trying to reassociate
bones of commingled individuals, the combined variables are, thus, a better

option than the separate variables when looking at accuracy.
The main research question:

- Can CT and/or DEXA-scans be used to identify individuals from archaeological
commingled remains?
Depending onthe number of individuals present amongst the commingled
remains and the combinations of bones, it is possible to reassociate some of the
bones of an individual using CT and DEXA-scans. In most instances the group size
can’t exceed five individuals for this reassociation to be reliable. The level of
accuracy also depends on how different the values of the bones of individuals
are fromthe bones of the otherindividuals presentamongst the commingled
remains. The following part of this chapter will discuss the issues that come with
this application of cortical indices and BMD’s, since there are many factors that

limit it.

5.6 The possible application and the limitation

As described above, the application of the cortical indices and BMDs to the reassociation
of bonesis limited by various factors. Group size, which bones are combined, what
variables are used, the individuals that are presentamongst the commingled remains
are the main ones, but others, like the cost of making these scans, also limit the

application.

5.6.1 Group size

When applying BMD’s and cortical indices for the reassociation of the bones, the
number of individuals that is presentis very influential on the accuracy. When only one
variable can be used, the group size cannot exceed five individuals, orthe accuracy
would become too low. Only the leftfemurto right femur combination has a possible

application for groups up to ten.

72



When the two variables can be combined, the groups size can also increase. Groups of
five show high enough accuracies forall the combinations and many of the
combinations also have high enough accuracies for groups of ten. The left femurand
right femur combinations could possible even be applied to combinations of fifteen.
Unfortunately, the exact group size of a set of commingled remainsis hardly ever
known. The technique described in this thesis, should, therefore, not be usedin cases
with large numbers of individuals, nor in cases where the number of individuals is
estimated with much uncertainty. The reassociation of bones usingthe BMD and cortical
indexis only reliable whenthe group size is small enough.

The same limitation is present with othertechniquesthat try to reassociate individuals.
All the techniques based on bone size that were tested by Byrd and LeGarde (2018) had
similar issues. They state that the group size is very influential on the accuracy of
recombination, butthey do not provide the percentage or number of individuals that
could be accurately reassociated for different group sizes, which prevents the

comparison to this research (Byrd and LeGarde 2018, 345-346).

5.6.2 Combination of bones

The reliability of using the BMD’s and cortical indices to reassociate bonesis also very
dependent on which combination of bonesis used and in what direction the searchis
applied. Most of the combinations of bones have different levels of accuracy. They often
also have a difference in accuracy depending on which bone is used to search for the
otherbone in that combination. If the left femur, forexample, is used to search forthe
right femurin groups of five, meaning that the right femuris recalculated using table 4.1
and the nearest neighbour of the left femuris searched, then the accuracy is much less
than whenthe leftfemuris recalculated and the right femuris used to search for the

associated bone.

The left humerus does not seem to follow the same pattern when bone mineral density
is plotted out against the nearest neighbour. Thisis presumably related to a difference
in BMD change between the left humerusand the rest of the body. There are, however,
still some combinations that involve the left humerus that have an accuracy above
33,33%. For these combinations the accuracy of reassociation does notincrease with the

bone mineral density.
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When bones are to be reassociated using bone mineral densities or cortical indices, it is,
thus, important that the level of accuracy for the combinationis checked and that the

bones are reassociated using the right direction.

The combination of bonesisalso a large factor in reassociating bones based on their
size. They generally exclude combinations that have different types of bones from
different sides, but there already is a large difference inaccuracy per side and perbone
type. Their humerus to humerusand femurto femurcomparisons give betterresults
than their comparisons between the humerus and femur, but the exact level of accuracy
is unfortunately not presented in most of these studies. The study by Vickers et al. 2015,
did provide levels of accuracy for each of their combinations, but these were later
proven to be assemblage specific (meaning that otherassemblages had much lower
accuracies for this technique) by Byrd and LeGarde 2018 (Bertsatos and Chovalopoulou

2019, 256-256; Byrd and LeGarde 2018, 347; Vickers et al. 2015, 104-105).

5.6.3 Bone mineral density and cortical index availability

Whilst combining both of the variables used in this thesis generally gives the best
results, it is not always possible to obtain both of the variables. The bone mineral
density could not be measured for many of the bones used here and fora few it was
also impossible to measure the cortical index. When this is applied in the field it is, thus,
very likely that not all the bones can be measured. The best possible variable or
variables should, therefore, be selected forthe bones that are supposedto be
reassociated. Other ways of reassociating bones, such as shape and size, should also be
used to getthe best possible results. The bone mineral density and critical index are by
far not a miracle solution on theirown, nor when they are combined, but they are able

to furtherthe process of reassembly.

5.6.4 The individuals amongst the commingled remains

It is always possible that two individuals have very similar bone mineral density values
and cortical indices. When multiple bones are measured, they should, therefore, be
plottedto see how far apart the bones lay in terms of each variable. If two or more
bones lay very close to each other, it is fair to say that a reassociation with the use of

that variable will not be very accurate for those bones. Otherbones that lay further
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apart could still be reassociated with a certain degree of accuracy. The spread of the
bones of individuals is largely based on chance, but still a large factor as to how
successfulthe application of a variable is.

This problem will most likely occur to some degree in almost all techniquesthataim to
reassociate individuals based on numeric variables. There is always a chance that two
people are very similar. Hence, this problem s also found by Byrd an LeGarde (2018)
whenthey evaluated some of the techniques that use bone measurements (Byrd and
LeGarde 2018, 348). This limitation is hard to avoid when tryingto make these
techniques, buta user of those techniques should still be made aware of the possibility

that two or more similar individuals are present.

5.6.5 Further limitations

Other limitations that also influence the applicability of what is described here are the
availability of a CT-scannerand a DEXA-scanner, and the costthat is associated with
using them. The inter and intra observererrors, which are not examined in this research,
will mostlikely also have a large effect onthe accuracy. Otherfactors, like taphonomy,
race and population, might also influence the accuracy and the applicability of the
results of this thesis. Furtherresearchis, therefore, stillneeded in orderto see to what
degree these limitations influence the reliability of using BMD’s and cortical indices to

reassociate individuals.

5.6.6 Application

For the bone mineral density and cortical index to be applied to commingled remains,
the following steps needto be taken.

Firstly, the assemblage needs to fit within the limited range for which this technique is
applicable, meaningthat there should not be too many individuals amongstthe
commingled remains and the remains should be in a good enough state to be measured.
The population on which this research is performed is also a Western European post-
medieval population. Other populations have higher BMD’s, like the modern African
American population, whilst others have lower BMD’s, like modern Asian populations
(Melton 2001, 180). Since the cortical index is related to the BMD of an individual, it is
very likely that they also differ per population. The results of this thesis are, therefore,

most likely not useable to these populations, but the variables used in this thesis could
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help with the reassociation of bones of individuals belonging to those populations once
they have beentested.

Secondly, the measurements need to be taken with the use of DEXA and/or CT-scanning,
or a different type of scan on which the cortical index can be measured. Dependingon
what measurements and which scanners are available, the most accurate variables and
directions of bones should be selected foreach of the combinations of bonesthat need
to be reassociated using tables 4.11 to 4.13. The measurements should then be
recalculated usingthe regression models presented intable 4.1 in order to be able to
match the bones. If only one variable is used, the neighbourhood analyses canthenbe
performed.

If both variables are used, the values should first be recalculated to the same scale. In
this thesis the scale of 0 to 100 was used. Forthe testing of the applicability all the data
was placed within these ranges, but wheniit is applied to actual commingled remains the
same scale should be used as in this thesis, which means that some of the individuals
might lay outside of this range. By rescaling to the same scale that was usedin this
thesis, the resulting reassociations can be comparedto the spread of accurate and
inaccurate reassociations found in this thesis.

Lastly, the resulting reassociation should be interpreted. The reassociations that come
out of a neighbourhood analysis are notall correct. The user of this technique needs to
plot out the results and see how closely togetherthe bones are located. If all the bones
are close to each other, the chances are high that the reassociations are incorrect, but if
some of the bones lay furtherapart their reassociations are more likely to be correct.
Afterwards, the location of these bones should be compared to the plots in appendices
2,3 and 4. If areassociated bone laysin or close to the cluster of inaccurately
reassociated bonesin the associated plot, then the chances are higherthat the two
bonesbelongto two differentindividuals, evenif no other bones are found amongst the
commingled remains with similar values. It is possible that not all bones of all the
individuals are presentorthat the right bones could not be measured. The user of this

technique, thus, hasto figure out how reliable the results are for themselves.

5.7 Futureresearch

Whilst the technique described in this thesis is technically applicable, a lot more
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research and testingis still needed. As was described in the limitations section, things
like population, taphonomy and observererrorsstill need to be looked at. For some of
the combinations of bones, the groups were also very small. These combinations would
also benefit from more data from more individuals.

Otherthan the improvement of this research, additional research could also be useful. If
the bone mineral density and/or cortical index of other bones could also be compared to
the humeriand femora, larger parts of the skeleton could possibly be reassociated.
Otherfactors, like the total bone diameteror the trabecular bone loss, might also be
usefulforthe reassembly of individuals. Whilst untested, the totalbone diameter
seemed like a very stable variable overthe same bone type, when the cortical indices
were tested. Additions like this will hopefully, one day, give us the possibility of
reassembling entire skeletons from commingled remains, helping us with researching
past populations, but also giving us the possibility of laying the people fromthe past

back to rest with a bit more respect.
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6. Conclusion

When commingled remains are found in archaeological contexts, their study is often less
detailed than those of assembled remains. This is because the interpretation is much
more difficult due to their commingling. It is hard to say much about diseases, migration,
and otherphenomenaifit is uncertain how many individuals are presentand what
bones belongto the same individual. Estimation techniques, like MNI, MLNIand MNE
are often usedtostill be able to say some things about the commingled assemblage, but
ideally, we would be able to reassemble the skeletons present amongst the commingled
remains. This would provide more opportunities for studying the population
representedin the commingled remains, but it would also give us the chance of paying
more respect to the individuals present.

When a large number of skeletons from the Middenbeemster collection, was to be
scannedin a CT-scannerand in a DEXA-scanner, the idea arose to see if these scans
could be usedto find a way of reassembling some of the bones of commingled
individuals. The cortical bone thickness, recalculated as a cortical bone index and
measured using the CT-scans, and the bone mineral densities that resulted from the

DEXA-scans, were, therefore, used totry and reassociate the bones of these skeletons.

Firstly, in order to be able to match the bones, regression models were made. For many
of the combinations of bones these regression models had moderate to high correlation
coefficients. The data was recalculated for each combination, so that the values of one
bone could be matched with those of anothertype of bone, butalso the otherway
around.

The values and the recalculated values of differentbones were placedina
neighbourhood analysis. This type of analysis looks at the difference between one bone
and its nearest neighbour. These distances were compared to the difference between
the bones of each individual to see if the bones of individuals were indeed closest to
each other. When these neighbourhood analyses were performed onthe totalgroups,
the percentage of accurately reassociated bones was low. The total groups were,
therefore, divided into smaller groups. Firstly, five groups of five were tested foreach
combination in both directions for each variable. The resulting percentages of accuracy

that came out of these neighbourhood analyses were much better. It was decided that,
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if a neighbourhood analyses did not resultin accurate reassociations for at least one
third of the individuals, the combination of bones would be excluded from
neighbourhood analyses with larger groups. Some of the combinations of bones, were
thus excluded, butfor many combinations groups of ten were formed. The results of
these neighbourhood analyses were accurate for more than a third of the individuals for
the left to right femur combinations. All the other combinations of bones scored below
the 33,33% accuracy. Groups of fifteen were formed for the combination of the left
femurto the right femur, butthe neighbourhood analyses performed on these groups

also scored below the 33,33% accuracy.

In orderto try and get better results, the two variables were combined. The distance to
the nearest neighbour was measuredin plots where both variables were mapped out
with the use of a nearest neighbour analysis. Before this could be done, the two
variables needed to be rescaled, so they could be properly compared. A scale of 0 to 100
was made foreach variable foreach bone. The distances that came out of these
neighbourhood analyses were compared to the distances between the bones of an
individual. In almost all cases, the resulting percentage of accuracy improved. The
results for the total groups were still too low, but all the groups of five had a successful
reassociation for more than one third of the individuals. Many combinations also had
high enough accuracies for groups of ten and the femur-to-femur combinations even

resulted in accuracies above the 33,33% for groups of fifteen.

Once all these neighbourhood analyses were performed, the results were plotted outto
see if there were correlations between the accurately reassociated bones, the values of
the bone and the distance between the bones of an individual. For many of the graphs,
the inaccurately reassociated bones were mostly grouped around the average value of
the bones. The accurately reassociated bones are also located around the average, but
their differencestothe otherbone are much smaller. The accurately reassociated bones
are also found furtheraway from the average, where their difference to the otherbone
of the individual increases. This, basically, means that the furtherfromthe average a
bone’svalue lays, the higherthe chances of an accurate reassociation. For the
individuals close to the average, a small difference between the bones of anindividual is

neededto accurately reassociate the bones.
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Anotherset of graphs was made for the group sizes of combinations of bones that had
accurately reassembled bones for overone third of the individuals. In these graphs the
accurately reassociated bones, the values of the bone and the distance to their nearest
neighbourwere plotted out. These graphs showed a lot of overlap of distances for
bonesthatwere accurately and inaccurately reassembled. This means thatif the bone
mineral density or cortical index is applied forreassembly, then it will be hard to discern
which bones actually belong together. However, for many of the plots the amount of
false reassociations decreases as the value of the variable increases. It is, thus, way more

likely that two bones belongtogetherif they both lay furtheraway from the average.

In some cases, the patterns described above are not presentin the graphs. This happens
in the graphsin whichthe bone mineraldensity is used in combination with the left
humerus andin graphs where only the cortical indexis used, and the accuracy is below
36%. For these combinations, it is less likely that bones are accurately reassociated

whenthey are furtheraway from the average, than for other combinations.

If someone wants to apply the bone mineral density and/orthe cortical index to

reassemble commingled remains, they should take the many limitations into account:

- Theaccuracy of the reassembly is very dependent on group size and the
combination of bones.

- Notall bonescanbe measured for cortical indices and not all bones give results
for the bone mineral density.

- Theaccuracy is very dependent on which variable is used.

- The applicability is highly dependentinthe difference between the individuals

that are present.

But, if a situation occurs, where these limitations are not preventing the neighbourhood
analysis from being performed, then CT-scanning and DEXA-scanning canindeed be

used to identify individuals from commingled archaeological remains.

The only things that are still needed is forthis technique to be tested on different
collections, to see how accurate the application is on different populations and on

skeletons which endured different taphonomic processes. These applications will also
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benefitfrom othervariables, such as trabecularbone thickness and total bone diameter,
beingtestedtosee if they will improve the accuracy. Additions like this will hopefully,
one day, give us the possibility of reassembling entire skeletons from commingled
remains, helping us with researching past populations, but also giving us the possibility

of laying the people from the past back to rest with a bit more respect.
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Appendix 1: R-code and analytical steps

For a nndist functionto be performedinR, an excelsheet needsto be made that
contains a column with the values for the X-axis, a column with the valuesforthe Y-axis
(if only one variable was used, the Y-axis was 1 for each bone) and a column with the
bone ID. This excelsheet needs to be uploadedinR. The excelsheetthenneedstobe
turnedinto an object of ppp class. In this thesis, the following function was used:

PPPDATA <- ppp(Excelsheet$ Variable_x', ExcelsheetS Variable v, ¢(0,100), ¢(0,100),
marks = ExcelsheetSID)

The following code can then be used to perform the nndist function:
nndist(PPPDATASx, PPPDATASy, k=1:2, by=as.factor(PPPDATASmarks))

This nndist code will give the distance to the nearest neighbour of each bone type based
on the variables xand y.

To make the three dimensional scatterplots, anotherexcelsheet was needed. This excel
sheet needed to contain a column with the BMD value, a column with the cortical index
and a column with the distance to the bone of the same individual or the distance to the
nearest neighbour (depending on the graph). In this research another column was used
that would give the colour to the plotted points (green foraccurately reassociated and
red for inaccurately reassociated). The code that was used was:

scatterplot3d(x=Excelsheet2SBMD, y=Excelsheet2$'cortical_index',
z=Excelsheet2S$ distance-to-bone’, pch= 16, type="h", color=
factor(Excelsheet2Scolour), xlab = 'BMD', ylab = 'Cortical index', zlab = 'Distance to bone'

)

Otheraspects of the plot, like the scale of an axis, can also be changed with the help of
the functionsin the scatterplot3d function, but those were generally not used in this
thesis.
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Appendix 2: 2D plots of difference within an individual

This appendix contains the graphs that were plotted of the differences between bones
that were accurately and inaccurately reassociated compared to the original values of
the bone that was used for finding the associated bone.

The following properties apply to the graphs in this appendix:

- the X-axis presents the BMD-value or cortical index of the known bone

- theY-axis presentsthe difference to the searched bone of the same skeleton

- greendotsrepresentindividuals whose own bone was reassociated

- reddots representthe individuals whose bones were reassociated with bones of
a differentindividual
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Figure A2.1 to A2.8: The difference between the BMD or cortical index of bones of an individual

compared to their respective value.

Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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individual compared to their respective value.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals

Figure A2.9 to A2.12: The difference between the BMD or cortical index of bones of an
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Figure A2.13 to A2.17: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Figure A2.18 to A2.23: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Figure A2.24 to A2.28: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Figure A2.29 to A2.34: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Figure A2.35 to A2.39: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Figure A2.40 to A2.44: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals

96
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Figure A2.45 to A2.49: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Figure A2.50 to A2.54: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Figure A2.55 to A2.60: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Figure A2.61 to A2.65: The difference between the BMD or cortical index of bones of an
individual compared to their respective value.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Appendix 3: 3D plots of difference within an individual

This appendix contains the 3D graphs that were plotted of the differences between
bonesthatwere accurately and inaccurately reassociated using both variables compared
to the original values of the bone that was used for finding the associated bone.

The following properties apply to the graphs in this appendix:

- the X-axis presents the BMD-value of the known bone

- theY-axis presentsthe cortical index of the known bone

- theZ-axis presentsthe difference between the known boneandthe searched
bone of that individual

- greendotsrepresentindividuals whose own bone was reassociated

- reddots representthe individuals whose bones were reassociated with bones of
a differentindividual
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Leftfemurto right femur

Bone mineral density (BMD) and cortical index
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Figure A3.1 and A3.2: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.3 Groups of ten (47,50%)
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Figure A3.3 and A3.4: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals

103




A3.5 Groups of twenty (30%)
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Figure A3.5: The difference between the BMD and cortical index of bones of an individual
compared to their respective values.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Leftfemurto left humerus
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Figure A3.6 and A3.7: The difference between the BMD and cortical index of bones of an
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A3.8 Groups of ten (35%)
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Figure A3.8 and A3.9: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Leftfemurto right humerus
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Figure A3.10 and A3.11: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.12 Groupsoften(23,33%)
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Figure A3.12: The difference between the BMD and cortical index of bones of an individual
compared to their respective values.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Right femurto leftfemur

Bone mineral density (BMD) and cortical index
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Figure A3.13 and A3.14: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.15 Groups of ten (47,50%)
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Figure A3.15 and A3.16: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.17 Groups of twenty (20%)
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Figure A3.17: The difference between the BMD and cortical index of bones of an individual
compared to their respective values.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Right femurto lefthumerus

Bone mineral density (BMD) and cortical index

A3.18 Total groups (11,11%)

70

50
30 40

Cortical index

5 09 10 11 12 13

Distance to related bone
0 51015 20 25 3035
—
g.
- 1
—e

A3.19 Groups of five (52%)

30 40

0 5101520253035

| Tjr o |
“ B e
7 08 09 10

Cortical index

04 05 06 07 08 11 12 13

Distance to related bone

BMD

Figure A3.18 and A3.19: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.20 Groups of ten (35%)
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Figure A3.20 and A3.21: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Right femurto right humerus

Bone mineral density (BMD) and cortical index
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Figure A3.22 and A3.23: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.24 Groups often(33,33%)
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Figure A3.24 and A3.25: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Lefthumerusto left femur

Bone mineral density (BMD) and cortical index
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Figure A3.26 and A3.27: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.28 Groups of ten (25%)
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Figure A3.28: The difference between the BMD and cortical index of bones of an individual
compared to their respective values.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Lefthumerustoright femur

Bone mineral density (BMD) and cortical index
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Figure A3.29 and A3.30: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.31 Groups of ten (25%)

@O

g L

o &

o 1 >

2 R I z

m -

—_ [Ty} —_

£ 2 v i 25 0 8
[}

s = - T 40 =

i) - | 35 [=]

2 5 30 O

@ o = 20

® 030 035 040 045 050 055 060 065

0

BMD

Figure A3.31: The difference between the BMD and cortical index of bones of an individual
compared to their respective values.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Lefthumerusto right humerus

Bone mineral density (BMD) and cortical index

A3.32 Total groups (6,67%)

BMD

ik}
6
sl & .
8 =] e
LY f £
E — L) o | i 5[] E
2 24 ‘ T | IR
o . T T | % 35 =]
c 25 ©
@ [ = 20
W 030 035 040 045 050 055 060 0865
O
BMD

A3.33 Groups of five (40%)
ik}
6
O & =
2 = B
o w | ¥ =
ol - * . 2 B0 @
o ol ’ ‘ ! | o4 S
@ w1 T | 35 E
o 30 O
c 25
@ [ = 20
W 030 035 040 045 050 055 060 065
O

Figure A3.32 and A3.33: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.34 Groups of ten (40%)
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Figure A3.34 and A3.35: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Right humerustoleft femur

Bone mineral density (BMD) and cortical index
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Figure A3.36 and A3.37: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.38 Groups of ten (20%)
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Figure A3.38: The difference between the BMD and cortical index of bones of an individual
compared to their respective values.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Right humerus toright femur

Bone mineral density (BMD) and cortical index
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Figure A3.39 and A3.40: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.41 Groupsoften(36,67%)
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Figure A3.41 and A3.42: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Right humerustoleft humerus

Bone mineral density (BMD) and cortical index
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Figure A3.43 and A3.44: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A3.45 Groups of ten (40%)
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Figure A3.45 and A3.46: The difference between the BMD and cortical index of bones of an
individual compared to their respective values.
Green dots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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Appendix 4: plots of difference to nearest neighbour

This appendix contains the (3D) graphs that were plotted of the differences between
bonesandtheir nearest neighbours, that were accurately and inaccurately reassociated
using both variables compared to the original values of the bone that was used for
finding the associated bone.

The following properties apply to the 2D-graphs in this appendix:

- the X-axis presents the BMD-value or cortical index of the known bone

- theY-axis presents the difference to the searched bone of the same skeleton

- greendotsrepresentindividuals whose own bone was reassociated

- reddots representthe individuals whose bones were reassociated with bones of
a differentindividual

The following properties apply to the 3D-graphs in this appendix:

- the X-axis presents the BMD-value of the known bone

- theY-axis presentsthe cortical index of the known bone

- theZ-axis presentsthe difference between the known boneand the searched
bone of that individual

- greendotsrepresentindividuals whose own bone was reassociated

- reddots representthe individuals whose bones were reassociated with bones of
a differentindividual
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Bone mineral density (BMD) - groups of five
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Figure A4.1and A4.2: The distance from the BMD of a bone to the nearest neighbouring bone.

Greendots: accurately reassociated individuals
Red dots: inaccuratelv reassociated individuals
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A4.3 Right femurto left femur (68%)
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Figure A4.3 and A4.4: The distance from the BMD of a bone to the nearest neighbouring bone.

Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A4.5 Right femurto right humerus (44%)
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A4.6 Lefthumerusto right femur (40%)
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Figure A4.5and A4.6: The distance from the BMD of a bone to the nearest neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccuratelv reassociated individuals
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A4.7 Right humerusto left femur (40%)
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Figure A4.7 and A4.8: The distance from the BMD of a bone to the nearest neighbouring bone.
Green dots: accurately reassociated individuals
Red dots: inaccuratelv reassociated individuals
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Cortical index - groups of five
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Figure A4.9 and A4.10: The distance from the cortical index of a bone to the nearest

neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A4.11 Right femurto right humerus (48%)
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Figure A4.11 and A4.12: The distance from the cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.13 Left humerusto right humerus (56%)
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Figure A4.13 and A4.14: The distance from the cortical index of a bone to the nearest

neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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A4.15 Right humerusto lefthumerus (52%)
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Figure A4.15: The distance from the cortical index of a bone to the nearest neighbouring bone.
Greendots: accurately reassociated individuals
Red dots: inaccurately reassociated individuals
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The BMD and cortical index combined- groups of five
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Figure A4.16 and A4.17: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.18 Leftfemurto right humerus (36%)
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Figure A4.18 and A4.19: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.20 Right femurto lefthumerus (52%)
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Figure A4.20 and A4.21: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.22 Lefthumerusto leftfemur(44%)
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A4.23 Lefthumerusto right femur (40%)
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Figure A4.22 and A4.23: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.24 Left humerusto right humerus (40%)
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Figure A4.24 and A4.25: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.26 Right humerusto right femur(36%)

_ |
_g L J
_%'J L ] 5
2 g 3
el te 50w
* | :
P =1 . 2
- W [ ]
=]
[1}] (e ]
e 0.3 0.4 0.5 0.6 0.7 0.8
o
3 BMD

A4.27 Right humerusto lefthumerus (52%)
5
o
O
LR )
S Ay 5
o &7 T o
o E T 0 ) | 2 50 ®
c + o
r 1 T/T T T ] 35 * -%.
8 : . . . . 5525 O
% 0.3 0.4 05 0.6 07 0.8 0.9
®
(]

BMD

Figure A4.26 and A4.27: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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Bone mineral density (BMD) - groups of ten

A4.28 Leftfemurto right femur(37,50%)
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Green dots: accurately reassociated individuals
Red dots: inaccuratelv reassociated individuals

Figure A4.28: The distance from the BMD of a bone to the nearest neighbouring bone.

Cortical index - groups of ten
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Figure A4.29: The distance from the cortical index of a bone to the nearest neighbouring bone.
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The BMD and cortical index combined- groups of ten

A4.30 Leftfemurto right femur(47,50%)
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Figure A4.30and A4.31: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.32 Right femurto left femur (47,5%)
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Figure A4.32 and A4.33: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.34 Right femurto right humerus (33,33%)
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Figure A4.34 and A4.35: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Greendots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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A4.36 Right humerusto right femur (36,67%)

5 '
_g L L ]
=
E—; L J g
© g [ -
el Pl e 50w
3 ° T g
g = = §
c o ‘
=]
a (o}
e 0.3 0.4 0.5 0.6 0.7 0.8
o
(7]
A BMD
A4.37 Right humerusto lefthumerus (40%)
o »
=0
(8]
O
_%'J ks
s ® 3
[
A | 50
P o | 45 =
g ° /T 10 =
c 5 5 =)
o 1 30 O
; o 50 25
2 0.3 0.4 05 0.6 07 0.8 0.9
m
®
O BMD

Figure A4.36 and A4.37: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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The BMD and cortical index combined- groups of fifteen

A4.38 Leftfemurto right femur(43,33%)
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Figure A4.38 and A4.39: The distance from the BMD and cortical index of a bone to the nearest
neighbouring bone.

Green dots: accurately reassociated individuals

Red dots: inaccurately reassociated individuals
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