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Chapter 1 Introduction

Abstract

This project utilised two radiation scatter interactions in order to characterise breast
tissue. These two interactions were Compton scatter, used to measure the electron
density of the tissues, and coherent scatter, with the analysis of coherent scatter
diffraction patterns. Measurements of these parameters were made both in a
laboratory and at a synchrotron source. The tissue samples investigated comprise of
five different tissue -classifications: adipose, malignancy, fibroadenoma, normal
fibrous tissue and fibrocystic change (FCC).

This first part ofthis study describes a technique for measuring the electron density of
breast tissue using Compton scattered photons. In the laboratory, the Kv. line from a
tungsten target industrial x-ray tube (57.97 keV) was used and the scattered x-rays
collected at an angle of 30°. At this angle the Compton and coherent photon peaks can
be resolved using an energy dispersive detector and a peak fitting software program.
Measurements made at the European Synchrotron Radiation Facility were performed
at 13keV with the detector at 112°. The system was calibrated using solutions of
known electron density. The results obtained have shown that there is a difference
between adipose and malignant tissue, to a value of 7.3%, and between adipose and
FCC, to a value of 10.7%. These figures are found to be significant by statistical
analysis. The differences between adipose and fibroadenoma tissues (0.5%) and
between malignancy and FCC (3.2%) are not significant.

The second part of this study measures the coherent scatter profiles of each tissue
type, using an energy dispersive method in the laboratory and an angular dispersive
method at two synchrotrons. A novel normalisation technique was developed, which
uses the electron density values for each sample that were measured during the first
part of'this study. The results of these measurements were analysed using a method of
fitting peaks to the scatter profiles. The peaks obtained for each tissue type were
compared using a Kruskal-Wallis analysis of variance test. Adipose and FCC tissues
were easily differentiated from the other tissues. No substantial differences were
found between the normal fibrous, malignant and fibroadenoma tissues, which are all
fibrous tissue types.

Finally a technique of multivariate analysis was used to combine the scatter profile
spectra and the electron density values into a tissue classification model. The number
of parameters used in the model was refined, by grading the success of each
subsequent model. The best model that was formulated was able to classify seven out
of ten test samples correctly. This technique was efficient at detecting differences in
the coherent scatter spectra that were not evident when the individual peaks were
compared separately.

A description of the new measurement system that has been installed at City
University in order to continue this work has been included, with reference to how
this study aided the final experimental design.
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Chapter 1 Background

1.1 Introduction

This project examines the possibility of improving current histopathological
techniques used within breast cancer management by utilising the fundamental
interactions between x-rays and tissue. ‘Normal’ fibrous tissue, fibrocystic change,
benign, malignant and adipose ex-vivo breast tissue samples were interrogated using
Compton and coherent scattering. The properties under examination were the electron
density, which is proportional to the number of Compton scattered photons and is
dependent on the tissue composition, and the coherent scatter diffraction pattern ofthe
tissue, which is dependent on the tissue structure. If finding an accurate and reliable
difference between the properties of these five broad tissue types is proven to be

successful the aim is to extend this study to include more refined tissue classifications.

X-rays offer a means of probing the tissue structure and content through various
reaction mechanisms that take place when photons interact with matter. There is
evidence that sufficient differences between benign and malignant tissues exist to
make distinguishing them using x-ray analysis a viable task. It has been shown that
these two tissue types show a difference in secondary protein structure and blood
vessel concentration (Ellis 1999). The concentration and arrangement of calcifications
have also been the subject of clinical research, which indicates that these two
parameters change with breast pathology (Galkin ef al. 1977). The cellularity and cell-
to-cell cohesion of'these two tissue types are known to differ significantly; benign cell
populations consist of a uniform cell type, whereas malignant lesions contain a
mixture of cell types usually epithelial, myoepithelial and fragments of stroma cells
(Trott 1996). There are also nuclear characteristics, like nucleus size and membrane
composition, which are known to be different, as these are some of the patterns that a
histopathologist will look at when examining tissue samples (Zakhour and Wells

1999).

The proposed application of these measurements is to develop a bench-top technology
that will allow fast and reliable ex-vivo tissue sample interrogation. The availability of

virtually instantaneous information on tissue classification may assist surgeons when
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defining the margins of tumours during surgery, by identifying whether excised tissue
contains malignancy. This may be particularly helpful when removing large or
infiltrating growths, where decisions on the extent of microscopic spread or
requirement for more radical surgery have to be made during the operation. Currently
if tissue classification is needed during surgery a frozen section is undertaken. This is
a time consuming and unreliable procedure requiring facilities that are not always
readily available. The ability to be able to access fast and reliable information about
tissue during operations may increase the amount of breast conservation procedures
that are performed, especially in areas where access to adequate support facilities is

limited and mastectomies are the standard procedure for breast cancer cure.

This technology may also enable clinicians to verify that they have successfully
obtained target tissue when undertaking biopsies, before sending samples for
histological analysis. This could reduce the number of samples that are needed for
diagnosis, as well as cut down the number of patients who are recalled for repeat

biopsies because an incorrect area of tissue was sampled.

The overall aim of this study was to determine whether tissue can be discriminated
using x-ray scattering properties. In order to achieve this, the following objectives had
to be met:
o Design and build a measurement system, with the capability of measuring the
Compton and coherent scattered radiation.
o Optimise the measurement system to produce accurate results with small
experimental errors.
o Devise a suitable method of calibration for electron density quantification.
o Prepare the biological samples for measurement.
o Analyse data using methods that will identify any differences in the tissue
sample types.
o Find an appropriate statistical analysis technique to validate the findings of the

study.
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Chapter 1 will cover the background of the study, including the mechanisms of breast
cancer and the current techniques used to examine biopsy samples. This chapter also
describes the fundamental interactions between x-rays and matter. These interaction
processes form the basis of the experimental work performed. Relevant work
performed by other groups is outlined. Chapter 2 explains the experimental set-up and
equipment used during all of the practical work. Chapter 3 presents the method used
for determining the electron density of tissues, both in the laboratory and at a
synchrotron. Chapter 4 is the results from the electron density measurements. These
results are then compared to the values published by the International Commission on
Radiation Units (ICRU 1992). Chapter 5 outlines the methods used to examine the
scattering profiles of breast tissue samples. The experiments were carried out using
two methodologies, both of which are described. Chapter 6 presents the results
obtained using the two different methods. These are then compared. Chapter 7
presents a method of examining the results using a multivariate modelling technique.
Finally Chapter 8 ties together the conclusions from the experimental results. This
chapter also looks to the future and outlines the work which will be carried out as a

continuation ofthe study.
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1.2 The Breast

1.2.1 The anatomy of the breast

The breast is made up of adipose and fibrous glandular tissue. The adipose tissue
surrounds and supports the parenchyma, which is composed of the glandular tissue
components, the lymphatic network, blood vessels and connective stroma. Each breast
has 10 to 20 lobes, each containing hundreds of lobules where milk is produced
during lactation. The lobules are joined to the nipple by the milk ducts, which are

lined with epithelial cells.

Figure 1.1 The anatomy ofthe breast
(AstraZenica Oncology 2006)

Each breast is enveloped between two layers of fibrous tissue. A thick layer lies
underneath the adipose tissue on top of'the chest wall and a thin layer lies underneath
the skin outside the adipose tissue. Ligaments of fibrous tissue, called Cooper’s
ligaments, hold these two layers together and support the breast. These consist of
stroma, a dense collogenous tissue. Figure 1.1 shows an illustration of the anatomy of

the breast.
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There is a network of lymph glands around the breasts which carry drainage fluid
from the breast to the lymphatic system. Breakaway cancer cells can be carried by this
system to other parts of the body, which may then lead to the growth of secondary
tumours. The breast ductal structures are fully formed by the time a woman is 17
years old but throughout life the breasts are constantly changing, mainly due to the
menstrual cycle. Hormonal fluctuations over time cause normal physiological changes
to occur within the breast. Oestrogen and progesterone are the main hormones that
influence the breasts. Over or under production of these hormones is responsible for
most abnormal changes. Oestrogen is thought to be one cause of epithelial

proliferation and ductal enlargement.

During and after the menopause supportive tissue turns to fat. The 25-39 year old age
group has an average breast composition of 38% fat, whereas the 75-79 year age
group has 76% fat (Stomper et al. 1996) with over 45s having twice as much fat
content in the breast as those under 45. Smaller ducts may also disappear. Hormone
replacement therapy may reverse this, causing an increase in glandular tissue, and

hence an increase in the density ofthe breast.
1.2.2 Breast cancer pathology

A tumour forms when a cell develops a faulty growth control gene. This causes the
cell to divide uncontrollably and to form an intrusive mass. There are a number of
factors that can cause this proliferation to begin, some of these being diet, exposure to
external carcinogens such as radiation or cigarette smoke, and genetic factors. These
causes have all been found from epidemiological studies, however it not known

exactly why an individual patient will develop a cancerous cell growth.

Within the breast different types of lesion occur, depending on the location and
behaviour of the tumour. Tumours are divided into two important categories, benign
and malignant. A benign tumour grows slowly and is completely contained within the
host tissue. A benign tumour can appear and sometimes disappear without causing
any significant risk or discomfort to the patient. The only risk it may present is if it
lies near to a critical structure, which may be compressed by the benign growth. A
malignant tumour extends into the surrounding tissue, eventually destroying these

tissue cells. A malignancy may also form secondary tumours (metastases) in other
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parts of the body. It causes such damage to the surrounding tissues that without
treatment it will almost certainly result in the death of the patient. Therefore the need
to quickly and accurately differentiate between these two tissue types is clear. The
phrase 'benign breast disease' has no clear clinical or pathological definition and is
used in an ambiguous manner. Figures 1.2a and b illustrate the general differences

between benign and malignant lesions.

Figure 1.2a An illustration ofthefeatures ofbenign tissue growth

Figure 1.2b An illustration ofthefeatures o fmalignant tissue growth

The most common cancers arise from epithelial cells within glandular tissue. These
are carcinomas, with the most widespread of these conditions arising in the cells
lining the milk ducts called ductal carcinomas. Lobular carcinomas arise from cells in

the lobes of the breast gland tissue. A carcinoma can be classed as invasive, where it
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has spread into surrounding tissue, or in-situ, where it is still contained entirely within

the host tissue.

Breast cancer is currently described using a multi-step disease model, with a sequence
of disease states (Lakhani 2003). Epithelial hyperplasia is thought to transform into
atypical hyperplasia, which in turn becomes carcinoma in-situ and finally invasive
carcinoma. Screening has lead to an increase in the number of early or pre-invasive

(in situ) tumours that are detected.

Benign growths are far more proliferate than malignancies and there are many
different types. Those that grow within glandular tissue are called adenomas and those
in fibrous tissue are called fibromas. A fibroadenoma is the most common benign
growth and arises from both of these types of tissue (Baum et al. 1994). It is a
proliferation of glandular and/or stromal cells, with varying amounts of fibrous and
epithelial elements. This lesion is not a pre-cancerous condition and so is considered a
non-malignant abnormality. It is seen as a well-defined lump. Fibrocystic change
(FCC) is considered to be a normal part of the change and development of breast
tissue throughout a woman’s life, due to hormonal cycles. It is a non-disease condition
and can be left without treatment. However the symptoms may include a hard painful

lump which needs to be distinguished from other more serious conditions.

1.2.3 Current diagnostic techniques

1.2.3.1. Introduction

Breast disease is usually noticed first by the patient who will present a lump or change
in breast appearance, or through the national breast-screening programme for women
over 50. 80% of lumps removed are benign. Current diagnostic techniques for breast
cancer are a combination of clinical examination, mammography, ultrasonography,
fine needle aspiration cytology (FNAC) and core needle biopsy (CNB). Sometimes
diagnosis may not be achieved until the entire mass is removed (open biopsy) and

examined histologically. Which combination of the above techniques is used in a
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particular patient’s management is based on many factors. Figure 1.3 shows a

simplified sequence of a typical patient management flow diagram.

Figure 1.3 A simplifiedpatient managementflow diagramfor breast disease diagnosis

Each of the tests used in routine breast cancer diagnosis are outlined in the following

sections.

1.2.3.2 Breast Self Examination (BSE)

A very important part of the diagnostic process is self examination, especially for
women who are under 50 and not part of the National Health Service Breast
Screening Programme (NHSBSP). Most breast cancers are found by the patient
herself through BSE and a study has shown that the mean diameter of lumps of those
presented by women performing BSE is 2.5cm compared to 3.2cm in those not

performing BSE on a regular basis (Foster and Costanza 1984).
1.2.3.3 Mammography
Mammography is used for routine screening of women over 50 in the UK as well as

investigating suspicious lumps in women of all ages. This technique has a mean

sensitivity of 87% for women over 50 falling to 68% for women under 50 (Fentiman
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1990). Mammography has remained the primary method of breast cancer detection for
the last 15 years. During this time period nearly 15.5 million women have been
screened using conventional mammography in the UK and the mortality rate from
breast cancer has fallen by more than 20%. Despite the success of this technique it has
shortfalls. 3,300 women per year need to be recalled for a repeat test having had a

mammography result that was ambiguous.

As well as screening, mammography is used for all patients that have presented with a
lump or any other suspicious symptoms such as a rash or nipple discharge. The
mammographic image is used as a part of a wider set of diagnostic tests to determine
the treatment pathway of the patient. It is routinely used along with palpation and a
needle biopsy as the standard diagnostic process. This is because mammography has
limited diagnostic ability, which is evidenced from the fact that nearly 30% of women
in the 40-49 age group and 25% of'the 50+ age group examined in 2002 were given a
false positive result, i.e. they have been referred for further tests which prove to be
negative (Department of Health 2003). Mammography can be problematic in
detecting lesions in dense fibrous breasts or lumps below 10mm in diameter, because

essentially it forms an image of differences in attenuation.

1.2.3.4 Ultrasound

Ultrasound (US) is used both to aid diagnosis and to guide biopsy needles to the
correct location. US is particularly effective in younger women at distinguishing cysts
and benign lesions from malignancy. When used alongside mammography it has been
shown to increase the sensitivity of diagnosis from 83% with mammography alone to
91% (Zonderland ef al. 1991). With US a benign lesion can be differentiated if'it has a
well defined encapsulated margin and a regular shape. US is usually used as a
complementary test once a lesion has been detected with mammography as it is not
sensitive enough to be used as a screening tool on its own. It can also be used to see
whether the lymph nodes are enlarged, a sign which may lead to a biopsy for nodal
involvement and possible metastatic disease. Ultrasound is undertaken by a variety of

operators (radiographers, surgeons and radiologists) and is very operator dependent.

10



Chapter 1 Introduction

1.2.3.5 Other tests

Other tests which can be used as a complement to mammography and US are MRI,

scintimammography, PET, Computer Aided Diagnosis and Optical techniques.
1.2.3.6 Needle biopsy

Fine needle aspiration cytology (FNAC) is the most widely used technique for making
a pre-operative diagnosis. This is a technique where a syringe is used to remove a
sample of cells from the lesion which are smeared on a slide and examined. It is the
least traumatic method of cell extraction as a fine (approximately 23 gauge) needle is
used. This is performed at a clinic or hospital department and if a histopathologist is
not present the sample must be sent away to a laboratory for diagnosis as a high
degree of specialised expertise is needed to interpret the results. There are several
methods of fixing and staining the sample. The cytological grading is based on
examining the cell dissociation, size, nuclear morphology, nuclear margin and
chromatim pattern (Robinson et al. 1994). A FNAC has a sensitivity of 90% and so
may still result in a false diagnosis. A needle biopsy is always needed to confirm the
diagnosis of any focal abnormality. If a FNAC is deemed to be inadequate then a core
biopsy is performed. This is more invasive than FNAC; a wider gauge needle
(approximately 14) is used to extract a larger amount of tissue. This test is easier to
interpret due to the larger amount of tissue sampled and so results in a more accurate
diagnosis. Excisional biopsy is the method of completely removing the suspicious
lump through surgical procedure in order to examine the lump mass. This is the gold
standard technique as it is the most accurate and complete results can be obtained in
this manner. This is also the most invasive method, which would be impractical,
expensive and unnecessary to use as a routine procedure for all suspicious lumps.
Typical cell patterns seen on histological slides are shown in figure 1.4. The
microscopic appearance of the tissue has several markers that the histopathologist

uses to differentiate tissue types.

11
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Normal br*a*i
calls

Atypical

Dysplasia

Breast Ductal
carcinoma
in situ (DCIS)

Invasrve breast
cancer

Figure 1.4 Typical cell appearances in histological examination slides

(Arcturus Bioscience 2006)

There are certain types of disease that are more difficult to diagnose than others and
there are pre-malignant states of benign disease that, although diagnosed as benign
will be managed as though malignant. Additional to this there are factors such as age
of'the patient and stage of disease that is presented that affect how easily a tumour can
be diagnosed. False positive diagnoses have been found to be due to several reasons,
such as incorrect tissue sampling, human error, sample contamination from substances
such as ultrasound gel or mucus, and poor fixing and staining techniques. The process
is also open to interpretive problems. The unequivocal distinction between benign and
malignant samples is not always possible. Some conditions including carcinoma in
situ, epithelial hyperplasia and fibroadenoma have higher misinterpretation rates
(Zakhour and Wells 1999) and may need additional cytological testing or an open

biopsy.

12
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1.2.4 Current treatment for breast disease

There are many factors which determine the treatment choices for patients with breast
cancer. In most cases surgery is the initial method of treatment, to be followed by
radiotherapy, chemotherapy or hormone therapy. The stage and grade of the tumour
will be a factor in determining which of these alternatives is chosen. There is an ever
increasing trend for lumpectomies to be performed wherever possible, rather than full
mastectomies, due to the increased quality of life for the patient post-surgery. A
lumpectomy is when the tumour and a margin of tissue only are removed. However,
this approach presents an increased risk that microscopic spread ofthe disease may be

missed, which will result in recurrence ofthe disease.

Currently the only way of checking that the correct margin has been removed is
through a frozen section. This is a procedure where a lump of freshly excised tissue is
sent to the histopathologist for immediate examination. However this procedure has a
number of factors which make it impractical and sometimes impossible for routine
use. Very few facilities have an immediately available pathology laboratory and so
samples may need to be transported to a separate site for examination, which is time
consuming. This not only increases the amount of time the patient needs to be
anaesthetised for but is using expensive surgeon and operating theatre time. An
American study performed a frozen section analysis on the margins of 160 patients,
who would normally have had their margins assessed post-operatively. This study
found that 21 of those patients had positive margins requiring re-excision and 7
showed persistently positive margins which resulted in a full mastectomy (Weber et
al. 1997). These patients would normally have had to return for repeat procedures.
The value of having immediate access to information about the excised tissue without
needing to rely on a, sometimes remote, histopathology service has the potential to

greatly increase the use of conservative breast surgery techniques.

13
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1.3 X-ray interactions with tissue

1.3.1 Introduction

The following section will outline the important interactions involved when x-rays are
incident on biological matter. Figure 1.5 illustrates the areas of dominance for each
type of interaction. For low energy (<100keV) and low Z, which is the region
involved in soft tissue interactions (highlighted by the red box), Compton scattering
and the photoelectric effect are the most important. Coherent scattering also occurs,
although it is not a dominant interaction it is evident, and it gives rise to the
diffraction patterns that are measured during this study. Each of these interactions is

detailed in the following section.

Photon Energy (MeV)

Figure 1.5 A diagram illustrating the dependence o finteraction cross sections on energy and

atomic number Z

(Evans 1955).
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1.3.2 Attenuation

Figure 1.6 below illustrates x-rays passing through a thickness dx of a material with a
linear attenuation coefficient g. where lo is the number of counts incident on the

material and [ is the number of transmitted counts.

Figure 1.6 Linear attenuation ofaphoton beam

The fractional reduction in photon intensity is given by

— =—fi dx [1.1]

This is integrated to give Beer’s Law for exponential attenuation:

I=h ~m [12]

The total linear attenuation coefficient, p, for a particular medium is a measure of the
reduction in total radiation intensity per unit thickness for a beam of photons passing

through the material.
The probability that each individual interaction will occur is given by the interaction

cross sections, where <vd is the total reaction cross section

=T + ar,, +j<coh [13]

t, one and o (th are the cross sections for the photoelectric effect, incoherent scattering

and coherent scattering respectively. Each ofthese cross sections will be considered in
more detail in the following sections. The linear attenuation coefficient is related to

the cross section using the following equation:

15
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M=%t N [14]

N is the number of atoms per unit volume, expressed as

[1.5]

where NAis Avogadro’s number, A is the atomic weight and p is the density.

1.3.3 Photoelectric absorption

The photoelectric effect (PE) is the dominant interaction at low energies. The

probability of PE increases strongly with Z.

1.3.3.1 The energetics of photoelectric interactions

During the photoelectric effect the incident photon interacts with an electron and
gives up all of its energy. In this interaction the incident photon is completely
absorbed. This is possible if the electron involved is an inner shell electron bound to
the nucleus, which takes up the recoil. The kinetic energy given to the atom is

considered to be zero, and so the energy ofthe photoelectron ( Ee ) is given by

E, =hv- Eh [16]

which is the energy of the incident photon (4v) minus the binding energy of the
electron (Eb). Therefore this interaction cannot take place unless the incident photon

energy is greater than the binding energy of the electron. For a photon of suitable
energy it is four to five times more likely that a K-shell, rather than an L-shell,

electron will interact.
After ionisation the atom is unstable and an electron from a less tightly bound shell

falls into the vacancy. This process leaves the atom with excess energy which is

released by the following three competing processes or a combination of them.

16
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1. Characteristic x-ray emission

The excess energy is released as a photon. This photon is of energy equal to the
difference in energy levels of the electron transition. The emitted photon is
characterised according to which two electronic sub shells the electron travelled
between during the de-excitation of the atom. The Ka lines are produced when an
electron transfers from the L shell to the K shell. Kp lines are produced by a transition

between the M and K shells.

A spectrum showing the characteristic lines of a silver target are shown below in
figure 1.7. The Kaline can be seen at 22.1 keV and the Kp lines can be resolved into
Kpi at 24.9 keV and Kp: at 25.5 keV. The fluorescent yield, oo, is the percentage of de-

excitation interactions that result in the emission of a fluorescent photon.

Energy (keV)

Figure 1.7 Characteristic x-ray emission via the photoelectric effect

The germanium escape peaks seen on the spectra are formed when the characteristic
x-rays from the silver target cause the photoelectric effect to occur in the germanium

of'the detector.
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X-ray Fluorescence Spectrometry (XRFS) is a technique that works on the principle
that the characteristic x-rays given out by a material are indicative of the composite
atoms contained within the material and the quantities present. By measuring the
number of x-rays released by the material at an element’s characteristic energy the

number of atoms present ofthat element can be calculated.

2. Auger electron emission

The energy is transferred to an outer shell electron, which is ejected from the atom.
The kinetic energy of this electron is equal to the difference between the initial
electron transition energy and the ionisation energy of the shell that emitted the Auger
electron.

3. Coster-Kronig transition

This is an electronic transition within the same sub shell, for example from L2 to LI.
As aresult a new vacancy is created which is filled by Auger electron emission. This
transition does not result in the atom being fully de-excited and so is always followed
by a subsequent transition.

1.3.3.2 Interaction cross section for the photoelectric effect

The interaction cross section per atom for the photoelectric effect, x, is given by

z Zk-(h_v\_ (cm2 latom) [1.7]

for energies below 100 keV, where Z is the atomic number, ho is the quantum energy

of'the photon and k is a constant.
As stated in equation 1.6 the photoelectron ejected from the atom has an energy equal

to the incident photon energy minus the binding energy of the electron. K-shell

electrons are the most important in the photoelectric interaction process, which can be
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seen in the high yield for Ka compared to Kp emissions. If the energy of the incident
photon is below the binding energy of the electron, this electron cannot be ejected. A
plot of'the cross section versus photon energy for lead (figure 1.8) shows a sharp rise
in interaction probability when the incident photon energy reaches the binding energy
of an electron and this electron interaction can occur. This is known as the absorption

edge.

Figure 1.8 Photoelectric interaction cross section versus incidentphoton energyfor lead

Reproducedfrom the XCOM database (Berger and Hubbell 1998)

Due to the complicated involvement of the binding energy of the atom the cross
section for the photoelectric effect does not have a simple equation so an
approximation, given in equation 1.7, is used for the energy range that is applicable to

this study.
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1.3.4 Compton Scatter

1.3.4.1 The energetics of Compton scatter

Compton scattering is an interaction that occurs between a photon and an orbital
electron. The electron is ejected from the atom and the photon changes direction
having given up part of its energy. Figure 1.9 illustrates the Compton interaction,
where Fo is the energy of the incident photon, Ei is the energy ofthe scattered photon,

Ee 1is the rest mass energy of the electron and £’ is the total energy of the ejected

electron with kinetic energy T. O is the scattering angle of the photon and (p is the

scattering angle ofthe electron.

Figure 1.9. The energetics ofCompton scattering

The electron taking part in the interaction is assumed to be stationary, i.e. the initial
energy (Eo) and momentum of the electron are both equal to zero. The amount of

energy transferred to the electron determines the angle ofthe recoil ofthe electron and

the angle ofthe resultant photon.
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The angle and energy of a Compton scattered particle can be accurately calculated
using the principle of conservation of energy and momentum. From the above

diagram it can be seen that the incident photon has energy E0 =hv and the scattered

photon has energy E}!=hv’. Resolving the energy and momentum into parallel and

perpendicular components gives the important Compton equation

[1.8]
i+ (1-cosO

KmoC VY

1.3.4.2 Compton cross section

The probability of a photon being incoherently scattered through an angle 0 by an
unbound electron at rest is described by the Klein-Nishina (KN) differential scattering

cross section per unit solid angle, dcrKNdQ.. This approximation is valid for

unpolarised x-rays of energies below 100 keV and is given by:

2
Nk ok
d® KN k (— +N-sin 2e (cmZsr lelectron ') [1.9]

dn Ny {ko Kk J

in which ko is the ratio of the incident photon energy to the electron rest mass energy
and k is the ratio of the scattered photon energy to the electron rest mass energy.
These are given by

hv r n

mec

hv

k
m,c2 [11]

and ro is the classical electron radius

(m) [112]
0 471E0m0C2
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This cross section is dependent on the momentum transfer x , which is defined as:

X =—sinf - [1.13]
X 727

where X is the wavelength of the incident photon and 6 is the angle through which
the photon is scattered. The KN cross section is the differential cross section per unit

solid angle. To find the total cross section this must be integrated over all solid angles.

Figure 1.10 is a polar plot of the Compton scattering cross section for various incident

photon energies, where

a= [1.14]

140° 130° 120° 110° 100° 90° 80° 70° 60° 50° 40°
30°

20-

10-

30°

Figure 1.10 The Compton scattering cross sectionfor various incident energies

(Evans 1955)

This figure shows that as the incident photon energy increases Compton scatter
increases in the forward direction. It also shows that scatter is at a maximum in the

forward direction and at a minimum at 90° for lower photon energies.
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1.3.4.3 The effects of binding energy on Compton scatter

Binding energy is significant for low energy photons and high Z materials. The
energies used within this study are in the region where the binding energy of the atom

and the momentum of'the electron must be considered. Two main effects are seen:

1. Doppler broadening

The motion of the orbital electron taking part in the interaction causes a broadening of
the apparent energy of the incident photon, which leads to a broadening of the
Compton scatter peak for a given angle. This is called Doppler Broadening and the

measure ofthe spread ofthe Compton peak is a measure of the Compton profile.

2. Change in reaction cross-section

The electron binding energy reduces the probability of Compton scatter interactions
occurring at low incident photon energies. This is accounted for by multiplying the
KN cross section by a corrective factor, the incoherent scattering function S(x,Z) to

get a binding energy corrected (BEC) differential cross section:

d(7im(d) = z \da KN{9)
dQ. y ' do

Figure 1.11 is a graph of'the ratio of cross sections against atomic number. This graph
shows how large the effect of the electron binding energy is on the interaction cross

sections at low (<100keV) energies.
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Atomic Number, Z

Figure 1.11 A graph showing the ratio ofthe bound-electron Compton scattering cross
section to thefree electron Compton scattering cross section.

(Hirayama, 2000)

It is usual to define S(x,Z) using the Waller-Hartree approximation (Waller and

Hartree 1929) which takes the electron binding for the whole atom into account. This

is given as:
zZ Z
Sk, Z) =Y £ (VoleXP(" *fa - F))"0)"' X 1(AO Texp(/x *rm) y/0 [1.16]
m=1 «=1 Vi

where x is the momentum transferred during the reaction, y/o0is the ground state wave
function, mmis the position of the nth electron and rmis the position of the mth electron

within an atom of atomic number Z. (Hubbell et al. 1975) have reviewed the
computational methods used by various authors to obtain incoherent scattering

functions and has extensively tabulated them for all elements of'the periodic table.
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Veigele et al (1966) produced a simplified formula for calculating S based on the

Thomas-Fermi model ofthe atom:

S(r) = Z[1- exp(- 4.88F0&b); [1.17]
where
}‘L: 2137él~sin 0
375 ) [118]
ZU
Ac is equal to ----- ,A1s the wavelength of the incident photon and 0 is the angle

mec

between the incident and scattered photon. Values of S(x,Z) have been formulated
using semi-empirical methods or interpolation of the incoherent scattering function
tables published by (Hubbell et al. 1975). This method has been employed in this

work, which is explained in Section 3.2.

The incoherent scattering coefficient, <inc, is given by:

g,.a.Z) =PNA J<a711 S{X[%Z) (m-V-1) [1.19]

and is the probability that a photon will be Compton scattered when interacting with a
material of density p and molecular mass M. Na is Avogadro's constant. At high

values of x, S(x,Z) becomes equal to Z.
1.3.4.4 Polarisation effects

For linearly polarised photons interacting with a free electron the Klein-Nishina

angular distribution function per steradian of solid angle Q is:

A% |
d® k
" —m — +— - 2+4co0s20 [1-20]
dQ Vftoy k y

where k, ko and ro were defined in equations 1.10, 1.11 and 1.12.0 is the angle

between the incident polarisation vector and the scattered polarisation vector.
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1.3.5 Coherent scattering

When a photon scatters without losing any of its energy it is called a coherent scatter
event. The recoil is absorbed by the interacting atom as a whole; and there is no
excitation of this atom as it does not absorb any energy. The angle that the photon is
scattered through depends on both the energy of the incident photon and the Z of the
absorber. Coherent scattering is relevant for the same low energy, high Z region

where electron binding energy influences Compton scatter.

1.3.5.1 Coherent cross section

The classical theory states that coherent scattering takes place when an incident

photon interacts with an atomic electron. The probability of this occurring is given by

the Thompson scattering differential cross section, " </h :

do

AT =H-(1+cos2 (cmZr ‘el ° 1.21
do. 2v w A% ) e

where 10 is the classical electron radius and @is the azimuthal angle. This theory has
been adapted to account for the fact that the photon does not interact with a single
electron but with all the electrons in the atom as a combined charge distribution. This
is taken into account with the form factor, F(x,Z). F2 is the probability that an
incident photon will be scattered by the atomic electrons without any loss of energy
and the recoil momentum is absorbed totally by the atom. The Thompson cross
section is the probability that coherent scattering will take place with a single electron,
this multiplied by F2 gives the probability that coherent scattering will take place with

an atom as a whole.
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The linear coherent scatter cross section, ac(hfor unpolarised photons is given as:

°coh =PNa F " cmsr) t1221

where
e, - 123]

Molecular form factors indicate how experimental results deviate from traditional
theoretical calculations based on the assumption that electrons involved in scattering

interactions are free. F'lx), as stated above, is the molecular form factor, which can

be expressed as (Narten and Levy 1971):
FI(*)=/2(4i+tf(b] [1.24]

where f 2(x) is the form factor calculated using the Independent Atomic Model
(IAM). This model assumes that there are no inter-molecular interference effects and
so is the theoretical form factor for free atoms. H(x) is the oscillatory structure

function and is a measure of'the coherent interference pattern.
1.3.5.2 Polarisation effects

The Thomson scattering cross section per electron for a linearly polarised incident

photon beam of energy E from an atom with atomic number Z is given as follows:

Adgh = r(l) c0s2Q E.ZS]J

0 is the angle between the incident polarisation vector and the scattered polarisation

vector.
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1.4 Literature review

The application of utilising Compton scatter has mainly been limited to bone
densitometry (Olkkonen and Karjalainen 1975;Speller e/ al. 1989;Webber and
Kenned; 1976). A variety of approaches have been taken with regard to the number of
radioactive sources and detectors that are used. All methodologies, however, work on
the principle that the intensity of Compton scattered photons is proportional to the

number of available scattering sites within the scattering volume.

Webber and Kennett (1976) designed a system using square portions of dry bone.
This was then developed into a clinical system. They used two sources and two
detectors configured at 90°to each other. Two sources were used, a Sm-153 source
filtered to give a monoenergetic beam at 103 keV and a Tm-170 source with a photon
energy of 84.3 keV. The energy of the second source is chosen to be as close to the
energy of the Compton scattered photons from the Sm-153 as possible. This is so that
the assumption can be made that the linear attenuation coefficient of the low energy
source is approximately equal to the linear attenuation coefficient of the Compton

scattered photons. The electron density, pe , is calculated as:

P- =k [1.26]
2/

where k is a constant, which can be measured using a material of known density, i.e.
water. Si and Ti are the number of transmitted and scattered counts from the Tm-170
source and S: and T: are the scattered and transmitted counts from the Sm-153 source.
Using this method the electron density was then used to calculate the physical density
using tabulated values of Z/A for water and bone. The study was then carried out on
12 healthy volunteers, measuring the density of the os calcis in the foot. The errors
were found to be very large, due to the excessive attenuation of the low energy

photons by soft tissue.

Webber and Coates (1982) developed a system using the same sources (Sm-153 and
Tm-170) but using 3 sources and 3 detectors, to eliminate the need to rotate the

sample. This system was used to measure the lung density of human volunteers.
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Other groups have used similar techniques to measure the density of bone. Clarke and
Vandyk (1973) utilised the same beam arrangement but used a Co-60 and a Cs-137
source. Olkkonen and Karjalainen (1975) arrive at the same equation to calculate the
electron density but use only one source (Tm-170) and one detector. They place the
detector in three different positions, at 150°, 180° and 210° from the source, and
rotated the sample once to obtain scatter and transmission measurements. In order to
avoid using two energies the experiments were made with a low energy source (84
keV) and a small scattering angle (30°). The assumption is then made that the energy
and attenuation coefficient of the scattered photons are approximately the same as the

incident photons.

Duke and Hanson (1984) looked at the possibility of using a polychromatic x-ray
source to overcome the problems associated with using sealed sources. The high
output and small focal spot of an x-ray tube improves the spatial resolution of the
system and shortens measurement times making this a more viable clinical technique.
This paper also takes into account the effects of Compton energy shift, multiple
scatter and sample composition uncertainties, factors that have been assumed to be
negligible by other groups. Bias correction factors (bcf) are calculated using computer
modelling to account for beam hardening of the polychromatic source. A system was

then developed for measuring lung density.

A slightly different approach was taken by Huddleston and Sackler (1985), who used
a 90° geometry with an Ir-192 source. Tubes ofthe materials under investigation were
placed inside a second material (water) and scatter measurements were made using
the dual energy output ofthe Iridium source (317 and 468 keV photons). The diameter
of the inner sample was varied and scatter against diameter was plotted to find an

equation ofthe form

Is(e )=a exp - fid [1.27]

where I is the intensity of scattered photons and d is the diameter of'the sample, a is a
product of the electron density and the average scatter intensity per electron and p is

the sum of the linear attenuation coefficients of the two substances. The dual energy
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method means that these values can be found and no transmission measurement is

needed.

Al-Bahri and Spyrou (1998) developed a system using a single Am-241 source and a
single detector with a 90° geometry. The calculation of electron density did not take
attenuation of the source into account as the measurement volume contained the entire
sample and some surrounding air. The tissues had been freeze dried before
measurement and were corrected for this using the weight of the water removed. This
study was the first to attempt to characterise breast tissue using this parameter. Paired
samples from nine patients were analysed. The results found that adipose had lower
electron density than the malignant tumour samples with a 3% difference between
them. The electron density values published were malignant 3.546 x 10" electrons per
cm3; adipose 3.463 x 1023 electrons per cm3 and healthy glandular tissue 3.482 x 1023
electrons per cm3. However the study found that there was a large spread ofresults for
each tissue type and the differences found were ambiguous due to the experimental

error being 5%.

Coherent scattering and diffraction patterns have been much more widely applied to
the area of breast tissue characterisation. Narten and Levy (1971) first measured the
Wide Angle X-ray Scattering (WAXS) pattern of water and tabulated the coherent
scatter coefficients against the momentum transfer. This set a gold standard, not only
for the scatter cross-section measurements, but as an experimental gold standard for
measures made of other materials. Since then this method has been used to interrogate

a variety of biological materials.

Evans et al. (1991) proposed a method applying a coherent scattering technique for
breast tissue characterisation. In total 19 breast tissues were investigated and 3 breast
equivalent materials (water, olive oil and Perspex). The data was analysed by
measuring the peak height and the FWHM of the main peak of the recorded
diffraction patterns. The group concluded that there was a measurable difference
between normal and diseased tissue, however they found no significant difference in

the peaks for benign and malignant tissue. This study only included one benign and
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four carcinoma samples and this sample size is not adequate to detect the small

differences that are expected.

Tartari et al. (1997) investigated the scattering properties of non-biological materials
(water, PMMA and carbon black) and animal fat. They used an x-ray source and a
Siemens D-500 powder diffractometer to obtain a monoenergetic beam of 8.0keV.
The results for PMMA and fat were compared to the results from Kosanetzky et al.
(1987) and whilst the PMMA values were comparable, the fat values were not. This

was assumed to be due to differences in fat sample preparation.

Peplow and Verghese (1998) looked at animal tissues and human breast tissue, with
an aim of assessing breast equivalent materials, used as phantoms in mammography.
This study used a synchrotron source at two energies, 20 and 8 keV. This study only
looked at one unclassified human breast tissue sample, and so has a very small sample

size. The results are displayed in terms of molecular form factor over the square root

versus momentum transfer (x). This is a composite

scattering factor that is calculated without knowledge of the molecular formula. This

is useful when using tissue samples as the precise molecular formula is not known.

Kidane et al. (1999) have examined the structure of normal and diseased breast tissue
in terms of x-ray scatter signatures. The group looked at 100 histopathologically
classified samples including 8 benign and 30 carcinoma samples. They found a large
difference between adipose and other types of tissue. However, no significant
difference was observed between fibroadenoma, carcinoma, fibrocystic change and
benign tissues. The measurements were made using an energy dispersive technique,
i.e. a polychromatic source was used with a fixed scattering angle. The inaccuracy

caused by source polychromacity may have masked measurable effects.

Poletti et al. (2002) have proposed a method to facilitate the measurement of scatter
profiles using a lab based x-ray set. This method is tested on amorphous samples
(Lucite), adipose and glandular breast tissue, and eight breast equivalent materials.
The samples used were water, PMMA, nylon, polyethylene and 4 commercial breast

equivalent materials. The breast tissues used were 4 adipose and 3 glandular tissue
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samples from mastectomy procedures, but here there were no diseased tissues

mvolved.

The work performed to date by our group involving the classification of breast tissue
has focused on the use of coherent scattering combined with x-ray fluorescence
(XRF) to measure differences in the elemental composition of diseased and normal
tissue. Geraki et al. (2004) describe a technique using coherent scattering profiles to
determine the relative proportions of adipose and fibrous tissue within a sample. This
information is used to normalise the XRF signal from iron, copper, zinc, and
potassium within normal and diseased breast tissue. It was found that all four
elements are present in elevated levels in diseased tissue. The work was taken a stage
further, using a combination of these two measurements in a multivariate analysis
technique to differentiate between tissue types (Farquharson and Geraki 2004b). A
partial least-squares regression and principal component analysis was used to create a
prediction model which was then tested on 17 samples and found to be able to predict

77.8% that were normal correctly and 77.2% that were diseased correctly.

Wide angle x-ray scattering has been used to act as a method of contrast improvement
when used in conjunction with conventional x-ray planar imaging (Griffiths et al.
2004b). The technique of Diffraction Enhanced Breast Imaging (DEBI) has been
developed as an improvement to mammography by capturing the scatter signal at the
position of maximum scatter contrast for breast tissue types, where the adipose signal
is at a peak. A beamline at the Elettra Synchrotron was used to scan a breast phantom
at 18keV, an energy close to that of mammographic imaging. Images were produced
with a low light level CCD, which have shown to offer a contrast twice the level of

that obtained with mammography alone.

A similar method has been used to produce enhanced tomographic images.
Kosanetzky et al. (1987) developed a system for combining diffraction with
computerised tomography to produce an axial image. In order to optimise the CT
system they measured the diffraction patterns (scatter profiles) of plastics and
biological materials. They were the first group to display these profiles in terms of
scattering cross-sections against momentum transfer. They looked at water, plastics,

fat, muscle, blood, liver, bone and brain tissue using low energy (6.93 keV). They
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found that different tissues did produce characteristic scattering patterns, with
differences greater than the contrast offered by conventional CT. A similar method
has been used in the development of a micro CT system at University College London
(UCL) for the diffraction CT imaging of excised breast tissue. (Griffiths e al. 2004a).
This also makes a complementary measurement to the transmission signal detection

with scatter detection at a fixed angle, corresponding to the adipose peak at I.Inm" L

The most recent study, performed by Castro et al. (2005), has used the coherent
scatter profile of adipose tissue to form a tomographic image ofthe adipose content of
fixed breast tissues. They carried out simultaneous measurements of the transmission
and scatter images across a plane within the tissue with detectors fixed at zero and
13°, the position of the adipose diffraction peak at llkeV. The study showed
qualitative improvements to the visibility of carcinoma tissues, but this was a
preliminary study using two tissue samples and so does not have enough results to be

able to quantify any image improvements.

More conclusive breast tissue characterisation has been achieved by the use of small
angle x-ray scattering (SAXS), which is an investigation at momentum transfer values
of less than 0.25 nm'l This type of measurement shows the interference due to the
collagen structures within the tissue, rather than the molecular spacing, as it
interrogates structures of the order of 10 to 1000 nm. Lewis ef al. (2000) examined
breast tissue from 43 patients using SAXS. The tissues were classified into three
groups; benign, malignant and healthy. The results showed the three tissue types
produced scattering patterns which were distinct from one another. They suggest that
the underlying collagen structure of the tissue is broken down when a malignancy
occurs and the composition of benign and normal tissues differs in collagen type. This
work is being developed into a technique to produce maps of the collagen distribution
within ex-vivo breast tissue samples using a rastor scanning pattern and synchrotron

radiation (Wilkinson et al. 2004).

Fernandez et al. (2002) also suggest that collagen plays an important role in the
malignant changes of tissue. This study looked at the SAXS patterns of healthy and
diseased tissues and concluded that benign and normal tissues have ordered structure

due to the collagen fibrils but this order is lost when the tissue has been invaded with
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a malignancy. The study also established that there are large differences in the
molecular and supra-molecular size and structure within the tissue when diseased

tissue is compared to normal tissues.

Avtandilov et al. (2000) used ultra low angle x-ray scatter (ULAX) to interrogate
1000 samples of healthy and malignant tissues. This study used the total scattered
integral intensity and total scattering power to quantify contrast and found significant
difference between tissue types. The conclusion made is that ULAX is a consequence
of the extra cellular matrix (ECM) surrounding the cells, and the detected contrast is
measuring the change in the ECM in response to malignant invasion. This correlates
well with the findings of the other two studies described above, as collagen is the

major component of the ECM.

These studies have all been carried out using synchrotron radiation sources, utilising
the high coherence over long distances. However the obvious disadvantage of these
techniques is that they do not easily translate to a clinical environment. Round e dl.
(2005) have developed a SAXS system that uses a laboratory x-ray source. They
tested normal samples from 4 patients and malignant tumours from 18 patients using a
diffractometer. This was designed with an 8.05keV beam from a monochromator and
an image plate. They found a statistically significant difference between the two tissue

types offering a realistic prospect of clinical system development.

The refractive index, n, of an object is given by the equation
n=\-S +ip [1.28]

where 8 is the phase shift and P is the absorption. This shows that when an x-ray
passes through a material of differing permittivity and/or permeability it suffers a shift
in phase. The resultant wave is travelling at a new velocity V and this shows as an
apparent change in direction. The angular deviation induced by this change in phase is
very small, typically only a few pradians. This refraction can be exploited by
detecting the interference patterns produced when refracted and non-refracted waves

combine at the boundary between two materials of differing refractive index.

There has been a large amount of research into imaging using refraction effects to

enhance standard images. This is a relatively new technique proposed by Chapman et
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al. (1997) at the Brookhaven National Laboratory. It is a technique that lends itself
well to the use of synchrotron sources due to the high coherence of this radiation.
Diffraction Enhanced Imaging uses an analyser crystal placed in the exit beam to act
as a collimator with a very small acceptance angle. The analyser crystal uses Bragg
diffraction from its surface to only reflect radiation of a specific wavelength to the
detector surface, hence the name diffraction enhanced imaging. Figure 1.12 shows a

typical experimental set-up for DEI

Analyser

Figure 1.12 Diffraction Enhanced Imaging typical experimental set-up
(Brovin 2003)

Various authors have used this technique to analyse breast tissue (Fernandez et al.
2005; Kiss et al. 2004). Pisano et al/ 2000 have used the synchrotron source at
Brookehaven to image 7 breast samples using DEI. The ex-vivo sample images were
correlated with histopathological information and found that the increased spiculation
visualisation correlated with the disease process. These were all picked out as an

improvement to conventional images by a radiologist.

Lewis et al. (2001) have scanned breast phantoms using a slot beam 30mm wide and
0.5mm high, moving the phantom vertically through the beam. The experiments were
performed at energy 20keV with the detector at a distance of 1.5m. The image quality
was graded using the Leeds TORMAM and biological phantoms, offering a better
image quality score at a lower Mean Glandular Dose (MGD). A number of biological
tissues were also imaged, including mouse liver, lungs, heart and legs. The contrast
enhancements are demonstrated visually but not quantified. The work is being
developed at the Synchrotron Radiation for Medical Physics (SYRMEP) beamline at
the Elettra synchrotron in Trieste and is also being tested at Daresbury SRS (Cheung

et al. 2003) to look at breast cancer and metastases.

35



Chapter 1 Introduction

Phase contrast enhancement is a technique that works on a similar principle but it
does not have an analyser crystal after the beam. This technique, called Phase
Contrast Enhancement was first proposed by Wilkins et al. (1996) as a method that
could be appropriate for use with a conventional x-ray tube. In this technique the
refraction effects cause enhancement of boundaries between two materials of differing
refractive indexes which produces edge enhancement on an image. Kotre and Birch
(1999) have used the same technique applied to mammography. The Leeds
TORMAM phantom was used to asses the image contrast improvement. This
phantom contains aluminium disks of decreasing diameter. Three observers found that

these contrast details were easier to detect with the phase contrast imaging system.
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Chapter 2 Experiment preparation

2.1 Introduction

The experimental work for this study was carried out using two different
environments. Measurements were performed with both a conventional x-ray tube
source and with a synchrotron source. The first scatter profile measurements were
made on 15 samples at the Daresbury Synchrotron Radiation Source (SRS). These
samples, and an additional 15, were then used in the laboratory for both electron
density measurements and Energy Dispersive X-ray Diffraction measurements. A
second set of 50 samples were measured in the laboratory using the same set-up but
revised sample holders. These samples were taken to the European Synchrotron
Radiation Facility (ESRF) where angular dispersive diffraction and electron density

measurements were carried out.

All laboratory work was carried out at the Radiation Laboratory at City University.
The equipment set-up had to be designed, aligned and calibrated. A number of
preparatory procedures were performed, which consisted of aligning the collimators,
determining the detector resolution and calibrating the Single and Multi Channel
Analysers. The techniques used to carry out each of these procedures are outlined in
section 2.2. The equipment and set-up for the measurements made at two synchrotron
sources are described in section 2.3. Section 3 gives a detailed description of the
samples, how they were prepared and the sample holders used for all of the

experiments
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2.2 Laboratory experimental set-up

2.2.1 Equipment

It was important to be able to measure the sample in the same position with the
detector set to measure the signal at several different positions. This was the
motivation for designing the following experimental set up. A diagram of the

experimental equipment set-up is shown in figure 2.1.

Scale 1:2

Table

Figure 2.1 The equipment set-up used at City University Radiation Laboratory

The experiments were performed using a Pantak HF160 industrial x-ray tube. This
was collimated by one lead and aluminium plate collimator on the tube housing and
another close to the sample. A third collimator was used post sample in order to
reduce the amount of unwanted scatter reaching the detector. This third collimator is
attached to a graduated rotation stage so that it may be very accurately moved around
a centre of rotation, situated at the centre of the sample. This allows for alignment of
the sample so that the same part of tissue can be irradiated with the detector in

different positions.

The sample was mounted on a second rotation stage which allows the sample to be
rotated manually. This was so that during a measurement the sample orientation can

be altered to average out any effects due to sample inhomogeneity.
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Figure 2.2a shows the two axes of rotation within the measurement system. Figure
2.2b illustrates the set-up ofthe collimator and detector when they have been set in a

position to measure a scatter signal.

Sample rotates
around centre Collinator rotates

Figure 2.2a The axes ofrotation o fthe experimental system. The detector is at zero degrees

(Not to scale)

Figure 2.2b The system with the detector at thirty degrees
(Not to scale)
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An HPGe detector was used because of its superior energy resolution at the energies
used for the experiments. The detector has an inbuilt pre-amp which is in turn is
connected to an amplifier and then a multi channel analyser. A PC was used to
analyse and capture the spectra using Ortec Maestro software (EG&G Ortec) via an
Ethernet card. An additional program was used to transfer the data recorded in
Maestro to an Excel spreadsheet (Allday 2002). A diagram of the electronics used is
shown in figure 2.3.

ORTEC HPGe X-ray Detector

Figure 2.3 The electronics used in the laboratory experiments

2.2.2 Collimator alignment

In order to ensure that the x-ray tube and collimators were correctly aligned a set of
measurements were made with an ionisation chamber and radiation sensitive paper.
Firstly the position of the primary collimator was checked by making a series of
measurements plotting the spatial output of the tube. The output of the x-ray tube
varies as a function of distance from the position of where the electron beam strikes
the target. In order to gain the maximum signal for the experiment it was essential to

ensure that the maximum output was being utilised.
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A Keithley 1800cc ionisation chamber was placed outside the tube housing. Each
collimator in the beam was mounted on two translators, allowing the collimation hole
to be moved in the x and y directions, where the beam axis is the positive z direction.
The ionisation chamber was used to make measurements of'the dose rate in Grays per
second. The collimator was moved in 0.25mm steps over a Smm area. This was to
ensure that there was an overlap for each measurement so that there were no cold

areas not mapped. The tube output is shown in figure 2.4

Grays per second

@7.9-8

H7.8-7.9
077-7.8
07.6-77
075-7.6
074-75
07374
" 7.2-73
n7.172
n 771

u 6.9-7

" 6.8-69
067-6.8

Figure 2.4 An output map ofthe x-ray tube

Once the collimator on the tube housing was aligned over the central axis ofthe beam
the second collimator was aligned using an identical method. The third collimator
which was post sample needed to be positioned correctly using radiation sensitive
paper. This is paper that changes colour when it is exposed to x-rays. The output of
the tube was not high enough to be registered by the ionisation chamber at this

distance.
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2.2.3 Detector energy resolution

A peak measured with the Ortec GLP-25300 HPGe detector (detector 1) and a peak
measured with the GLP-36360 HPGe detector (detector 2) using an Am-241 source
are shown in figure 2.5. The energy resolution is calculated as the FWHM of'the peak.
For the first detector the energy resolution is 0.435 keV at 59.54 keV (0.73%). Due to
equipment failure the second set of experiments was performed with a detector
containing a smaller diameter crystal. The detector energy resolution is an inverse
function of'the crystal diameter and the inferior resolution of the second detector used
can be seen in figure 2.5. The resolution of the second detector was 0.66 keV (1.1%).
The resolution for a Nal(Th) detector at the same energy is about 6-7%. The reason
this peak was used to find the energy resolution is because the experiments that were
carried out were done using the 57.97keV Ka2 peak from tungsten. This is very close
in energy to the Am-241 peak at 59.54 keV and so the resolution will be

approximately the same.

Figure 2.5 The FWHM ofthe 59.54 keVpeak ofAm-24Ifor both detectors used in the

laboratory
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2.2.4 Single Channel Analyser (SCA) energy calibration

In order to calibrate the channel numbers of the SCA to the correct energy a
calibration curve was needed. This was produced by recording the spectrum from an
Americium-241 source. The SCA was scanned through each channel and the output
was recorded. The maximum reading corresponding to each of the peaks in the Am-
241 spectrum were found and plotted against the peak energy, as shown in figure 2.6.
The known energies of the Am-241 peaks can then be assigned to the appropriate

channel numbers. This was repeated regularly during the experiments.

Each single channel analyser showed a slightly different response and so they were

calibrated individually. The calibration equations are as follows:

Channel A: Energy (keV) =9.5442 x Channel number - 1.3648 [2.1]

Channel B: Energy (keV) = 9.6786 x Channel number - 1.2842 [2.2]

These equations were then used to correctly window the counters. A window width of

1 keV was chosen, from 56.1 keV to 57.1 keV, which corresponded to 10 channels.
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2.2.5 Multi Channel Analyser (MCA) energy calibration

In order for the data recorded by the Maestro software (EG&G Ortec) to have the
correct energy calibration the program allows a simple energy calibration to be
performed using an Americium-241 source. The spectrum recorded after counting
with the MCA for 30 minutes is given in figure 2.7. The channel numbers are then

assigned to the correct energies using the inbuilt software calibration procedure.

Channel number

Figure 2.7 Americium-241 spectrum used to calibrate the MCA
2.2.6 Visual basic program
This program was designed to perform two functions, firstly to allow control of the
counting electronics and secondly to facilitate automatic data collection. With this

software the data could easily be transferred to a spreadsheet for analysis. The

program is outlined in detail in Appendix 1.
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2.3 Synchrotron experimental set-up
2.3.1 Daresbury synchrotron

2.3.1.1 Introduction

Some x-ray diffraction work was carried out at the Daresbury Synchrotron Radiation
Source (SRS). This is a synchrotron with a 2GeV storage ring, operating at between
150 and 250mA. The beamline used was Station 16.3. This beamline operates at
between 5 and 30 keV and is used for anomalous diffraction experiments, as well as

magnetic scattering, strain scanning and topography.
2.3.1.2 Experimental equipment

The beamline has a 5-axis goniometer. This is a specialised piece of equipment, which
allows a detector to be mounted onto a mobile arm. This arm can then be translated
and rotated. All rotation is accurately centred about a single point with an accuracy of
the order of microns. The sample is held by a sample holder which can be
independently positioned. The sample can also be translated and rotated. An HPGe
detector was mounted onto the goniometer 2-theta arm and positioned about Im from
the sample. Two sets of collimators positioned post sample define the scattered beam
hitting the sample. The sample is aligned using a CCD camera and an optical

telescope positioned so that the sight crosshairs are poisoned on the axis ofthe beam.

2.3.2 ESRF Synchrotron

2.3.2.1 Introduction

Further experimental beam time was obtained at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. The synchrotron has a storage ring that
circulates electrons at 6GeV and 200mA and the storage ring is 850m in
circumference. The beamline used was BM28, the XMaS beamline, which is a facility
specifically designed for diffraction experiments. The main work carried out on this

beamline is magnetic scattering studies (XMaS stands for X-ray Magnetic Scattering)
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as well as material surface and thin film analysis. The beam can be tuned up to an
energy of 15keV, with the ability to easily collimate the beam to a very small size. A
high flux allows for good counting statistics and short measurement times. The energy
of the beam is selected by a double crystal monochromator. This is tuneable to
energies of 2 to 16 keV, although the flux begins to drop off at energies above 15
keV, as shown in figure 2.8

Figure 2.8 Theflux ofthe BM28 as afunction ofmonochromatic beam energy
(Brown et al. 2001)

2.3.2.2 Experimental Equipment

The beam is equipped with an 11-axis Huber diffractometer, similar to the one used at
Daresbury. An evacuated tube was fitted between the sample and the detector to
collimate the post sample beam. This reduces background scatter and allows for very
precise collimation close to the sample. The tube houses a set of four slit collimators
along its length, two sets in the x-direction and two sets in the y direction. The
detector used was a Bicron Nal scintillation detector. This consists of a Nal crystal
coupled to a photomultiplier tube (PMT). The PMT is connected to a pre-amplifier,
which is in turn connected to an amplifier and a single channel analyser (SCA). This
configuration is shown in figure 2.9. SPEC software was used to record the counts

from a counter card connected to the SCA.
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. Nal Crystal
Bicron X-ray Detector

Figure 2.9 The electronics chain used at the ESRF
(European Synchrotron Radiation Facility 2004)

2.3.23 Beam alignment

There is a focussing mirror after the monochromating crystals to facilitate a high
photon flux with a small beam size. Tuning the monochromator causes a shift in the
beam position. The beam must therefore be easily realigned, and this is done with the
second crystal within the monochromator system. The crystal is controlled by a set of
precision motors. Radiation sensitive paper is used to determine the position of the
beam at the Huber centre of rotation and the beam position can then be altered until it

is aligned with the rotational centre.
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2.4 Sample preparation
2.4.1 Tissue storage and preparation

For the first set of experiments, which consisted of scatter measurements performed at
the Daresbury synchrotron and the first measurements in the laboratory, four different
broad classifications of tissue were examined. These were collected from 22 patients.
A portion of each section was classified by a histopathologist. The tissue types consist
of fibroadenoma, fibrocystic change (FCC), malignant and adipose. Due to difficulties
involved in tissue collection the tissues were of short supply. Therefore each frozen

section was divided into two and these were treated as independent samples.

For the second set of experiments, which are the second set of laboratory experiments
and those performed at the ESRF synchrotron, a further 50 samples were measured
taken from 42 patients. These were of the same tissue classifications as the first set

but with normal fibrous tissue also included.

All tissues were snap frozen during surgery and then stored at a temperature of
-80°C. Before measurements were made they were defrosted to room temperature.
The adipose tissue is pure fatty tissue collected during breast reduction surgery from
non-diseased breasts. The other tissues were removed during breast cancer surgery.
The normal fibrous tissues were taken from patients that were having a lumpectomy
but at a distance from the site of the malignancy. These were not paired to the

malignant tissues used in this study.

2.4.2 Sample holders

The samples were placed in holders so that they could be placed in the experimental
system. The first set of measurements was performed at the Daresbury SRS. An initial
design of sample holder was used which was then redesigned for the measurements in
the laboratory. For this initial design the samples were placed in PMMA slides which
were 2mm thick with a 6mm hole drilled out of the centre. The samples were placed

in the hole and then sliced on each side so that the samples were 2mm thick. Each side
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of the sample holder was sealed with 6pm mylar film. This design is illustrated in

figure 2.10.

The experiments in the laboratory were performed in two separate sets of
measurements. Each time the system was calibrated and so the two measurement sets
could be combined. Between the two experimental sessions the design of the
container holding the samples was revised. The problem with the initial sample holder
was the geometry. The cross section of the plane that the beam was intersecting was
essentially a rectangle. In order to simplify the data correction process this plane

needed to be cylindrical. The sample holders were redesigned with this in mind.

Figure 2.10 Slide sample holder used at the Daresbury SRS synchrotron

The second design consisted of simple polyethylene vials of 6mm inside diameter and
Imm wall thickness. Although the walls of the container were relatively thick and
would cause significant attenuation of the scattered beam, these containers were
chosen because they offered a number of important advantages: The sides were
completely rigid so the samples could be placed into the pots and lightly compressed
with a stopper to remove any air gaps without the pot becoming distorted. This also
minimised tissue movement throughout the experiment. The samples also needed to
be symmetrical about a centre of rotation in order for the attenuation correction to be

straight forward. An illustration ofthese sample holders is given in figure 2.11.
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Stopper
Sample

6mm

Figure 2.11 Sample holderfor the second set o fexperiments

For the third set of experiments a design was sought which would eliminate most of
the attenuation due to the surrounding plastic. This was an important issue mainly
because the tissues were to be measured at the synchrotron source at a much lower
energy than in the laboratory, and so the attenuation by the sample would be much
greater and much more significant. Once the samples had been measured at the
synchrotron the measurements were repeated in the laboratory on the same samples in
the same holders with a similar alignment to allow a comparison of the two
experimental environments. The third set of sample holders were manufactured from
polyethylene tubes with a hole machined out of them for the entrance beam and a
groove machined for the exit beam. The samples were wrapped in 6pm mylar film
and sealed with superglue before being inserted into the tube and the secured at each
end of the tube with a rubber stopper. The advantage of the incident and scattered
beam only passing through two mylar windows rather than plastic was offset by the
loss of rigidity of the sample holder. The windowed sections meant that it was harder
to ensure that the sample was of a uniform cross section over the measurement
volume plane as the film is liable to bulge at the window areas. Also the calibration
solutions were difficult to prepare whilst ensuring that the liquid volume was not

bulging at the windowed areas.
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2.5 Summary

A system was designed and constructed for measuring the scatter signal from breast
tissue samples. In the laboratory the alignment of the system was optimised using an
ionisation chamber. The energy resolution of each detector used was measured and
the system was calibrated using an Americium-241 sealed source. A description ofthe

equipment used at the Daresbury and ESRF synchrotrons has been given.
Three different designs of tissue sample holders were used, with the design being

improved with each subsequent configuration, so that the amount of corrections

needing to be applied to the data was reduced.
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Chapter 3 Electron density measurement

3.1 Introduction

Dr. Otto Warburg first observed in 1930 that cancer cells have a fundamentally
different energy metabolism than normal cells (Warberg 1930). Since then research
has shown that tumour cells undergo anaerobic glycolysis, the process where glucose
is converted to lactic acid through the process of fermentation. This process is
extremely inefficient compared to normal cell aerobic respiration. Glucose
consumption rate has been shown to be proportional to histological grade (Vaupel et
al. 1989) and high grade tumours can absorb about 40 times more glucose in order to
supply their high energy demands for increased growth. This process is what makes
positron emission tomography (PET) imaging so effective at imaging tumours using
18F-FDG, an analogue of glucose. It enables PET to distinguish between benign and
malignant neoplasms with a high degree of accuracy, as benign tissues do not exhibit
increased glucose consumption (Brock et al. 1997). Anaerobic glycolysis causes a
build up of lactic acid to occur within the tissue. The lactic acid (CH3-CEI(OH)-
CO(OEl)) which builds up within the tumour has a high electron density compared to
the host tissue of 8.2 x 1023 electrons/cm3 and so could cause a measurable increase in
electron density. There is also an increase of ketones and glutamine (Vaupel et al.
1989), which may also increase the overall electron density of tumour tissues.
Although no direct measurements have been made of the composition of benign and
malignant tissues, the above suggests that there are significant differences in
composition. It is difficult to estimate the precise nature of the composition changes,
given that there are a number of processes occurring in the tissue during
tumourgenesis. This study has been interested in establishing whether these
differences produce a measurable variation in the tissue structure and/or composition,

and hence the concentration of electrons.
The aim of these experiments was to determine the electron density of five

classifications of breast tissue and to assess whether the measurement of electron

density using Compton scattered photons is an effective way of distinguishing
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between breast tissue types. The electron density was determined by constructing a
calibration model using substances prepared in the laboratory with an electron density

that could easily be calculated.

The experiments were performed in the laboratory with a conventional x-ray source
on two different sets of tissues. One of these tissue sets was also brought to a
synchrotron source where the experiments were repeated on the same area of the
tissue samples under different measurement conditions. The high flux and
monochromaticity of the synchrotron source make it the ideal facility for making

these measurements.

Section 3.2 describes the theory and rationale behind the electron density
measurements. Section 3.3 outlines the experimental methods used, both in the
laboratory and at the synchrotron. The system calibration method and results are
presented in section 3.4 with a summary ofthe experimental work given in section 3.5

The results are presented in Chapter 4.

3.2 Theory

The relevant experimental parameters for the two measurement systems used are

given in the following table

Energy Angle Momentum Klein-Nishina cross section
Experiment

(keV) (degrees) transfer (nm ') (cmVelectron)
Laboratory 58 30 12.1 5.206 x 10®%
Synchrotron 13 112 8.9 7.082 x 10

Table 3.1 The experimental parameters usedfor the electron density measurements

The momentum transfer was calculated using equation 1.13 and the Klein-Nishina
(KN) cross section was calculated using equation 1.9 and is the probability that a

photon is incoherently scattered by an electron within an atom. At these momentum
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transfer values the binding energy of the atom has a significant effect and cannot be
ignored. To take this into account the KN cross section must be reduced by the

Incoherent Scattering factor S(x), as explained in section 1.3.4.2. In this section the

incoherent scattering coefficient, ,ne, was given in equation 1.19, but is reproduced
here for clarity:

KNS(x,7)

1.19
dii M [119)

° ¢(X'Z)=PNA

and is the probability that a photon will be Compton scattered when interacting with a
material of density p and molecular mass M. Na is Avogadro's constant. As stated in
section 1.3.4.2 the incoherent scattering function S(x,Z) is a corrective factor, needed
to account for the effect of the electron binding energy on the KN cross section.
Hubbell et al (1975) have extensively tabulated the values of S for all elements of the
periodic table, and much work has gone into the theoretical calculation of S values

(Waller and Hartree 1929; Viegele et al 1966).

For the analysis of this experiment an empirical equation of the simplest form has
been found to quantify the Z dependency of the values of S(Z) given by (Hubbell et
al. 1975) for a fixed value of x . Figure 3.1 shows the results obtained by plotting the
values of S(Z) for x=12.Inm" and x=8.9nm" over the range of Z values relevant to

this work (Z=1-20).
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Figure 3.1 A graph plotting S(Z) values

From figure 3.1 it can be seen that:
S(z)=2Z-kxX2 [3.1]

where k| is an empirical constant, dependent on Z. This approximation is only valid
for the specified momentum transfer value and the range of Z values used here.

Substituting this relationship into equation 1.19 gives:

o dv KN (Z )
,I’AZ) =Pn a dQ M [3'2]

The electron density, pe , for a material Z is given as:

P *A7

Pe = [3.3]
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Rearranging this relationship and substituting into equation 3.2 gives:

[34]

. Mk, . . M
where k2 is a constant equal to --—--- —"This can be considered to be constant as —
P Na P

varies slowly over the values of interest, and is approximately equal to 14.3. This

value changes by 2.2% for the calibration solutions used in this work. A table of —
P

values for each calibration solution is given below:

Substance M/p

Water 14.3
2% solution 14.5
5% solution 14.5
10% solution 14.2

Table 3.2 M/p valuesfor the calibration solutions

The corrected counts, scorr, measured during the Compton scatter experiments can be

plotted against the incoherent scattering coefficients, anr, where:

N=f[S, 1] [3.5]
NO

No is the number of counts incident on the sample. scor is counts measured in the

Compton scatter peak, corrected for attenuation, and is given by:

o [y~ ]
Ar

where smeas 1S the number of counts, Bs is the background counts and Afis an

attenuation correction factor.
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The electron densities ofthe calibration solutions are calculated using equation 3.3.
As the substances being used are not mono-molecular the ratio of atomic mass to

atomic weight, Z/M, must be replaced by the sum rule:

s
” [3.7]

where Zi/Aj is the ratio of atomic number to atomic weight for the ith element of

mass fraction ;. Z/A values were taken from (Attix 1986).

The intensity of the scattered signal must be corrected for the attenuation of the beam
due to the sample. As the attenuation coefficients of the tissue samples are not known
and cannot be calculated they must be measured experimentally.

Consider the cylindrical geometry shown in figure 3.2. A beam of photons is in the

direction AB with energy Ei and a detector is placed at a scatter angle 0 to the

incident beam.

Figure 3.2 Cylindrical geometry ofthe sample holder

The number of scattered photons, S, with energy E: reaching the detector is reduced

by a proportion due to the attenuation ofthe beam, given by:

S oc expf - (x)dx jexpf —£  p2(x)dx fs]
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where p, is the attenuation coefficient of photons at the incident energy, and ly is the
attenuation coefficient of the Compton photons, scattered through angle 0 with
reduced energy E. Ifthe incident energy Ei and scatter angle 0 are carefully chosen it
can be assumed that Ei~E. and therefore that p, ~ p.. Using these assumptions it

follows that
expf—  (x)dxjexp - J~ //2(x)dx « expi- | //, (x)dx [3.9]
and equation (2) becomes
5 ccexp [310]
From the exponential law of attenuation it is found that

~r =exp (- V/, x)c&) [3.11]

(]

where lo is the incident photon intensity and I is the transmitted photon intensity.
Using these assumptions it follows that for a cylindrical (circular cross section)

sample the attenuation factor, A4f'is equal to:

Af =7 =exp(- f M (¥)<&) [3-12]

where Io is the incident photon intensity, I is the transmitted photon intensity, X is the
thickness and D is the diameter ofthe sample. Applying these assumptions enables an
attenuation correction to be measured for each individual sample, this being the

attenuation along a straight path through the centre ofthe sample.
Using XCOM (Berger and Hubbell 1998) data to assess the error produced by this

method has shown that for water the difference in I/lo is <0.1% and for the most

attenuating calibration solution the difference is <0.25%
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3.3 Method

3.3.1 Laboratory measurements

3.3.1.1 Introduction

Ideally a monoenergetic source should be used so that the Compton scatter peak is
easily detectable. The characteristic lines produced by the x-ray tube were used to
generate a pseudo-monoenergetic source. Using this method the Compton and
Coherent peaks can be easily resolved and windowed. The bremsstrahlung

background can then be subtracted.

The desired outcome from the experiment was to be able to resolve the Compton and
coherent peaks, whilst keeping them as close in energy as possible. The detector

characteristics dictate that the minimum resolvable energy is about 0.8 keV.

3.3.1.2 Experimental set-up

The Compton scatter equation (1.6) was used to calculate the angle required to give an
appropriate difference in energy between the incident and scattered peaks. To obtain
Ei - E: = 0.8 keV, there was a choice between either using a higher energy and a small
scattering angle or a lower energy with a larger scattering angle. Both ofthese options
were explored and the conclusion was that using a higher energy and minimising the
angle offered a number of advantages. Firstly the attenuation of the beam by tissue
will be lower with a higher energy. Secondly the scatter is at a maximum in the
forward direction and at a minimum at 90°. Therefore the flux reaching the detector
will be much higher with a smaller angle, reducing count times. A smaller beam size

can also be used, improving the geometry ofthe measurement.
The distance between the source, sample and detector were kept to a minimum to

decrease the loss of flux due to inverse square law effects. The experimental set-up is

shown in figure 3.3.
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Detector

Collimator

B Incoming beam

Figure 3.3 Experimental set-upfor scatter measurements

The x-ray beam was collimated to 0.5mm diameter, both before and after the sample.
This was the smallest beam size viable whilst maintaining a reasonable photon flux.
The Ka: line from the tungsten target of'the x-ray source (Eka2=57.97 keV) was used.
At this energy a scattering angle of 30° gave a peak separation of 0.7 keV between the
Compton and coherent scatter peaks. The scattering volume is defined as the region of
intersection of the collimated incident pencil beam and the collimated angular

acceptance to the detector.
3.3.1.3 Scatter measurements

The scatter volume is contained within the sample and does not extend into the
sample holder or surrounding air. It is Compton scattering from electrons within this
volume that reach the detector at the measured energy and contribute to signal. Any
scatter outside this volume reaching the detector is regarded as noise. Each sample
was measured for a total time of four hours, with the sample being rotated throughout
the measurement in order to reduce any effects due to the inhomogeneity of the
tissues. This measurement time was chosen to reduce the statistical error of counting

to below 0.5%.
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An example of an observed scatter spectrum is shown in figure 3.4. The two coherent

peaks ofthe Kai and K.. W lines and the two Compton scatter peaks can be seen.

55 56 57 58 59 60 61
Energy (keV)

Figure 3.4 Single Channel Analyser windowed area

The K.. Compton peak was measured for this experiment. This is because the Kai
peak, although it has a stronger signal, is significantly overlapped by the two coherent
peaks. The first half of the K.» peak was windowed so that the counts under this area
were integrated. This is illustrated by the red hatched area in the diagram. The
background counts were subtracted from these counts. This method was chosen to

give an accurate peak count unaffected by any other peaks present.

In order to subtract the background (bremsstrahlung) spectra the counts from two
channels were recorded, one above the peaks of interest (60keV) and one below
(56keV). The straight line joining these two points was found using the straight line
equation. The counts below this line within the windowed area were then subtracted

from the total number of counts.
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3.3.1.4 Transmission measurements

The transmission measurements are a measure of the reduction in intensity of the
unscattered peak and is a measure of the loss of counts due to tissue attenuation. For
these measurements the detector was placed at zero degrees. This means that the
count flux was much higher than during the scatter measurements. Therefore the
detector was moved further away and the count times were shortened. A small amount

of copper (0.5mm) was placed in the beam to protect the detector from the high flux

The set-up is shown in figure 3.5

Sample

Detector A Collimator Cu filter

Transmitted beam Incoming beam

Figure 3.5 The transmission measurement set-up

One Single Channel Analyser (SCA) window was changed to detect the transmitted
peak and the other was set to record a background area. This area was set as 10
channels directly below the K. peak. The peak SCA window was set to record the
counts under the whole Ka. transmitted peak, as there are no problems with

overlapping peak areas. The peak areas chosen are shown in figure3.6 below.
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55 56 57 58 59 60 61 62 63 64 65
Biergy (keV)

Figure 3.6 The windowed areas chosenfor the transmission measurements

The counts were recorded for 300 seconds at each rotation and were rotated 12 times.
The count time for each sample was 1 hour. The beam collimation was identical to
the collimation for the scatter measurements, with 0.5mm circle collimators both
before and after the sample. A reading was also made with no sample present to give

the unattenuated count intensity Iq.
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3.3.2 Synchrotron measurements

3.3.2.1 Introduction

The aim of repeating the measurements at the synchrotron was to verify the
repeatability of the measurements using a separate experimental set-up and to
establish whether the laboratory experiments could be improved upon using an
inherently better experimental system. The experiments were performed at the

European synchrotron radiation facility (ESRF) over 72 hours of beamtime.

3.3.2.2 Experimental set up

The equipment used for the experiments was outlined in section 2.3.2. The source was
tuned to an energy of 13keV, which is the maximum energy achievable on this
beamline without any loss of flux. The sample was mounted at the centre of rotation
of'a moveable arm on which the detector was mounted. The beam was collimated to a
size of 0.8mm x 0.8mm square at the surface of the sample. A set of vacuum slits
were used to reduce the loss of signal flux due to attenuation by air between the

sample and detector.

3.3.2.3. Scatter measurements

The angle of the detector was selected so that the Compton and coherent peaks could
be easily resolved using a peak fitting software program (PeakFit, SPSS AISN
software Inc.). The experiments were made for 20 minutes each in order to achieve
good counting statistics well below 0.1%. An example of the scatter spectrum

obtained is shown in figure 3.7 below.
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Energy (keV)

Figure 3.7 A synchrotron scatter spectrum

As the energy of the beam is monochromatic there is no background bremsstrahlung
spectrum to be subtracted. The entire spectrum at 112° was recorded with the energy

dispersive detector and saved.

The sample holder used in the first set of experiments in the laboratory was
redesigned to be suitable for use in the low energy set-up of the synchrotron. These
sample holders were then also used in the laboratory to repeat the measurements. The
samples are therefore identical to the ones used in the second set of laboratory
measurements and have been described in detail in section 2.4.2. Care was taken to
ensure that each sample was correctly aligned with the mylar window positioned over
the beam. This was done by burning a piece of radiation sensitive paper over the
sample holder and checking the position of the beam before the measurement was

carried out.
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3.3.2.4 Data correction

The beam flux decreases with time after the storage ring has been filled with 8 new
imjection of elecirons. This means that the scatter signal must be normalised 10 the
flux of the incident beam. To allow this a scintillation counter is positioned at 90° to
the incident beam with a scattering foil in the beam. The mumber of counts detected
by the scintillation counter is proportional to the beam flux and =0 provides a measurs
of the beam flux. The scatter signal 15 then normealized to this sentllabon count. The
eount, however, 1s only recorded for 40 seconds at the beginning of the measurement
In order to ensure the most accurate signal normalisation possible a graph was
consiructed of the number of counts per second recorded by the scintillation counter
against the time since a refill was perfformed. A function was then empirically fitted o
this graph, For cach scan the lime sines last veB1) 5 reeorded in the data [le af the end
of each rmeasurement. This time was used to find the mumber of counts incident on the
sample by integrating the area under the curve, msing the start and findsh times as
limits of integration. This graph is shown in figure 3.8.
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A polynomial was empirically fitted to the curve with an equation of the form

V- at2+bt +c [3.13]

where y is the number of counts per second and t is the time until the next refill, a, b,
and c are constants. The area under the curve represents the number of counts incident
on the sample between refills, and so equation 3.13 can be integrated to find the
number of counts incident on the sample per measurement if the time until the next

refill at the start and end of'the measurements are used as the limits of integration.

The spectra were peak fitted and then the area of the Compton peak was divided by

the normalisation peaks to give a normalised scatter count.

3.3.2.5 Transmission measurements

In order to correct the scatter measurements for sample attenuation transmission
measurements were made, in the same manner as with the laboratory measurements.
For this purpose the detector was placed at zero degrees. 1.25mm of aluminium was
placed into the beam in order to protect the detector from being damaged by the direct
beam which was corrected for. Because the beam is so highly monochromatic a
spectrum was not recorded but a number of counts with a scintillation detector. The
measurements were made at two energies, Eo (13 keV) and Ei (12.5 keV). This was to
enable accurate calculation of the attenuation of the beam before and after scattering.
This is more accurate than the technique used in the laboratory, as the assumption that
the incident and scattered beam have the same attenuation coefficient need not be
applied. Due to the high flux of the transmission measurements a count time of 5
minutes was sufficient. The data were corrected for attenuation using the transmission

measurements as outlined in the previous section.

67



Chapter 3 Electron Density Measurement

3.4 System calibration

As the composition of the tissues being measured is unknown, the electron density
measurement system needed to be calibrated. This was carried out by measuring
substances with a known composition. The solutions chosen were water, iso-propanol,
and solutions of potassium hydrogen phosphate K2HPO4. These substances were
chosen because they are readily available, easy to handle and have an electron density
that is close to that of biological materials. The concentration of the phosphate
solutions were varied to provide solutions with differing electron densities. In order to

have values close to that oftissue solutions 0f2%, 5% and 10% were used.

Iso propanol could not be used as a 5Sth solution when using the 3rd design of sample
holder as the glue sealing the mylar in place was dissolved by the alcohol and so the
liquid could not be contained. Due to this fact only 4 calibration solutions were

measured during the second laboratory experiments and at the ESRF.

For each of the solutions the incoherent scattering coefficient, Orc (calculated using
equation 1.19), was plotted against corrected scatter counts, Saar (corrected according
to equation 3.6). These graphs are shown by Figures 3.9a and b below. Figure 3.9a is
the results from the laboratory and figure 3.9b is the results from the ESRF. These

graphs demonstrate the relationship given in equation 3.5, reproduced here for clarity:

[3-5]

where No is the number of counts incident on the sample for the laboratory case and
counts per monitor unit in the synchrotron case, due to the normalisation procedure

performed on the synchrotron measurements.

68



Chapter 3 Electron Density Measurement

Figure 3.9a Incoherent scattering coefficient against number of counts in the scatter

peak for laboratory measurements

Figure 3.9b Incoherent scattering coefficient against number o fcounts in the scatter peakfor

ESRF measurements

Using the graphs in figures 3.9a and b, the incoherent scattering coefficient for each

sample was calculated. The electron density, pe , of each calibration solution

(calculated using equation 3.3) was then plotted against the electron density to give a
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second calibration curve. These are shown in figures 3.10a and b. Again the

laboratory and ESRF results are presented separately.

Electron density (xlO2Belectrons/cm)

Compton differential scattering coefficient (cm 'sr])

Figure 3.10a Electron density against incoherent scattering coefficientfor laboratory

measurements

Electron density (x 1(V’ electrons/cm3)

Compton differential scattering coefficient (cm 'sr)

Figure 3.10b Electron density against incoherent scattering coefficientfor ESRF

measurements
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Figures 3.10a and b allow the electron density for each sample to be calculated using

the equation of these calibration curves.

Figure 3.9b is the calibration graph from the ESRF synchrotron. In this graph it can be
seen that a straight line passes directly through the origin and two points on the graph,
but a further two points are seen as outliers. These two data points do not fit along the
calibration curve and have been omitted from the calibration model. The reason that
these two points lie so far from the curve can only be explained if the calibration
solutions did not mix properly and were more concentrated than expected, or if some
of the glue used to seal the mylar film was present in the measurement volume, as

glue is very dense.

The calibration solutions were much denser than the tissue samples and hence had to
be counted for a much longer time to obtain good counting statistics. The 10%
solution was counted for 4 hours, the 5% solution was counted for 1hour and the 2%
solution was counted for 40 minutes. Due to the extremely tight time constraints
involved when working at a synchrotron source it was not possible to perform the
calibration measurements first to ensure that precise calibration data has been
collected and so this error arose without there being an opportunity to repeat the
measurements. However the calibration graph has been plotted without the two
anomalous points included. Although a calibration graph with only two points plus
the origin is not ideal it has produced results which are consistent with the results
produced in the laboratory and so was assumed to be the correct data points to

include.
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3.5 Summary

The electron density of 85 samples of 5 different breast tissue classifications were
measured in the laboratory. The K.» line from a tungsten target industrial x-ray tube
was used and the scattered x-rays collected at an angle of 30°. The Compton and
coherent photon peaks were resolved using an energy dispersive detector and peak
fitting software. The measured counts were corrected for the attenuation by the
sample of both the primary and scattered beam. The system was calibrated using
solutions of known electron density. Five of these samples were also taken to the
European Synchrotron Radiation Facility. Here measurements were performed at
13keV with the detector at 112°. The same calibration and correction procedures were
applied as for the laboratory measurements. These repeat measurements were
performed as a test of consistency. The results of each of these sets of measurements
are presented in chapter 4, as well as a comparison between the laboratory and

synchrotron measurements.
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Chapter 4 Electron density measurement results and
analysis

4.1 Introduction

The measurements in the laboratory were performed in two sessions, each with the
same energy and experimental configuration but with different sample holder designs,
which were discussed in section 2.4.2. The system was calibrated each time, allowing
the results to be presented together as one data set. In section 4.2.4 the results are
assessed by comparison to average tissue data published in International Commission
on Radiological Units and Measurements (ICRU) Report 46. (1992). This report was
prepared in order to provide the required information to those using tissue substitute
materials to calculate absorbed doses for dosimetric purposes. This report contains
tabulated values for the elemental composition, mass densities and the electron

densities for a range of important human body tissues.

The results were obtained using the theory outlined in section 3.2 and the methods
described in Section 3.3.1. The calibration graphs were presented in section 3.4. The
measurements performed at the ESRF synchrotron were carried out on the same areas
of the same samples measured in the laboratory and so cannot be regarded as
independent measurements. These results are presented in section 4.3 and are then
compared to the results obtained in the laboratory in section 4.4. These measurements

serve to act as a test for reproducibility and consistency.

4.2 Laboratory measurements

4.2.1 Final results

Figure 4.1 is a box and whisker plot of the results obtained in the laboratory. The box
plot was drawn with the statistical analysis package Sigmastat version 3.1 (Systat
Software Inc.). The thick line shows the median of each tissue type. The interquartile
range is a stable measure of spread and is shown by the box. It is the difference

between the 25thand 75hpercentile. The whiskers show values within 1.5 box lengths
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of'the box. Any values that lay more than 3 box lengths from the edges of the box are
shown as outliers which appear as circles on the graph. This is a useful way in which
to visualise this data set and using the median, rather than the mean, is more
representative when examining data sets that may have outliers, as is the case for this

data.
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Figure 4.1 A box and whiskerplotfor the laboratory electron density data

The statistical parameters for the results are given in table 4.1. It should be noted that
the sample size for the normal samples is only 7. For any sample size lower than
about 12 it is difficult to make any useful assessments of the population that the
samples have come from. These data have still been included in the analysis but it is

important to bear this in mind.
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Adipose Tumour Benign FCC Normal

Mean 3.262 3.503 3.296 3.537 3.338
Sample size 17 24 20 17 7

Standard deviation 0.073 0.086 0.052 0.211 0.142
Median 3.267 3.506 3.283 3.618 3.321
Lower 95% conf limit 3.224 3.467 3.271 3.429 3.207
Upper 95% conf limit 3.299 3.539 3.320 3.646 3.470
95% conf. interval 0.075 0.072 0.049 0.217 0.263
M inimum 3.130 3.292 3.212 3.097 3.181
M aximum 3.371 3.647 3.394 3.821 3.540
Normality test KS 0.1357 0.1033 0.1875 0.2461 0.2128
P value >0.10 >0.10 >0.10 >0.10 >0.10
Passed? Yes Yes Yes Yes Yes

All quantities are x 1023 electrons per cm3

Table 4.1 The statistical parametersfor the electron density results obtained in the laboratory

In table 4.1 the 95% confidence interval is the range of values which the true mean of
the population that the sample has been taken from, and so the true mean should lie
within these limits in 95% of cases where a sample of'this size and standard deviation
has been analysed from the population in question. A large confidence interval
indicates that the mean of the sample data may be quite different from the population

mean.

The data samples have all passed the Kolmogoro-Smirnov (KS) test for normality.
The KS value represents how far the sample data deviates from a Gaussian
distribution. The P value then shows the likelihood that this sample distribution could
have been sampled from a non-Gaussian distribution and still have produced the
quoted KS value by chance. Ifthe P value is greater than 0.01 then the sample is said
to have passed the test for normality and the population was most likely to be
Gaussian. In this data set all the sample groups have passed the normality test. The

results for each tissue type have been displayed as a histogram to give a clear picture
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of the spread of results obtained for each tissue type. These are shown in the figures

4.2 to 4.6, with the Gaussian distribution curve added.
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Figure 4.3 Histogram o fmalignant tissue electron density results
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4.2.2 Errors

There are a number of errors associated with each measurement. The dominant error
to take into account is the error in determining the background counts to be subtracted
from the peak counts.

Each individual measurement is subject to statistical variation. The error o is given as:
a= where x is the mean number of counts if the reading is repeated N times.
For the scatter readings each measurement was measured for a long enough time (4

hours) to ensure that the error on the counts was sufficiently low (>0.5%).

The largest error is associated with the subtraction of the background counts. As
described above the background was calculated by taking readings from two channels.
These readings were repeated 10 times each. If x, is the channel number and y, is the

mean number of counts recorded over 10 measurements, then the error on the number

of counts measured in the first channel is given by

<T-=+ J7- [4.1]
10

and the error on the number of counts measured in the second channel is given by

<T-=+s [4.2]

If the gradient, m, ofthe line joining these two points is given by

m=PY"y2-fi [4.3]

Ax  x2 -Xj

The error on Ay is found by propagating the errors on ytandy2:

? -<7y, ? +(Jy22 [4-4]
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Assuming the error on x is zero then the fractional error on m is the same as the

fractional error on 4y and is given by

2
. ¥ [faA) [4.5]
m )I {4y)
Ifc =yx—mx,, where c is the point of intersection of the line joining points (x,,)\)

and(x2, y2) the error on c is equal to:
+ a, [4.6]

For each channel in the peak window area the background counts for channel X . is

given by Y{= mXj+ c and the error on the counts in channel X7 is given by
X)+ (X=X + X +i; £.7]

Where the term represents the statistical fluctuation in ¥ counts. As the

straight line is only found from two points the error on the straight-line equation is
minimal. Therefore the error on the background count calculation is dominated by the

statistical error of'the counts in each channel.
Using this method the overall error on the background count calculation is 4.2%

Other sources of error are the effect of multiple scatter, the error in positioning and
the error in repositioning the sample for the transmission measurements. None of
these other errors have been considered as they are very difficult to quantify and are

small compared to the background subtraction error outlined above.
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4.2.3 Statistical Analysis

The hypothesis (Ho) that is being tested by this experiment is that adipose, benign,
malignant, FCC and normal tissues are distinguishable from one another using the
parameter of electron density. The median value of electron density of each tissue

type is significantly different from the other. This can be expressed as:

Ho- *m-*  *° [4.8]

where xm is the median value of electron density for one tissue type and xn is the

median for another tissue type. The corresponding null hypothesis (HA) states that all
tissue types have the same median value for their electron density values, and any
apparent difference observed is purely as a result of random sampling. This is stated

as:

[4.9]

In order to be able to treat the data as parametric the data must pass a normality test,
which analyses whether the data are taken from a Gaussian distribution, and the data
sets being tested must have identical standard deviations. As shown above in table 4.1
the electron density data results have passed a normality test. The standard test to
compare many groups is the ANOVA (Analysis of Variance) test. However for this
test to be robust the variance of each data group must be similar. Bartlett’s test was
applied to see whether the variances are similar enough for the data to be considered
as parametric, however this test gave a negative result. In some cases transforming
the data through taking the log of each result can result in the data set becoming a
more normal distribution, however in this case transforming the data was not
successful in reducing the difference in variances. Therefore instead of using the
ANOVA test the Kruskal-Wallis analysis of Variance test was used. This is the best
test to use in this case to test the study hypothesis. This is a non-parametric test which
is better for data with large variation within groups. However non-parametric tests

have less power with small sample sizes, those less than about 50. In the case of small
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sample sizes the P values returned tend to be higher, increasing the likelihood that a
significant difference may be returned as non-significant. This is the type I error rate,

which is higher for small sample sizes.

The Kruskal-Wallis (KW) test compares all the data as though they were from a
single data set and tests whether all the data could be from the same population. The
KW test gives a value of H and a P value which needs to be small. Dunn’s pairwise
test is then used to examine each pair of data sets to see whether they are significantly
different. This test returns a P value for each pair of data sets. A low value of P is
required for different populations. The data analysis has been carried out utilising

Graphpad Instat version 3.06.

The results returned by this statistical package are H = 38.999, PO.OOIL. The results of
the post-hoc test, which makes pairwise comparisons to identify the different groups,

are given in table 4.2.

Mean rank

Comparison difference Significant P value
Adipose Vs. Malignant -37.105 significant ~ P0.001
Adipose VSs. Benign -6.697 ns P>0.05
Adipose VS. FCC -38.529 significant ~ P0.001
Adipose Vs. Normal -10.79 ns P>0.05
Malignant Vs. Benign 30.408 significant ~ P0.001
Malignant Vs. FCC -1.424 ns P>0.05
Malignant Vs. Normal 26.315 ns P>0.05
Benign VS. FCC -31.832 significant P0.001
Benign VS. Normal -4.093 ns P>0.05
FCC Vs. Normal 27.739 ns P>0.05

Table 4.2 Dunn s multiple comparisonsfor the laboratory electron density results

In table 4.2 significant is when PO.OOI and not significant (ns) is when P>0.05.
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4.2.4 Comparison to ICRU Report 46 data

The values of electron density for standard tissue compositions given in the

International Commission on Radiation Units and measurements (ICRU) report 46

(ICRU, 1992) are also displayed. In this report three separate values are given for

different tissue compositions. The elemental compositions of these six tissues have

been given in the table below (table 4.3). It is worth noting that the values quoted in

this report are for healthy tissues only, as there are no published data for malignant

tissue growths.

Tissue

Adipose #l1
Adipose #2
Adipose #3

Glandular #1
Glandular #2
Glandular #3

H

11.2
11.4
11.6

10.9
10.6
10.2

C

51.7
59.8
68.1

50.6
332
15.8

13
0.7
0.2

23

3.7

)

355
27.8
19.8

35.8
52.7
69.8

Other

0.1 Na, 0.1 S,0.1 Cl
0.1 Na, 0.1 S,0.1 Cl
0.1 Na, 0.2 S,0.1 Cl

0.1 Na, 0.1 p, 0.1 S, 0.1 Cl
0.1 Na, 0.1 , 0.2 S, 0.1 Cl
0.1 Na, 0.1 p, 02'S, 0.1 Cl

Electron density

(XIOB eVcera3l)

3.241
3.179
3.118

3.299
3.390
3.511

Table 4.3 The elemental compositions (percentage by mass) ofadult tissues

(ICRUReport 46, 1992)

It is usually assumed that malignant tissue has approximately the same structure as

healthy glandular tissue. This is because tumours are usually within fibrous tissue

rather than growing in purely fatty (adipose) tissue. The electron densities of the

tissues can be compared to the values obtained experimentally. These are presented in

figure 4.7.

82



Chapter 4 Electron Density Measurement Results and Analysis

3.8E+23

3.7E+23

« FCC

U 3.6E+23 *« Benign

« Malignant
3.SE+23 ¢ O * Adipose
a O Adipose#!

3.4E+23 A Adipose#2

O Adipose#3
3.3E+23 O Glandular#!
A Giandular#2

3.2E+23
O Glandular#3

M e B

« Normal

3.1E+23

3.0E+23 . . .
0.019 0.02 0.021 0.022 0.023( ( 0.024 0.025
Incoherent scattering coefficient (cm’ sr 1)

Figure 4.7 A graph comparing the valuesfor the experimental data and the published values
from ICRUReport 46 (1992)

4.2.5 Discussion

The results given in table 4.1 show that there is a difference between the electron
density of adipose and malignant tissue, to a value of 7.3% when comparing the
median values. Statistical analysis has shown the difference between adipose and
malignant tissues to be significant, with a p-value of <0.001. This magnitude is
broadly consistent with the values found by using the adipose and glandular tissue
values from ICRU report 46. The average value for glandular tissue (ICRU 46
glandular#2) is 6.6% higher than the average adipose value (ICRU 46 adipose #2).
The electron density value found for malignant tissue is in very good agreement with
Al-Bahri and Spyrou (1998), who quoted a value of 3.564 x 10 electrons per cm ,
where this study found a value of 3.504 x 1023 electrons per cm3. These values are
1.7% different. They found a smaller (3%) difference between these two tissue types,

with the malignant tissue having the higher electron density value.

There has been no composition values published for fibroadenoma or FCC tissues.
However the measurements made within this study found a difference in the electron

density of fibroadenoma and adipose tissues to the value of 2.2% and a difference
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between FCC and adipose tissue to be 10.7%. It is difficult to verify these results
using the literature, as there are no published data from any previous studies that have
used these tissue types. Statistical analysis has shown the difference between
fibroadenoma and adipose tissues to be non-significant. The comparison between the

adipose and FCC tissues is highly significant, with a p value of<0.001.

The value found for the normal fibrous (glandular) tissues was 3.321 x 10" electrons
per cm3. This falls within the range of published values for normal tissues, being 0.7%
higher than the ICRU Glandular #1 value and 2% lower than the average glandular
value. The statistical analysis shows that the normal results are not significantly
different from any of the other tissue groups. This is due to the large spread of values.
This data group has a standard deviation which is twice as large as the standard

deviation for the adipose tissues.

The results of the FCC measurements have a bimodal distribution, and this is also
seen to some extent with the normal and the tumour tissues. This does suggest that
there may be sub-groups within one classification oftissue that may be linked to other
differences, for example age or diet, which this sample size is not sufficient to detect.
As a result the FCC data shows a number of outliers and the normal tissues have a
large range. The malignant tissues show just one outlier. It would be incorrect to
discard these results as anomalous and so therefore have been included in any
subsequent analysis. Further measurements are needed to see whether these trends are
true data trends or are due to random experimental errors. As the normal and other
tissues seem to demonstrate this bimodal behaviour this could be investigated using

matched pairs of samples.

The biggest source of inaccuracy comes from the small number of samples used. The
results found with a small sample size can give a good indication of the population
under observation but with a low power. Power calculations were carried out using
Sigmastat (Systat Software Inc.) and Minitab (Minitab Inc.) in order to find out the
number of samples that are required in each tissue type in order to be able to get
results of'a 95% confidence level and 80% power. The values of required sample size,
n were calculated to be 42 by Sigmastat and 46 by Minitab. This shows that the
sample sizes used here are only about one third, or less, of the minimum numbers

needed for a valid study.
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4.3 Synchrotron measurements

4.3.1 Final results

The results for this section have been displayed in the same way as the results for the
laboratory results, with a box plot (figure 4.8), a table (table 4.4) and a histogram for
each tissue type (figures 4.9 to 4.13). The box and whisker plot shows the results of

the electron density measurements made at the ESRF synchrotron radiation facility.
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Figure 4.8 A box and whisker plotfor the ESRF electron density data
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Adipose M alignant Benign FCC Normal
Mean 3.25 3.57 3.29 3.51 3.18
Sample size 8 10 9 10 9
Standard
deviation 0.04 0.02 0.03 0.10 0.09
M edian 3.25 3.55 331 3.64 3.24
Lower 95%
confidence limit 3.15 3.52 3.22 3.28 2.96
Upper 95%
confidence limit 3.35 3.62 3.36 3.74 3.40
Minimum value 3.12 3.48 3.17 2.89 2.84
Maximum value 3.48 3.68 3.44 3.81 3.73

All quantities are x 1() Jelectrons per ctn

Table 4.4 The statistical resultsfor the ESRF measurements ofelectron density

Electron density (x 10Belectrons/cm3

Figure 4.9 Histogram ofadipose tissue electron density results

3.40 3.45 3.50 3.55 3.60 3.65 3.70

Electron density (x 103electrons/cm')

Figure 4.10 Histogram ofmalignant tissue electron density results
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Frequency

-figure 4.11 Histogram ofbenign tissue electron density results

Frequency

Electron density (x 10B3electrons/cm3)
Figure 4.12 Histogram of FCC tissue electron density results

Electron density (x 102 electrons/cm3

Figure 4.13 Histogram ofnormal tissue electron density results
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4.3.2 Errors

The errors on the measurements are much smaller than those for the laboratory
results. This is because there is no background subtraction to be done and the number

of counts is also much larger because of the higher flux. This is the largest error and is

quantified as where n is the number of counts in the scatter peak.

4.3.3 Statistical Analysis

The formal and null hypotheses are the same as for the laboratory results (equations
4.8 and 4.9), and will be tested in the same way. The data sets were much smaller than
those from the laboratory experiments, due to the time constraints involved with
working with a synchrotron source. For sample sizes of 10 or less, as these are, it is
difficult to test for normality. As these samples have passed a normality test before
when part of a larger sample set it can be assumed that they are from a normal
population. A Kruskal-Wallis test was performed on the data. The P value for the data
is 0.0006, which is considered extremely significant. Therefore variation among
column medians is significantly greater than expected by chance. The P value has
been approximated (from chi-square distribution) because exact calculations would
have taken too long, as the sample sizes are so small. The results of the KW test are

given in table 4.5. The Kruskal-Wallis Statistic KW = 19.444

Number of Sum of Mean of
group points ranks Ranks
Adipose 8 121 15.13
Malignant 1o 349 34.90
Benign 9 166 18.44
FCC 1o 316 31.60
Normal 9 129 14.33

Table 4.5 Theparametersfoundfrom the Kruskal-Wallis sum o franks test
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Dunn's Multiple Comparisons Test was also performed on the data and the results of
these tests are given in table 4.6. In the following table, * = quite significant, when

P<0.05; ** = significant, when P<0.01; ns = not significant, when P>0.05.

Rank difference P value

*

Adipose VS. Malignant -19.78 PO.05
Adipose VS. Benign -3.32 ns P>0.05
Adipose VS. FCC -16.48 ns P>0.05
Adipose VS. Normal 0.79 ns P>0.05
Malignant Vs. Benign 16.46 ns P>0.05
Malignant VS. FCC 3.30 ns P>0.05
Malignant VS. Normal 20.57 * PO.OI
Benign Vs. FCC -13.16 ns P>0.05
Benign VS. Normal 411 ns P>0.05
FCC Vs. Normal 17.27 ns P>0.05

Table 4.6. Dunn's multiple pairwise comparison testsfor the ESRF electron density data

These tests are inconclusive as for small sample sizes the type I error rate, not picking
up differences in data sets that may actually be significant, are increased. This can be
seen in table 4.6, where only small differences have been detected between adipose
versus malignant and malignant versus normal. This data set, therefore has limited use
in being able to help differentiate between the tissue types. The real value in this data
was to be able to compare the measurement systems, which is described in the

following section.

4.4 Comparison of measurement systems

Figure 4.14 is the two sets of measurements made displayed on the same box pot to
make comparison easier. It can be seen from this figure that the results display the
same trends and the medians for similar samples are also similar. It is difficult to
quantify this statistically due to the small sample sizes. However a t-test has been
performed on each pair of data sets (comparing like tissue samples measured with the

two systems) and these tests showed no significant difference between the data sets.
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Figure 4.14 Box plot comparing the Laboratory and synchrotron measurements

Figure 4.15 is a histogram of the differences between the two measurements made on
the same sample. The differences are calculated as the absolute difference between the
two measurements and given as a percentage of the laboratory measurements, so the
differences quoted show how different the synchrotron measurements are compared to
the laboratory. The results show that 72.3% of the measurements were within 5% of
each other. 23.4% of the measurements were between 5% and 10% and 4.3% (2

samples) were above 10 % different when measured in the two experimental systems.

90



Chapter 4 Electron Density Measurement Results and Analysis

Percentage difference (%)

Figure 4.15 Histogram ofthe synchrotron measurements as a percentage difference

from the laboratory measurements for individual samples

The two measurement systems have given comparable results. Despite the sample
numbers used at the synchrotron being very small it has provided good verification of

the measurement system used in the laboratory.

4.5 Summary

The results of the laboratory and synchrotron results were presented. A Kruskall-
Wallis test was applied to the data followed by Dunn’s pairwise test. This was to
evaluate whether each combination of tissue types were statistically significant from
one another. The results obtained have shown that there is a difference between
adipose and malignant tissue, to a value of 7.3%, and between adipose and FCC, to a
value of 10.7%. These were both shown to be significant. The differences between
adipose and fibroadenoma tissues (0.5%) and between malignancy and FCC (3.2%)
are not significant. The results have been compared to the data tables published by the
International Commission of Radiological Units (ICRU, 1992) and found to be in

good agreement.

A comparison of the laboratory and synchrotron measurement systems showed that
72.3% of the results were with 5% of each other for the two result sets, which is a
good verification of the results, although the sample sizes measured at the ESRF are

too small to draw any statistically sound comparisons between tissue types.
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Chapter 5 Scatter Profile Measurement

5.1 Introduction

The coherent scattering distribution holds valuable information regarding the
molecular structure of the material used as a scattering medium. The first diffraction
experiments involving crystals were performed by Max von Laue in 1912. He verified
that x-rays have wavelike properties and the evenly spaced atoms in a crystal act as a
diffraction grating producing an interference pattern. Sir William Bragg and his son
Laurence performed extensive work on the x-ray analysis of crystals and formulated

the Bragg condition for x-ray diffraction. This is given as
2d sin# = nX [5.1]

where d is the spacing of the planes within the crystal, X is the wavelength of the
incident wave and 0 is the angle of incidence. Equation 5.1 states that constructive
interference from a crystal occurs when the Bragg condition is met, i.e. when the path
length difference between two waves diffracted from successive planes within a

crystal is an integral number of wavelengths ofthe incident photon.

It has been known for a long time that amorphous materials display a diffraction
pattern, similar to that displayed by crystalline structures (Johns and Yaffe 1983). The
interference of coherent photons is related to the interatomic and molecular forces
within the material. Amorphous materials such as body tissues show an oscillatory
pattern fading to the free electron case (i.e. the theoretical assumption that all
electrons within the material are independent) at high scattering angles. As each
material exhibits a different pattern, this pattern may be used to characterise different

media, and because of'this has been termed a scatter signature or profile.

From looking at the Bragg condition (equation 5.1) it can be seen that the conditions
for constructive interference are dependent on the angle of scatter and the wavelength
(or energy) of the incident photons. This has lead to the development of two different
techniques for the x-ray analysis of materials, angular dispersive and energy

dispersive. The first uses a monochromatic source and measures the intensity of
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scattered photons at a range of angles (Angular Dispersive X-Ray Diffraction
(ADXRD)). The second looks at a fixed angle for a range of incident energies (Energy
Dispersive X-Ray Diffraction (EDXRD)). The oscillatory structure function describes
the interatomic and molecular bond effects. The coherent differential cross section
(1.22) against momentum transfer (1.13) is usually graphically displayed and this is

what is termed the scatter signature.

This study has looked at using both techniques for the analysis of breast tissue. The
aim of these measurements is to see whether there is a discemable difference in
scatter profile between five tissue types, adipose, benign, malignant, FCC and normal

tissues.

Section 5.2 will look at the theory used to convert the measured scatter counts into
coherent scatter cross sections. The methods used at both synchrotrons and in the
laboratory are described in section 5.3. The correction and normalisation processes are

also outlined in this section. The results are presented in the next chapter (chapter ¢ ).

5.2 Theory

The aim of the experiment is to measure the value of the coherent scattering
coefficient per unit solid angle <iwhas a function of momentum transfer. A detector
will be used to measure the number of counts at each value of momentum transfer
N(x ). These counts will be converted to the coherent scattering coefficient from the
measured data. In order to do this a number of corrections must be applied and then
the data must be normalised. These corrections are different for each measurement
technique, due to the different physical processes that are taking place. The following
relation is applicable when analysing Energy Dispersive X-Ray Diffraction (EDXRD)

spectra. The linear coherent scattering coefficient, ing is given by:

[5.2]
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N (x) is the number of counts measured at each momentum transfer value. The term B

denotes the background signal. Af is a factor which accounts for the differential
attenuation, or beam hardening of the scatter signal. T is a factor which is to correct
for the output spectrum of the x-ray tube and a is a normalisation factor, which is

found by using the independent atomic model. <#r is the linear incoherent scattering

coefficient and is given by equation 1.15 and is reproduced here for clarity
— 1.19
ail M L119]

and is the probability that a photon will be Compton scattered when interacting with a
material of density p and molecular mass M. NA is Avogadro's constant. This is a

background signal from Compton scattered photons. If the sample composition is

known then <ir can be calculated using the sum rule to find S/M for a mixture, as

given by equation 5.3

Six) _ 53
\ " [5.3]

The density can be substituted for the electron density, p r , as given by equation 3.3:

p*A 33
I [3:3]
Rearranging this gives
M
P Na =P-- [54]

Equation 5.4 can now be substituted into equation 1.19

M daKNS(x,Z)

V,»c(X’Z )= P 7 dQ M [5.5]

where

M
, [5.6]
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a is a normalisation factor based on the free electron case at high values of
momentum transfer, called the Independent Atomic Model (IAM) correction factor
and is given by:

(A(X)correcle(J ) ffigfj r
a - [5.7]

scat! ) High x

is the measured counts which have been corrected and is expressed as:

‘7 [5.8]

In equation 5.7 Gsat is the total scattering coefficient:

(cm 'sr ') [5.9]

“seal! ® coh ~ " ine

where Goch was given by equation 1.22, ~<Jh is the Thomson differential coherent

dO

cross section and F'(x) is the form factor

F2() d<Jh
D 122
con =PNA M do [1.22]

where again the sum rule must be used as stated in equation 1.23:

E M [1.23]
M
Therefore oscat is given by
M, | S(x)rfoy. | 5101
" VAN Mila M dCl

a can now be found for high values of x by substituting equations 5.8 and 5.10 into

5.7.
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For angular dispersive x-ray diffraction (ADXRD) spectra measurements the
differential coherent scattering coefficient can be found using equations 5.11 and

5.12:

M4 -p

. >a a,. 5.11
coh Af V al [ ]

Ned

(N (X )correc,ed) = AfV [512]

As for equation 5.2, N(x) is the number of counts measured at each momentum

transfer value. M is a normalisation reading taken from a beam monitoring detector. B
is the background signal. Afis a factor which corrects for the attenuation of the beam

by the sample. V is a scatter volume correction, a and anc are the same as for the

Energy Dispersive case and are found in the same way, which will be described in
section 5.3. Each of'the correction factors above are described for each measurement

system in the following section.

5.3 Experimental and data correction methods

5.3.1 Introduction

As previously described, both EDXRD and ADXRD measurements have been
performed. The reason for the two methods being used was essentially instrumental.
The angular dispersive measurements were made at the European Synchrotron
Radiation Facility (ESRF) and at the Daresbury Synchrotron Radiation Source (SRS)
There the equipment available is highly specialised and much more sophisticated than
the equipment available in the laboratory. Without the goniometer mounted detector it
is only possible to perform energy dispersive measurements as the experimental set-
up required is more straight forward. It is interesting to be able to compare the results
obtained with the two techniques. It is expected that the ADXRD measurements will

be more accurate.
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5.3.2 Angular Dispersive X-Ray Diffraction (ADXRD) measurements

5.3.2.1. Method used at Daresbury SRS:

The experiment was run using 10 keV photons. The beam was focussed down to be
0.5mm x 0.5mm at the sample surface. The tissue samples were held in a slide holder,
as described in section 2.3, at 50° from the incident beam axis. This was to ensure that
the frame of the sample holder would not lie within the path of the scattered beam at
any measurement angle. The samples were secured with 4pm thickness Mylar film, to
ensure minimum beam attenuation. The radiation reaching the detector was collimated
to 0.5mm x 0.5mm at the detector surface using collimators. A measurement of the
number of scattered photons was made at o .. ° intervals over an angular range from -
to ¢s © in the vertical plane, as shown in figure 5.1. An HPGe detector was mounted

on the » -theta goniometer arm.
68?7

Detector

r e
Incoming beam

Figure 5.1 The experimental set-up used at Daresbury SRS
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5.3.2.3 Data Corrections

The raw data were plotted as spectra and then corrected according to the relationship

given in equation 5.2 with the following correction factors applied to the raw data:

M - Beam monitor factor

The output of the synchrotron is monitored with an ionisation chamber at a point
before the beam enters the experimental hutch. Each measurement is normalised to
the reading from this monitor chamber to account for any fluctuations in the intensity

ofthe beam incident on the tissue.

B - Background

A profile was measured for an empty sample holder that had no scatter medium
present but with the mylar film windows in place. The measured profile can be seen in
figure 5.2. The spectrum contains a number of sharp peaks, due the long chain
molecules present in the polymer. These peaks can be confused with structure peaks

and must be removed.
0.09
0.08
0.07
0.06
0.05
0.04
0.03

0.02

Momentum transfer (nm )

Figure 5.2 A scatterprofile ofmylarfilm
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Af - Attenuation factor
A correction for attenuation is needed. The attenuation accounts for the different path
lengths travelled by the radiation within each sample. From Figure f.3 below the

sample width T is at an angle of 50° to the incident beam axis.

Puis the path length of the radiation before it is scattered and Ps is the path length of
the radiation once it has been scattered by the tissue. o is the angle of the detector

from the horizontal plane, with Onmjn= 2° and Onax = s s © From the diagram above it

can be seen that
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7V

P2 [5.13]

“  cos 40°

77
p n [5.14]

cos (40°- 6 )
7/ T/
Total path length L =P +7 = ——t F—- v [5.15]
" cos 40° cos (40°- 6 )

"5 (cos 40° +cos(40° - 0)) (5.16]

(cos 40° cos(40° - #))

The total path length L is then substituted into Beer’s Law (equation 1.2) for the

attenuation ofradiation in matter to give equation 5.17:

[5.17]

where I is the number of attenuated photons, Io is the number of incident photons and

p is the linear attenuation coefficient of'the material.

For tissue the values of p were measured by recording number of counts with the
sample of the tissue in the beam at an angle of zero degrees (I) and recording the
number of counts with no sample in the beam (o). With this configuration the path
length L is simply the thickness of the samples, which is 2 mm. By substituting these

values of [, loand L into Beer’s law the value of p can be calculated.
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V Scattering volume correction

Figure 5.4 illustrates the concept of the scattering volume. This is the area where the
incident and the scattered beam intersect. Only tissue in this volume can contribute to
the scattering process. Throughout the experiment the detector is moving position and
so therefore the scattering volume is changing. A correction needs to be applied to

remove any effects due to this changing scattering volume.

Figure 5.4 The scattering volume within the tissue

It must also be taken into account that for smaller angles some of the scattering
volume lies outside the tissue and so will not contribute to the interaction process.

This is shown in figure 5.5.
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There are three stages to calculating the scattering volume.

L. Calculate the angle at which the scattering volume becomes completely
contained within the tissue volume. This occurs when the scattering length (S) is
shorter than the tissue measurement along the same line (L).

This is calculated by
s= 7 [5.18]

L= [5.19]
cos(# - 40°)

where W is the width of'the focussed beam and 0 is the angle of scatter.
If F(0)=S-L then for F>0 then the scattering volume falls outside the tissue.
2. For angles where F(0)<O, the scattering volume is calculated as

V- % +tanf ST [5.20]

tan [2J

where W is the width and h is the length ofthe focussed beam.
3. For angles where F(0)>0, some of the total intersection volume lies outside the

tissue, so the volume which lies outside the tissue must be subtracted from the total

intersection volume. The factor for this is calculated as follows:

/ ., 0 Fsin
Vev-+ Fsin'® Feos!MTi. Ve [5.21]
V 12, tan50c
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5.3.2.2. Method used at the ESRF

At the ESRF the experimental set up, illustrated in figure 5.6, was similar to that at
Daresbury. The sample holder was changed to a cylindrical tube of 4.6mm diameter,
the third sample holder described in section 2.3. The experiment was performed at
13keV for an angular range of 5° to 65°. The angular resolution was used at two
settings; the measurements were made at 0.25° resolution for the 5° to 45°range and at
1° resolution for the angular range 46° to 65°. This was because there is no structure
at the higher angles, but just a structureless tail used for normalisation. The scattered
beam was collimated to a 0.4mm x 0.4 mm square beam using evacuated slits, as

described in section » .1

Figure 5.6 The experimental set-up used at ESRF

The attenuation was measured straight through the sample with the detector at zero
degrees and then a measurement was made with no sample in the beam. The
cylindrical shape meant that the path length L was the same at all positions of the

detector and was not dependent on the angle of measurement. This meant that the

?/ 'Z(“) factor could be directly applied to all readings and was constant.
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At the ESRF the sample holder was cylindrical, meaning that the path length of the
beam in the sample was constant and always equal to D the diameter of the sample. In

this case the scattering volume factor is:

\
v v "Frad [5.22]
u )

The two corrections required for the cylindrical sample holders are far simpler than
those needed for the slide holder design. This can be seen by comparing equation 5.21
with equation 5.22 and the attenuation correction process. This was the reason behind

the redesign of the sample holder.
5.3.3 Energy Dispersive X-Ray Diffraction (EDXRD) Measurements

5.3.3.1 Method

The x-ray tube fitted in the radiation laboratory is an industrial Pantak HF160 x-ray
tube unit with a tungsten primary target and a maximum operating voltage of 160keV.
The tube can be set on a fluoroscopic setting and so run continuously for long periods
of time. The anode is fixed and water-cooled, so care must be taken not to overheat

the anode. The equipment was set up as shown in figure 5.7.

Detector
Scattered beam sample :
Collimator

JL | u
Incoming beam

Figure 5.7 The experimental set-upfor the Energy Dispersive measurements

The samples were placed at the centre of a rotating platform, positioned so that the
measurement volume was in the centre of the tissue. The samples were then rotated
about their central axis during the measurements. This was to reduce any effects

caused by tissue inhomogeneities through the measurement plane. The beam was
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collimated to 0.5mm using a lead collimator both before and after the sample. The
distances between the tube, sample and detector were kept to a minimum to reduce
any loss flux due to inverse square law effects. The detector was at an angle of 0 = &°
so that there was no plastic from the sample holder within the scattering volume. The
second set of measurements were done at 7.5°. This was because the third design of
sample holder had the plastic removed from the beam path, replaced with mylar film.

This meant the scatter angle could be decreased.

5.3.3.2 Corrections

B - Background
The background counts are measured with the same conditions as a normal

measurement but without a sample in place.

A f- Attenuation Factor

In this case the path length stays the same but because the incident beam consists of a
mixture of energies the beam is differentially attenuated. This is a beam hardening
effect, as lower energies are attenuated more than higher energies. In order to correct
for this in the first instance the ICRU composition values for body tissues were used
with the XCOM database program (Berger and Hubbell 1998) to find attenuation
factors at each energy. For adipose tissue the ‘adipose #2’ values were used. For
fibrous tissues the ‘glandular #2° values were used. The corrected profiles in the first
instance, with this crude attenuation correction applied, were used to calculate the
adipose to fibrous ratio of the tissues. As explained in the following section (5.3.4)
this ratio was then used to estimate the composition of each individual tissue sample.
Once this was done these new composition values were then used with XCOM and

the data was corrected again. The process was then repeated in an iterative manner.

T - Tube profile correction

For each incident energy there is a different number of photons incident on the
sample, which is dependent on the x-ray tube output profile. The relative output of the
x-ray tube measured at 70kVp is shown in figure 5.8. This spectrum shows the

bremsstrahlung, where the characteristic lines have been omitted.
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The tube profile has been normalised to the maximum output. Equation 1.13 can be
used to find the energy relating to each momentum transfer value required to correct
the scatter profile. The graph in figure 5.8 can then be used to find the relative beam

output for each energy, which is the tube correction factor T.

5.3.4 Normalisation and Compton background subtraction

5.3.4.1 Introduction

The data needs to be normalised to enable inter-comparisons between tissue types.
The conventional normalisation procedure is based on the scattering at high
momentum transfer values. At these high values there are no interference effects and
so the scattering can be modelled on an assumption that the electrons within the
material are free, and not influencing each other. This correction, called the
Independent Atomic Model (IAM), can easily be calculated if the tissue composition
is known. In previous studies, performed by other groups, normalisation using this
method has been carried out using two techniques, either by using the average data
values published in ICRU report 46 (1992) (Peplow and Verghese 1998) or by

directly measuring the composition of'tissues used (Poletti et a/ 2002).
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Neither ofthese methods is suitable. The electron density measurements performed as
part of this study have shown that malignant, benign and normal tissues have a
different electron density and therefore molecular composition. It is therefore
inaccurate to normalise these three tissue types using the same composition data (i.e.
as glandular tissue), however no data has been published concerning the composition
of diseased breast tissue, which may be more suitable to use. The second method,
using chemical and spectroscopic techniques, results in destruction of'the tissues. This
was not a viable method to use because of are limited amounts of tissue available and

the high costs of'this type of examination.

For this study a novel method of profile normalisation has been developed, applying
the electron density measurements to produce an individual normalisation factor for
each sample. This is proposed an improvement upon the methods previously used by

other groups. This method entails finding the most probable composition ofthe tissue.

53.3.2 Normalisation method

Figures 5.9 and 5.10 show the values taken from ICRU Report 46 (1992) of the
composition of human body tissues plotted against the electron density values also
given in ICRU 46. The values for adipose and glandular tissue from the ICRU report
were given in table 4.3. The data table gives three values for both adipose and
glandular tissue which represent the range of tissues found across the population. The
values given are high, low and average values for the tissues that were analysed by the
ICRU. The values of composition for adipose tissues (figure 5.9) and glandular tissues
(figure 5.10) have been displayed to show how the percentages of the four main
elements oftissue, hydrogen, carbon, oxygen and nitrogen, change across the range of

data given.

107



Chapter 5 Scatter Profile Measurement

3.100 3.120 3.140 3.160 3.180 3.200 3.220 3.240

Electron density (x 102 electrons per cm’)

Figure 5.9 Thepercentage composition ofadipose tissues as afunction ofelectron density

There are also minor and trace elements present but these are not in large enough
quantities to have an influence on the electron density. It can be seen from figures 5.9
and 5.10 that the percentage content of hydrogen and nitrogen in the tissue stays
almost constant, there are very small variations over the range of tissues. This
suggests that the variation in composition of the tissues, and hence the electron
density, is due to a difference in the percentage variation of oxygen and carbon within

the tissue.
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Electron density (x 10Belectrons per cm3

Figure 5.10 Thepercentage composition ofglandular tissues as afunction ofelectron density

Having measured the electron density of each tissue sample these graphs can be used
to determine a value for the percentage composition of H, C, N and O for each
sample. One set of values can be determined for adipose tissue, Ha ,Cca, Na and oa,
and one for glandular tissues, HG Cg, Nq and 0 G As it has been previously shown
(Geraki 2003) the scattering profile can be used to determine the adipose and
glandular/fibrous content of breast tissue. A method for determining the adipose and
fibrous content of the tissue samples is described in section 5.3.3.3. Once this is
determined the most probable tissue composition can be determined. This is explained

in section 5.3.3.4.
5.3.3.3 Calculation of the adipose to fibrous ratio of the tissue samples

It has been shown previously (Poletti et a/ 2002; Kidane et al/ 1999) that adipose
tissue displays a peak at about 1.1 nm-: and fibrous tissues display a peak at about

1.onm'lL These two peaks are present in the scatter profiles measured and will be used
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to estimate the adipose to fibrous ratio of the content of these two components of
breast tissue. The scatter profile spectra were analysed using peak fitting software
(PeakFit, SPSS AISN software inc.). The raw spectra were corrected for each of the
factors described in sections 5.3.2.3 and 5.3.3.2. They were then smoothed using a
Savitzky-Golay smoothing algorithm which is an inbuilt function of the peak fitting
software. This is a smoothing method recommended for spectroscopic data as it does
not increase the peak widths of the data it is operating on, as is common with other
smoothing methods. It applies a least squares fitted polynomial over a window of data
for each point. Gaussian peaks were fitted to the data using a model consisting of five
peaks. This model was formulated by fitting a peak to the adipose peak at l.Inrrfi and
a peak to the fibrous peak at 1.6 nm'l Three other peaks were added to fit the data.
This model is shown in figure 5.11. The thick blue line in this graph shows how the
model fits to the measured data, which is marked by the orange line. The area of the
adipose and fibrous peaks can be output from the peak fitting software. These values
were then used to evaluate the amounts of adipose to fibrous tissue present in each

sample.

Figure 5.11 Illustration ofthe peakfitting model used
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The adipose to fibrous ratios were then used to calculate a factor, D, between 0 and 1.
This factor was found by labelling the adipose tissue with the smallest ratio as 0 and
the fibrous tissue with the highest ratio as 1. A linear function was then used to
convert the ratio of each tissue function to a value of D. This factor is representative
of the amount of fibrous tissue present in the sample. A second factor, B, was also

assigned to each tissue sample where

B=(\-D) [5.23]

B is representative of the amount of adipose tissue present in the tissue sample.

5.3.3.4 Calculation of the ‘best estimate’ tissue composition

As described in section 5.3.3.2 each tissue has a value of Hg, Oq, Cq and No and a
value of Ha, 0a, ca and N a where H, O, C and N are the chemical symbols for the
elements of hydrogen, oxygen, carbon and nitrogen, and G and A denote the ICRU
data used to derive each set of values. A ‘best estimate’ (denoted by the subscript C)
was then found for the quantities of the 4 elements present in each individual tissue

sample using the B and D factors found in section 5.3.3.4, where

He = DHg +BHa [5.24]
Oe = DOg + BOua [5.25]
Cc=dcg+thbea [5.26]
Nc¢ =DNg +BNa [5.27]

A complete table of these composition values for each tissue sample is given in
appendix 2. This method is not intended to be a method to find precise tissue
composition values. It is intended to be the best way of normalising the scatter
profiles with no means of determining the tissue compositions through spectroscopic

or analytical methods.
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5.3.3.5 Calculation of the Independent Atomic Model (IAM)

normalisation factors

The values of a and <ne from equations 5.5 and 5.7 can now be calculated. Figure

5.12 shows the cross sections calculated using the method outlined in sections 5.3.3.2,
5.3.3.3 and 5.3.3.4. The total scattering cross section is the sum of the Compton and
coherent scattering cross sections. The scatter profile has been normalised to the total
scattering cross section (normalised scatter profile 1) and the coherent cross section,

where the Compton background has been subtracted (normalised scatter profile 2).

Figure 5.12 A graph ofnormalised scatter profiles

Once the scatter profiles had been normalised to the coherent scatter cross section the
profiles were peak fitted for a second time. Ifthe adipose to fibrous ratio had changed
the normalisation process was repeated until the value did not change with any more
iteration. The normalised scatter profiles for each tissue type are presented in the next

chapter.
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5.4 Summary

A measurement was made of the coherent scatter profile of each tissue type, using an
energy dispersive method in the laboratory and an angular dispersive method at the
Daresbury and ESRF synchrotrons. A number of corrections were applied to the data
to convert the number of counts into a coherent scattering coefficient. A novel
normalisation technique was developed, which uses the electron density values for
each sample, measured during the first part of this study. The results of these
measurements have been analysed using a method of fitting peaks to the scatter

profiles, which is presented in chapter s .
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Chapter 6 Scatter profile measurement results and
analysis

6.1 Introduction

The aim of these measurements was to see if it is possible to distinguish between
tissue types using coherent scatter profiles. The profiles obtained were measured
during four experimental runs, using two different techniques. Although the results
have been extensively corrected for any experimental variation it will become evident
upon examination of the results that it is extremely difficult to account for all
experimental parameters, such as differences in detector efficiency and resolution and
geometrical effects. This does not matter when comparing tissue types with a single
set of measurements, but when combining different sets of results any subtle

differences may be masked by the system differences.

The results were obtained using the theory outlined in section 5.2 and the methods
described in section 5.3. The results are presented in section 6.2, with analysis and
statistical analysis in section 6.3. A discussion of the results is included in section 6.4.
As with the electron density measurements the samples used during the second run in
the laboratory were taken to the ESRF synchrotron. These results therefore cannot be
regarded as independent and are analysed separately in section 6.4. Conclusions are

included in the final chapter (Chapter s )
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6.2 Scatter profile measurement results

Figures 6.1 to 6.4 present the measured scattering profiles in terms of'a @ for all

samples. The results for each measurement run are presented separately

Figure 6.2 The scatter profiles obtained in the laboratory during thefirst run o fexperiments
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Figure 6.3 Scatter profile obtained in the laboratory during the second run o fexperiments

Figure 6.4 Scatter profiles obtained at the ESRF

Each set of experimental results are displayed separately. The four sets of
measurement for each tissue type are displayed together in figures 6.5 to 6.7. There

were differences in set-up which have not been accounted for in the measurement
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corrections. The difference in geometry has not been accounted for, apart from the
difference in sample thickness and the sample holder. Any other geometrical factors,
such as loss in flux due to divergence of the beam and attenuation in air are not
accounted for. In addition to this each detector has a unique efficiency and energy
resolution. Figure s .c , displaying each measurement of fibrous tissue, shows clearly
the resolution on the second run of experiments in the laboratory to be worse than the

first, due to the use ofa different detector.

D
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Momentum transfer (nm ')

Figure 6.6 A comparison ofbenign tissue spectra

Momentum transfer (nm')

Figure 6.7 A comparison ofmalignant tissue spectra
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6.3. Analysis

6.3.1 Introduction

For data analysis purposes both of the laboratory experiments and the Daresbury
experiments are combined into a single data set. It can be seen from the results that
the adipose tissue scattering profde is easily distinguishable from the other two tissue
types (figure 6.5). This is the well documented pattern that arises from pure fat tissue,
and is what is expected with a peak at l.Inm:: The spectra from the laboratory first
run shows the effects of the x-ray tube profile. This was corrected for during the
analysis of the spectra. The other tissue types also demonstrate a familiar scatter
profile with a much broader peak than adipose tissue at 1 .c:im'L (figures s.s and 6.7)
similar to the peak found from water. Adipose tissue has a much sharper peak due to
the more ordered structure of the tissue. This has been found by other groups who
have investigated fibrous tissue (Kidane et al 1999; Poletti et al 2002). It is harder to
identify any strong differences between the benign and malignant tissue types. All
tissues display a peaked distribution, oscillating to a smooth profile at large
momentum transfer values. The oscillating pattern is the diffraction effects and the tail

is scatter from free atoms, as in the Independent Atomic Model (IAM).

In order to be able to analyse the differences between tissue types a further method of
deconvolving the spectra into Gaussian peaks was employed. The model used was
determined from firstly fitting the adipose and fibrous peaks which are expected to be
present in the data at well defined momentum transfer values. The remaining peaks
were fitted empirically with the resulting peaks giving a good fit for the measured

spectra. The peak fitting model and technique was described in section 5.3.3.3.
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6.3.2 Deconvolution of spectra

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Momentum transfer (nm")
Figure 6.8 The average deconvolvedpeaks ofthe scatterprofiles

The results from the peak fitting process are shown in figure 6.8. The Gaussian peaks
that were found each have four parameters associated with them, the amplitude,
centre, Full Width Half Maximum (FWHM) and area. These parameters have been
displayed in table 6.1 It can be seen from this table that the first peak is similar for
each tissue, except the amplitude is slightly higher for the adipose tissue. Peak 2
shows the biggest difference between the tissues, with the adipose and FCC tissues
having a much larger amplitude and area. The FWHM is similar for all tissues. Peaks
3, 4 and 5 are very similar for all the tissues types except adipose which has a smaller

area and amplitude for each ofthese peaks.
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Peak M alignant Adipose Benign FCC Normal
1 Amplitude 0.020 0.047 0.019 0.024 0.023
Centre 0.85 0.79 0.83 0.78 0.85
FWHM 0.318 0.355 0.309 0.296 0.319
Area 0.0069 0.0189 0.0064 0.0077 0.0079
2 Amplitude 0.034 0.162 0.035 0.100 0.035
Centre 1.14 1.12 1.12 1.13 L12
FWHM 0.356 0.306 0.344 0.423 0.371
Area 0.0133 0.0560 0.0129 0.0449 0.0137
3 Amplitude 0.094 0.067 0.098 0.089 0.101
Centre 1.58 1.57 1.58 1.57 1.57
FWHM 0.682 0.608 0.657 0.637 0.699
Area 0.0685 0.0437 0.0683 0.0608 0.0749
4 Amplitude 0.057 0.038 0.059 0.046 0.051
Centre 2.15 2.10 2.14 2.10 2.14
FWHM 0.537 0.530 0.541 0.534 0.592
Area 0.0321 0.0217 0.0340 0.0260 0.0323
5 Amplitude 0.031 0.021 0.025 0.032 0.031
Centre 2.56 2.50 2.54 2.52 2.58
FWHM 0.461 0451 0.458 0.484 0.465
Area 0.0156 0.0115 0.0128 0.0167 0.0152

Table 6.1 Parameters ofthe 5peaks in thefitting model

6.3.3 Statistical analysis

The aim of these experiments was to examine whether the diffraction profile of
different tissue types could be used to distinguish between them. From looking at
figure 6.8 it can be seen that the adipose peaks differ from the others but it is not
possible to see any differences between the fibrous tissue types. In order to get a
better idea of whether any of the parameters in table 6.1 are significantly different a
Kruskal-Wallis test has been applied to each parameter in turn. Dunn’s post hoc test
has then been applied to each combination of tissue types. This produces a P value
which must be low for there to be any significance. The results of this analysis have
been displayed in table 6.2. In this table any significance produced for a pair of
samples has been graded as 1 for quite significant, 2 for significant and 3 for very

significant.

Table 6.2 shows that only the adipose and FCC tissues can be distinguished from the
others. Peak 2 produced the greatest difference and peak 3 did not produce any.
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In table 6.2: 1- Quite significant (P<0.05) 2 - Significant (P<0.01) 3- Very
significant (PO.OOI). All comparisons not showing a number were
performed but were found to be not significant (P>0.05).
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6.3.4 Analysis of ESRF results

The results from the ESRF synchrotron experiments were analysed in the same way.
The statistical analysis did not produce any significant differences because the sample
sizes were too small. The results broadly agree with the main set of results, however
visually it can be seen that the benign peaks 3 and 4 appear larger than the other
fibrous tissue types. This may be a real difference, or it may be a result of the
measurement system, as this difference was not evident in the lab. However, if the
ADXRD measurements are more accurate this indicates that a difference may be

present.

>0

Momentum transfer (nm )

Figure 6.9 The deconvolvedpeaksfrom the ESRF spectra
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Peak Malignant Adipose Benign FCC Normal
1 Amplitude 0.018 0.027 0.018 0.024 0.017
Centre 0.82 0.81 0.83 0.81 0.81
FWHM 0.303 0.274 0.298 0.303 0.307
Area 0.0059 0.0075 0.0057 0.0077 0.0055
2 Amplitude 0.042 0.131 0.035 0.081 0.054
Centre 1.10 1.10 1.09 1.10 1.09
FWHM 0.268 0.289 0.265 0.278 0.276
Area 0.0125 0.0411 0.0103 0.0242 0.0164
3 Amplitude 0.093 0.075 0.104 0.092 0.094
Centre 1.57 1.57 1.58 1.57 1.56
FWHM 0.735 0.687 0.703 0.753 0.725
Area 0.0727 0.0574 0.0781 0.0737 0.0728
4 Amplitude 0.055 0.045 0.061 0.054 0.054
Centre 2.26 2.22 2.27 2.27 2.26
FWHM 0.589 0.544 0.570 0.566 0.573
Area 0.0347 0.0264 0.0370 0.0329 0.0327
5 Amplitude 0.018 0.018 0018 0.018 0.016
Centre 2.66 2.62 2.70 2.67 2.64
FWHM 0.423 0.450 0418 0.423 0.423
Area 0.0080 0.0080 0.0079 0.0082 0.0072

Table 6.3 The resultsfrom the ESRF spectrapeakfitting analysis

6.4 Discussion

The results have been compared to those obtained previously by other groups. This is
shown in figures 6.10 and 6.11. It can be seen that the results found for adipose tissue
compare extremely well to other studies. The fibrous results do not compare as well
but still demonstrate a similar pattern. The results from the ESRF measurements
showed a slight difference between the benign and other types of tissue, with the
benign peaks being slightly higher. This suggests that there may be some more subtle
differences but using the three data sets combined together may have masked these
differences with system differences. There were not enough results in any single set of
measurements to analyse separately. The results are analysed in the next chapter using
a multivariate analysis technique. This looks at trends of data as a whole, rather than
each parameter on its own and is a better technique for analysing spectral data of this

kind.
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Figure 6.10 A comparison ofthe results toprevious studiesfor adipose tissue

Figure 6.11 A comparison ofthe results toprevious studiesfor fibrous tissue
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6.5 Summary

The results of these measurements were analysed using a method of fitting peaks to
the scatter profiles and deconvolving them into a set of 5 peaks. The areas, amplitudes
and Full Width at Half Maximum (FWHM) of all the peaks obtained for each tissue
type were compared using a Kruskal-Wallis analysis of variance test. Adipose and
FCC tissues were easily differentiated from the other tissues. No substantial
differences were found between the fibrous tissue types. The profiles obtained from
the ESRF were also analysed in the same way, but no conclusive differentiation could
be found, due to the small sample size. The results were compared to those found by

previous studies and were found to agree well.
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Chapter 7 Multivariate data analysis combining
electron density and scatter profile results

7.1 Introduction

The results obtained from the Compton and coherent scatter measurements have
generated a large data set for each sample, particularly the scatter profile analysis. In
the chapters so far each measurement set has been compared using one variable at a
time. It is difficult to try and assess whether samples can be classified by looking at
the value of variables individually, as these may well be interlinked. In order to fully
interpret these results it is useful to be able to view the data set as a whole and this can
be done through multivariate data analysis techniques. This is a technique that looks
at all variables at one time and their correlation and is a powerful technique for

finding hidden relationships within the data.

Multivariate analysis (MVA) is a technique which has proven very useful for the
analysis of spectra due to its ability to handle large and complicated sets of data,
picking out hidden relationships that are not apparent when looking at individual
variables. The technique has been applied to infrared spectroscopy with a range of
medical applications, two recent examples being prostate cell differentiation (German
et al. 2006) and blood glucose monitoring (Maruo et al. 2006). This method has also
been used for quantitative analysis of EDXRD spectra. Farquharson et al. (1997) used
MVA on spectra of bone phantoms. This study showed that a multivariate data
analysis technique is a powerful technique for diffraction data. MV A has been used
for the analysis of breast tissue measurement parameters by Farquharson and Geraki
(2004a) who combined XRF and EDXRD results as variables to classify normal and

malignant breast tissue samples.

A technique of principal component analysis and soft independent modelling is used
to formulate a model with which to classify unknown tissue samples. The aim of this
chapter is to see whether Soft Independent Modelling of Class Analogies (SIMCA)

can improve on the classification of tissue samples that has been possible when

127



Chapter 7 Multivariate Data Analysis

looking at the electron density data and adipose to fibrous ratios separately. A number

of models were used when refining the technique until an optimal model was found.

Descriptions of Principal Component Analysis (PCA) and the Soft Independent
Modelling of Class Analogies (SIMCA) technique are given in section 7.2 The
methodology used in order to formulate and test the classification models is described
in section 7.3 A summary of the models used and an analysis of how effective each

one was at tissue discrimination is given in section 7.4.

7.2 Background

7.2.1 Principal component analysis (PCA)

7.2.1.1 Introduction

Principal component analysis is a mathematical transformation of data from a data
matrix, described by variables which are related to the measurements used to generate
these data, into a matrix in principal component (PC) space. If the original data set has
p variables this can then be plotted in PC space with P dimensions. PCA is a method
of re-plotting the data onto a new set of orthogonal axes, determined by any
correlations within the original data. The principal axis is the line of best fit or least
squares fit drawn through the direction of maximum variance. This axis is a trend line
which is a linear combination of the original data variables, some of which have a

greater influence than others.

The second principal axis is found orthogonal to this which describes the next greatest
variation in data. This is repeated as many times as is necessary until an orthogonal
set of axes have been constructed which completely describes the variance ofthe data

set. Figure 7.1 illustrates the first two principal components ofa data set.
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Figure 7.1 Thefirst two Principal Components ofa set ofdata

The origin ofthe PC is the mean value of each variable. In practice the mean value is
subtracted from each variable data point and the centre of the axes is the point at

which all variables are equal to zero.

Mathematically the process of describing the data using principal components is
simply a rotation of the original data matrix to describe the direction of greatest

variance. The data are also translated to the new origin.

7.2.1.2 Score plots

A score plot is used to visualise the data. It is a projection of the data matrix onto the
plane formed by each pair of PC axes. The first score plot is the projection of the data
onto the PCI and PC2 axes and illustrates the largest variance patterns in the data.
Each pair of axes can be viewed in turn, enabling an idea of the overall layout of the

data. The score plot shows the co-ordinate ofeach data point in PC space.

7.2.1.3 Loadings

A loadings plot shows the influence that each variable has on the principal
components. It complements the score plot in adding the information of how the
original data corresponds to the PC space and it gives a visual interpretation of why

each data point on the score plot is positioned where it is.
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7.2.1.4 Residual variance

The residual variance describes how much of the variance in the data is described by
each principal component and therefore indicates how many principal components
should be used to adequately describe the data. It is useful in avoiding the use of too
many principal components in the model, as high principal components are usually
relate to noise rather than signal and inclusion of too many PCs may reduce the

effectiveness ofthe model.

7.2.2 Soft Independent Modelling of Class Analogies (SIMCA)

7.2.2.1 Introduction

The use of soft modelling is to study complex systems where it is not practical or
possible to vary single parameters at one time but it is more likely that one data set
will have multiple dimensions rather than just one. Soft modelling is based on the
principal that a class of samples or objects do not have a set of identical results for a
number of different measurements but they will have a mean and standard deviation
for each parameter. The covariance between these parameters may show up hidden
differences between classes which are not apparent when hard modelling single
parameters individually. The results can be assessed using a number of available

tools.

The SIMCA system places all of the available models and plots them back into a
common set of axes. By then plotting each new sample using these common axes the
classification model can deduce which class it is closest to. This is illustrated in figure
7.2 which shows a set of common axes with two PCA results combined as classes in

this model.
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Figure 7.2 An illustration ofa set of axes in a SIMCA model with two PCAs as classes

The software used was The Unscrambler, (CAMO ASA) which performs multivariate
data analysis and displays the data computation results in a multi-screen format to
allow for the examination of an overview of different aspects of the results
simultaneously. It has the ability to perform covariance and regression analysis using
a number of methods, however the only available functions applicable to this work
was the PCA and SIMCA classification facilities and so none of the other techniques

are described here.

7.3 Method

In order to be able to assess the classification model a test set of tissues is needed.
This is a group of samples that have not been included in the original modelling
process. They should have a known classification so that they can be used to establish
whether the correct classification has been made. The next step on from this is to
blind test samples of unknown classifications. This has not been performed on this
data set due to the small number of samples available. Ten samples were chosen at
random to be a test set. Due to the small sample numbers available the samples were 1

FCC, 1normal, 2 adipose and 3 malignant and benign samples.
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The data from all the remaining samples were compiled into a data set with 18
dimensions. These were
* The peak amplitude and area for all 5 measured wide angle scattering peaks.
The centre position and FWHM were also recorded but were excluded as they
were deemed not to carry any useful information.
* The peak area as a percentage of the total number of counts in the WAXS
spectrum for each of'the five peaks
* The electron density measurement
* The adipose-fibrous ratio
 The factor D found in section 5.3.3.3, which is representative of the

percentage of fibrous tissue present in the sample

Principal component analysis was carried out on each tissue class. The set of PCA
results were then combined into a model and this was used to interrogate the test set
data and to classify the samples into one of the classes. In practice the number of
variables included in the model can be altered to yield better results. Some variables
will contain noise rather than information as they do not show similarities between
one class and differences with another. With this in mind the classification model can
be refined and repeated. When the test set is presented to the model the software
outputs a classification for each test sample. This may be either a single class, a
number of classes, from 2 up to all of the classes or none of the classes, and there are
also a number of tools available within the software to assist with interpreting the
classification results. These will be described in more detail in the following section.
These Unscrambler tools are useful in assessing the quality of each model but inter-
comparison between models is not possible in a quantitative manner. For this purpose
a scoring method was developed based on how well the samples were correctly

classified.

Firstly an initial classification model was formulated with all available data variables.
This model was assessed using the evaluation tools described below. A second model
was then formed with a reduced number of variables and tested again. The results of
this second model were then compared to the first using a scoring system. This model

was also studied and evaluated. All of this information was then used to reassess and
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improve the variables included in the model. This was repeated a number of times,
each time trying to improve the predictive ability of the classification model. In total 9
models were tested until it was deemed that the optimum model had been designed. A
description and summary of each model and its classification effectiveness is given in

the following section.

7.4 Results and analysis

7.4.1 Principal component analysis

The strength of this type of data analysis is being able to examine a large amount of
data in a convenient format. The results of a PCA are displayed in score plots, which
are a projection of each pair of axes onto a 2-D plane. These are complemented by a
loading plot which provides information as to which aspects of the data are
represented by each PC. Therefore for a PCA which contains 4 principal components
will have a series of 6 score plots and loading plots which all provide information. In
total there are five PCA models (one for each tissue type) which are used in the
classification model. Therefore the score and loading plots for the PCI and PC2 plane
only for a single model are displayed and interpreted for illustrative purposes. The
remaining PC combination graphs are not included. Figures 7.3a and b show the
output after performing a PCA on the set of adipose data variables. The results from
the data from the first run of experiments in the laboratory are labelled ‘Laboratory 1’
and the results from the second set of experiments in the laboratory are labelled
‘Laboratory 2°. The results from the ESRF have not been included as they are not

independent and would unfairly bias the models.
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Figure 7.3b The loadings plot obtained afiter performing a PCA

The figure 7.3a shows the graphical display of the scores plot, showing the principal
component (PC) 2 vs PCI axes. This plot illustrates, through the different colours, the
different sample sets taken during different sets of experiments. This is the principal

component and so therefore this spread in data must be the largest variance. The
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loadings plot in figure 7.3b shows that the spread across all the data is largely due to
the electron density but this is not causing the grouping which is seen. The grouping
of the different experiments is being caused by the peak area and amplitudes being
different for the ‘Laboratory 2’ data set and the percentage of fibrous tissue
influencing the rest of the data. This may be due to the measurement and
normalisation of the scatter profiles, as this shows that the data processing has not
produced identical data sets. However the PCA model should take this variation into
account and so therefore allow for this variance within this class of samples when the

overall classification model is formulated.

Leverage

Figure 7.4 The influenceplotfor the adipose samples

The influence plot shows one sample that has the greatest influence on this PC, which
is circled in red in figure 7.4. The samples with the highest leverage value have the
greatest influence on where the principal components will lie. Examination of the data
for this sample shows that it does have higher peak amplitudes and areas for each
peak compared to the other adipose samples. This sample is not excluded from the
data set for being an outlier as there are not enough samples to be able to say that this

is a true outlier and so therefore it has been left in.
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The explained variance plot has one curve for the calibration samples and one for the
validation samples, which is explained in the next section. The purpose of this plot is
to show which principal component explains the variance seen in the data set. In
figure 7.5 it can be seen that nearly 90% ofthe x-variance in the calibration samples is
explained by the first two PCs. As previously stated the power of this technique is
being able to view all combinations of PC score plots and loadings to get a feel for the

data.

7.4.2 Validation

In order to test the validity of the model, or to be able to state how well it describes
the data it must be tested on new data, which can then test the performance of the
model. A ‘test set’ of new samples measured under the same conditions can be used
for this purpose. If a test set is not practically viable due to the number of sample data
available the next best method of validation can be used. This is a technique called
cross validation which utilises a selftest method. A model is produced using all of'the
samples except one. This sample is then used to as a test. The procedure is repeated
leaving out a different sample each time until all the samples have been tested by
these sub-models. This gives a measure of how well the model has performed and a
validation curve, as shown in figure 7.5, can be viewed to assess the applicability of
each PC to the model. This curve can also be used to detect outliers, which may cause

the validation curve to dip.
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7.4.3 Soft Modelling

7.4.3.1 Interpretation of classification results

There are several tools available within the software for assessing the classification
results. In order to illustrate these, the model that gave the worst classification results
(model 1) and the one that gave the best classification results (model 8) will be used

as illustrative examples.
Coomans plots

Coomans plots show all the data from two classes plotted as a co-ordinate as distance
from each of these two models. The vertical distance up the y-axis shows how far the
sample is from the point ofthe ‘FCC’ PCA model origin (the point where all variables
are the mean value). The distance of each sample along the x-axis shows how far it is
from the origin of the ‘normal” PCA model. Therefore if the model is good at
distinguishing between these two tissue types all of the FCC samples should lie very

close to the x-axis, but far away from the y-axis and vice versa for the normal

samples.
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Figure 7.6a A Coomansplot to show the normal tissue compared with the FCC tissuefor the

worst model.
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Figure 7.6b A Coomans plot to show the normal tissue compared with the FCC tissuefor the
best model.

In the Coomans plots shown in figure 7.6a and b the blue points are the normal
samples and the red points are the FCC samples. The green points marked with mixed
letters are the test samples and the bold lines show the 5% significance levels. It can
be seen that the first model using all the sample parameters is not very good at
distinguishing between these two tissue types because a large number of the normal
samples lie in the area where the two models intersect, implying that they could
belong to both models. The test samples which are neither FCC nor normal should lie
in the top right hand section of the diagram as they belong to neither model, but in the
first situation five out ofthe ten test samples are incorrectly placed within the FCC or
both models. In the second diagram it can be seen that by remodelling with fewer
variables the differentiation between these two models has improved. Now no
samples are included in both models as the intersecting area is empty. All of the
normal and FCC samples are correctly placed and seven out ofthe ten test samples are

in the correct area.
Significance levels

It was stated in the previous section that the horizontal and vertical lines on the
Coomans plot denote the 5% significance level. This significance level is the type I
error rate, or the percentage of samples that are incorrectly placed outside the model
when in fact they do belong to it. If the significance is increased then this increases

the number of samples that will fall outside the model, even though they belong to it
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but the criteria for belonging to that model are much stricter. This may also decrease
the number of samples that are wrongly placed within that model (type II error rate)
and it increases the discrimination power of the model as the overlapping area
decreases. This is illustrated by figures 7.7a and b. The significance level has been
increased from 5% in the top graph to 25% in the bottom graph. It can be seen that in
this example that far fewer test samples are incorrectly placed in the adipose model
and less of the FCC samples belong to both models. However this is not always the
case and increasing the significance level may exclude a large number of true values

from the model.
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Figure 7.7b A plot with a significance level 0f25%
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Si/SO vs Hi

These plots show how far away from a specified tissue model the test samples are.
The plot has four quadrants and any sample that lies in the bottom left quadrant is
considered close enough to the tissue class to be a member within the specified limits
of significance. Test samples in the top right quadrant are considered not to be a
member of the class in question. Figure 7.8 is a plot comparing the test set with the
FCC classification. Figure 7.8a is the worst model. This shows that six samples have
been considered to belong to the FCC class. Figure 7.8b is the best model. This shows
that the improvement to the model now means that only one test sample, the FCC

sample, has been allocated as a member ofthis class.
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Figure 7.8a A Si/SO vs Hifor the worst model

140



Chapter 7 Multivariate Data Analysis

oOT
4
Ol o1 : b 8
34 )* o B
o »
a
ai 27
0 b
1 =
O f
— &~ ==&+ -+ *i— = "—nF--+F+Ht—-—"—n"—®F--+"— ——i—

0 5 10 15 20 25 30 35

Leverage

Figure 7.8b A Si/SOvs Hifor the best model
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Figure 7.9a A model distanceplotfor the worst model
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Figure 7.9b A model distance plotfor the best model

The model distance shows how far apart the models for each tissue classification are.
The further apart they are the greater ability they have to distinguish between samples.
Figures 7.9a and b show the model distance from the malignant model for each tissue
type. The best model (figure 7.9b) shows the adipose and FCC distance greatly
increase with the improved model. The benign model is closest to the malignant tissue

model in both cases.

Discrimination Power

too -

Figure 7.10a A discrimination power plotfor the worst model
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Figure 7.10b A discrimination power plotfor the best model

The discrimination power shows how effective each variable is in distinguishing
between two classifications. This plot is useful when improving a model as it can
indicate when a variable is not providing any useful discrimination and should be
excluded. Figure 7.10 a shows the discrimination power for each variable in the model
where all variables were included. In this model the best discrimination power was 52.
7.10b shows the same variables when the least effective were excluded. The best

discriminating power is now nearly 100.
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Figure 7.11b A modellingpower plotfor the best model
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This is similar to a loadings plot in that it shows how each individual variable affects
a single tissue model. A variable with a modelling power close to 0 has no effect and
should be excluded. Again a marked improvement can be seen between the worst
model (figure 7.11a) and the best model (figure 7.1 Ib) when some variables had been

excluded.

7.4.3.2 Analysis of models

The results from each model have been displayed in terms of how well they classified
each test set sample. The first classification model was formulated using all the
available variables. From analysis of the score and loading plots from each PCA of
each sample group it was concluded that the percentage of counts in each peak was
having a large influence on the data, but was grouping the data as this variable is
specific to the experimental environment and not to the data class. Therefore this
variable was producing an effect that is common to all the data and not to any
particular class, and therefore effectively a source of noise. It was also evident that the
adipose to fibrous peak ratio and the amount of fibrous tissue present were essentially
the same and so only one needed to be included. Subsequent models were used to
optimise the remaining data and decide which variables were most effective
discriminators. The classification score was calculated based on the accuracy to which
the classification model predicted the correct tissue type for the test samples as

follows;

Zero points ifthe correct classification was not assigned

1 point if the correct classification only was assigned

0.5 points if the correct classification and one other was assigned
0.33 points ifthe correct classification and two others were assigned

0.25 points if the correct classification and three others were assigned

The table below shows which parameters were included in each ofthe 9 models and

how each model compared in terms of it classification score.
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No of
Model variables

1 20
2 15
3 7
4 6
5 6
6 8
7 11
8 8

9 10

Chapter 7 Multivariate Data Analysis

Classification
score

541

4.99

5.50

5.82

5.49

4.50

6.45

8.33

6.91

Variables included

Peaks 1-5 amplitude, area and percentage area; Electron density; Percentage

fibrous; Adipose:fibrous peak ratio

Peaks 2-5 amplitude, area and percentage area; Electron density; Percentage

fibrous; Adipose:fibrous peak ratio

Peak 2 Amplitude; Peak 2 area; Peak 3 amplitude; Peak 3 area; Electron density;

Percentage fibrous; Adipose:fibrous peak ratio

Peak 2 Amplitude; Peak 2 area; Peak 3 amplitude; Peak 3 area; Electron density;

Percentage fibrous;

Peak 2 Amplitude; Peak 2 area; Peak 3 amplitude; Peak 3 area; Electron density;
Adipose:fibrous peak ratio

Peak 2 amplitude, area and percentage area; Peak 3 amplitude, area and
percentage area; Electron density; Percentage fibrous;

Peak 2 amplitude, area and percentage area; Peak 3 amplitude, area and
percentage area; Peak 4 amplitude, area and percentage area; Electron density;

Percentage fibrous;

Peak 2 amplitude and area; Peak 3 amplitude and area; Peak 4 amplitude, area;

Electron density; Percentage fibrous;

Peaks 2-5 amplitude and area; Electron density; Percentage fibrous;

Adipose:fibrous peak ratio

Table 7.1 Evaluation o feach model

A classification score of 10 would indicate that all of the test samples had been

correctly classified by the model. It can be seen from this table that increasing the

number of variables included in the model does not necessarily improve the predictive

ability of'the classification model. The 8thmodel was the best at sample classification,

discriminating 7 out of 10 samples correctly and unambiguously. The software

provides a number of tools with which to assess the effectiveness of a classification

model in discriminating test samples. The classification tables given in figure 7.12 are

for each of the 9 tested models. The red squares show where a correct classification

was awarded. The purple squares indicate an incorrect classification, which reduces

the effect of the model. These tables were used to calculate the classification

effectiveness score given in table 7.1
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Model 1
Sample
Adiposel
Adipose2
Benigni
Benign2
Benign3
Tumourl
Tumour2
Tumour3
normal

FCC

Model 3
Sample
Adipose 1
Adipose2
Benign 1
Benign2
Benign3
Tumourl
Tumour2
Tumour3
normal

FCC

Model 5
Sample
Adiposel
Adipose2
Benigni
Benign2
Benign3
Tumourl
Tumour2
Tumour3
normal

FCC

Model 7
Sample
Adiposel
Adipose2
Benignl
Benign2
Benign3
Tumourl
Tumour2
Tumour3
normal

FCC
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Adipose Benign Tumour Normal FCC
Adipose Benign Tumour Normal FCC
Adipose Benign Tumour Normal FCC
Adipose Benign Tumour Normal FCC
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Model 2

Sample Adipose Benign Tumour Normal
Adipose 1
Adipose2
Benign 1
Benign2
Benign3
Tumourl
Tumour2
Tumour3

normal

FCC

Model 4

Sample Adipose Benign Tumour Normal
Adipose 1
Adipose2
Benign 1
Benign2
Benign3
Tumourl
Tumour2
Tumour3

normal

FCccC

Model 6

Sample Adipose Benign Tumour Normal
Adipose 1
Adipose2
Benigni
Benign2
Benign3
Tumourl
Tumour2
Tumour3

normal

FCC

Model 8

Sample Adipose Benign Tumour Normal
Adipose 1
Adipose2
Benigni
Benign2
Benign3
Tumourl
Tumour2
Tumour3
normal

FCC

FCC

FCC

FCC

FCC
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Figure 7.10 The resultsfor each classification model when analysed using a test set of

samples

7.5 Summary

A technique of multivariate analysis has been used to combine the scatter profile
spectra and the electron density values into a tissue classification model. The number
of parameters used in the model has been refined, by grading the success of each

subsequent model.

The multivariate analysis has proven to be extremely effective when discriminating
between samples. The classification of 7 out of 10 samples unambiguously by the best
model (model 8) is remarkable, given the small sample sizes used to formulate the
models. This study shows that this method has potential for building effective tissue
classification models. The evaluation tools in built in the software allow for an
optimised model to be determined in a logical manner. This technique was efficient at
detecting differences in the coherent scatter spectra that were not evident when the

individual peaks were compared separately.
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Chapter 8 Conclusions and further work

8.1 Introduction

There is a great deal of evidence to suggest that the metabolism and physiology of
tumour cells differ greatly compared to that of normal and indeed benign cells. This
study has been interested in establishing whether these differences produce a
measurable variation in the tissue structure and/or composition, and hence the

concentration of electrons.

8.2 Electron density measurements

The results overall were found to be similar for adipose, normal and benign tissues
and much higher for malignant and FCC tissues. When measuring a change in the
electron density it can be seen from equation 3.3 that this may be due to two factors,
one is a difference in the composition and one is a difference in the tissue density.
Within a benign tumour growth there is often an increase in cell proliferation but the
cells themselves are relatively normal. However, in a malignant lesion the structure
and metabolism of the tumour cells and host tissue have a different biochemical
structure (Gould 1997). This implies that the increase in the electron density of benign
tissues compared to adipose may potentially be due to an increase in cell
concentration rather than to changes in composition, as seen in malignant tissues. This
is consistent with the finding that benign tissues ex-vivo have an electron density
which is only slightly higher than adipose tissues and malignant tissues display a

much larger difference.

The other tissue type that was examined and found to have a high electron density was
tissue after fibrocystic change. Although this term encompasses a range of
histological changes, the majority are characterised by tissue fibrosis. This is a
scarring process whereby the stromal (connective tissue) component of the tissue is
increased and collagen accumulates. Although increased mature collagen may be seen
in a few other benign disease processes in the breast, the most pronounced increase
probably occurs during fibrocystic change. This may account for the finding that this

tissue classification had a higher electron density than any other type of tissue, even
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malignant tissue. When examining the tissues exhibiting fibrocystic change it is likely
that any fluid filled pockets (cysts) will become dispersed during tissue collection and

preparation leaving only the dense fibrotic tissue under examination.

As well as a difference in the mean of the samples it was also seen that the
distribution of measurements varied. The spread of the ‘normal’ fibrous tissues and
the FCC tissues was much greater than for the other types and appears to have a
bimodal distribution. As previously discussed in section 4.2.5 it is difficult to know
why this is with a small sample size and may be better explained by examining paired

samples, consisting of a normal and a diseased/abnormal tissue from the same patient.

It is difficult to draw any conclusions from the ‘normal’ fibrous samples for a number
of reasons. The first being that the sample size was small, consisting of only 9
samples. As the power calculations showed, a sample size of at least 42 is needed to
have good statistical results but any sample size below about 12 is considered to small
to analyse properly. The second problem with these samples is the origin of the
normal tissues. Some were taken from healthy patients and some were from diseased
breasts but at a distance from the tumour site. No detailed histopathology has been
carried out on the samples and it is not known if coming from a diseased breast may
have an effect on the tissue, even if it is not part of the tumour. This may have given

rise to a large spread of results. This needs much more investigation.

The synchrotron measurements taken at the ESRF compared well to the laboratory
results and although it was a small sample size it served to be a good test for

reproducibility.

For the electron density measurements the null hypothesis, that all tissue types have
the same median, has proven to be not true. The tissue types have been distinguished
into two groups, one containing the adipose and benign and the other containing FCC
and malignant tissues. The only tissue type that cannot be distinguished from any
other is the normal tissue, due to its large standard deviation. The tissues cannot be

distinctly differentiated from one another at this stage but the work is very promising.
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8.3 Scatter profile measurements

The scatter profile measurements were difficult to correct, especially when using an
EDXRD method. This was improved with a change in sample holder but the
experimental inaccuracies may be larger than any differences in scatter spectra that
are present. If fibrous tissues can be differentiated the differences will be small and so
a very precise measurement system is needed. The sample size for this measurement
is very difficult to determine as there was no real difference in the means of any of the

parameters of the fibrous tissue types (normal, malignant and benign).

The comparison between each tissue parameter showed only significant differences
between two sample groups, the fibrous tissues and tissues with a substantial fat
content (adipose and FCC). Kidane et al (1999) performed a substantial analysis of
the scatter profiles of adipose, benign, FCC and malignant tissues. They concluded
that the measurement of scatter profiles is only sensitive to the relative content of
adipose and fibrous components of the tissue. They go on to state that carcinoma
tissues have less fat pockets than other tissues and so this technique could be used in
tissue differentiation. The present work is in agreement with the conclusion that the
measurements made were only sensitive enough to detect differences between adipose
and fibrous tissue. However the present study has shown that fibroadenoma and
normal fibrous tissues also have a very low fat content. This implies the usefulness of
this technique is severely limited unless more precise measurements can be made that

may detect more subtle differences.

8.4 Multivariate analysis

The multivariate analysis has been shown to be successful in tissue sample
classification. Even with the limited sample numbers used the modelling proved
efficient in tissue classification. The technique was able to utilise the scatter profile
measurements and identify patterns within the data that were not detectable when
looking at each parameter as an individual entity. This combination of measurement
parameters is the key to successful tissue differentiation. The model can be improved

with large sample numbers for each tissue type.
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8.5 Further work

Since completion ofthis project the Radiation laboratory has been awarded a New and
Emerging Technology grant and has attracted considerable private initiative money to
continue this project, combined with work carried out by other members ofthe group.
A new experimental set-up has been designed and built from scratch. This consists of
a molybdenum target high power x-ray tube, focussing optics and three detectors. The
system has been designed such that an ADXRD spectrum and the Compton scatter
measurement can be made simultaneously. The system also has a detector placed to
collect X-Ray Fluorescence data. A photograph of the new measurement system is

given in figure 8.1.

Compton scatter detector
m Goniometer arms (SiliCOl’l drlft)

ADXRD detector X-ray tube

(Scintillation)

Focussing optics

Sample holder

Figure 8.1 The new measurement system at City University

The data collected will be used to construct a multivariate analysis model which will
be optimised once a substantial data set has been collected. Each part of the system

and experimental design has been carefully considered and chosen to get the best
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results from these measurements. The ways in which the present study has been

improved are outlined below.

Tissue availability and supply

One of the main problems has been fresh tissue supply and availability. The project
has now established collaborations with three NHS trust sites who will be supplying
the project with tissues. The tissue bank will also be expanded to include other types
oftissue, including liver, kidney and colon tissues. The tissues will also be supplied as
matched pairs so that the effect of the normal biological variation between patients

may be reduced.

Bulk tissue measurements

The second problem has been the bulk tissue classifications. Up until now the tissue
has been supplied with a general classification. The assessment of the tissue has been
done on parts of the tissue retained by the histopathologist, with adjacent parts being
supplied to the laboratory. This technique has inherent problems in that a block of
tissue can contain a large mixture of adipose and fibrous tissue as well as malignant
and non-malignant areas. Although a diagnosis of a particular disease has been given
the irradiated area may contain different types of tissue. The new system being put
into place will take this into account by using a system where the tissue will be sent to

a histopathologist once the scattering measurements have been performed.

Synchrotron availability

The energy dispersive measurements were the most inaccurate and were the hardest to
correct. The problem so far with performing ADXRD measurements has been the
need for access to a synchrotron. The new system will have the ability to perform
angular dispersive measurements with a scintillation counter mounted on a
goniometer arm, in an identical manner to the synchrotron measurements. The other
advantages offered by the synchrotron are high count rates and a monochromatic
source. The x-ray tube has been equipped with focussing optics. This is an
arrangement of two parabolic x-ray mirrors that monochromate the beam by only
reflecting the K-lines of the molybdenum tube output (17.4keV). They are focussed

into a parallel beam so that no output from the tube is lost and the flux on the sample
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may be increased by more than a factor of 1000, and is also highly monochromatic,

compared to a normal tube output.

Sample holders

The sample holders that have been designed are cylindrical with thin walls made from
plastic which is 100 pm thick. This will allow for simple data corrections without any
loss of flux due to the attenuation ofthe sample holder. The plastic is strong enough to
maintain rigidity and so will be an improvement on the holders with a mylar film

window that tended to bulge at the windowed areas.

Sample degradation

The entire set-up is housed within a refrigerated unit, maintained at +3°C. The tissues
will be maintained at this temperature for the duration of the experiment. This is to
prevent excessive tissue degradation occurring during the measurement process. Once
the measurement has been successfully completed and checked the tissue section will
be placed directly into a container of 10% formalin solution. The samples fixed in
formalin will be returned to the histopathologist for reporting. The samples will only
go through a single freeze cycle, as repeated refreezing of'the sample degrades the cell

structure and integrity.

Length of measurement

A motor will be in place to rotate the sample automatically throughout the entire
measurement. This will be an improvement on the current system of rotating the
system manually at regular intervals during the measurement. This will reduce the
measurement times. As previously discussed the tube output will be massively

increased which will also reduce measurement times.

Attenuation and density measurement

The attenuation coefficient was difficult to accurately measure. The new experiments
will be performed with much smaller samples so that the whole sample will be
irradiated. This does away with the need for an attenuation correction. The density of
the samples will also be directly measured. This will greatly improve on the current

technique which did not measure the tissue density.

154



Chapter 8 Conclusions and Further Work

Calibration
The calibration technique can be improved by measuring a far greater number of
calibration solutions. These measurements will be repeated at regular intervals to test

the reproducibility of the system.

8.6 Summary

The aim of this study was to determine whether broad classifications of breast tissue
can be differentiated between using x-ray scattering properties. In order to assess
whether this was possible the objectives outlined in section 1.1 were fulfilled as
follows:

o Chapter 2 described how the experimental set-up was designed, built. Section
3.3.1 outlined how the system was optimised to measure Compton scattered
radiation to within an acceptable experimental error. Section 5.3.3 showed
how the laboratory set-up was optimised for the collection of coherent scatter
profiles in the laboratory.

o Section 3.4 described the method used to calibrate the system for accurate
electron density quantification.

o The preparation ofthe biological samples and the design of the sample holders
were outlined in section 2.4.

o The results of the electron density measurements were presented and analysed
in sections 4.2.1 and 4.2.2 and statistical methods were applied in section 4.2.3

to assess the validity ofthe study findings.

The overall objective of this planned work is the development of a device that will be
used in the operating theatre to enable surgeons to identify diseased tissue at the
margins of excision. It may also be possible to use the technique as an aid to
histopathologists. The continuation and success of this work could result in an

increase in the efficiency of cancer diagnosis and surgical procedures.

This pilot study has aided the design and optimisation of a new measurement system
installed at City University and to develop novel data analysis techniques capable of

differentiating between breast tissue types.
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Appendix 1

Visual basic program

The following appendix outlines the visual basic program that was written for the data
collection in the laboratory. Figure 4.10 shows the control terminal which was

designed for this purpose.

Figure A. 1 The terminalfor control ofthe electronics

The following list explains the options available to the user via the menu bar at the top

ofthe screen:

» File: This offers the option of opening a LOG file, which then automatically
stores any displayed data.

e CommPort: This enables the user to open or close the communications port,
which is linked to the NIM electronics. When the port is open the button on
the front panel is green and when the port is closed it is red. This menu option
also allows a measurement time to be input. If no measurement time is
specified the count has to be stopped manually, using the 'STOP' button.

*  MSComm: This allows the port settings to be changed.

* Motion: The samples were mounted on a rotating platform and rotated during
data collection to eliminate any effects due to the inhomogeneity of the
sample. The visual basic program controls the rotation of the platform

automatically. The number of rotations desired per sample (m) can be input
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and the motor then rotates the sample by (360/m) degrees between each
measurement.

* Commands: The counter can be controlled via a number of buttons or menu
options. The following flow diagram illustrates the process that is carried out

once the start button has been pressed.

STOP COUNT

Figure A. 2 Aflow chart ofthe measurement program

Once the measurement is complete the user can press the 'Display Counts' button.
This shows the collected counts in a window on the control panel and also writes the
data to the LOG file, if one has been opened. The 'Clear AH' button returns the

counters to zero. The 'Home' button rotates the sample back to a pre-set zero position.
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Appendix 2

Sample Composition Tables
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Sample
A3(0)2
A3(0)1
A28(0)1
A35(0)1
A33(0)2
A33(0)1
A28(0)2
a02
a08
alo
al4
al 5
al 7
tll
114
t20
t53
t59
tum02
tum03
lum04
tumiis
T7(1)2
T18(1)2
T9(0)2
T20(0)2
T59(0)1
T59( 1
T7(0)1
T18(0)1
T20(0)1
benO 1
ben02
ben03
ben04
ben05
ben06
ben07
ben08
ben09

Ln\iron melit

l.aboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory-
Laboratory
Laboratory-
Laboratory
Laboratory
Laboratory
Laboratory-
Laboratory
Laboratory
Laboratory
Laboratory
l.aboratory
Laboratory-
Laboratory
Laboratory
Laboratory
Laboratory-
Laboratory
Laboratory-
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory

Electron density
3.212E+23
3.222E+23

3.288E+23

3.174E+23
3.319E+23
3.272E+23
3.265E+23

3.371 E+23

3.334E+23

3.24IF .+23

3.361 E+23

3.171E+23

3.323E+23
3.472E+23
3.494E+23

3.251 E+23

3.639E+23

3.537E+23
3.292E+23
3.581E+23
3.510E+23
3.324E+23
3.427E+23
3.582E+23
3.586E+23
3.561E+23
3.520E+23
3.533E+23
3.605E+23
3.597E+23
3.475E+23
3.335E+23
3.485E+23
3.394E+23
3.464E+23
3.214E+23
3.366E+23
012E+23
3.284E+23
3.278E+23

w

Physical density
0.961
0.964
0.986
0.948
0.997
0.981
0.979
1.014
1.002
0.971
1.011
0.947
0.998
1.048
1.056
0.974
1.105
1.071
0.988
1.085
1.061
0.998
1.033
1.086
1.087
1.079
1.065
1.069
1.094
1.091
1.049
1.002
1.053
1.022
1.046
0.962
1.012
0.895
0.985
0.983

Oxygen

0.243
0.229
0.345
0.209
0.435
0.353
0.346
0.527
0.441

0.344
0.506
0.074
0.461

0.650
0.680
0.268
0.815
0.730
0.350
0.771

0.698
0.413
0.587
0.774
0.785
0.755
0.710
0.726
0.794
0.788
0.656
0.432
0.669
0.536
0.642
0.176
0.488
-0.383
0.330
0.318
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Carbon
0.627
0.638
0.516
0.664
0.429
0.513
0.521
0.339
0.419
0.527
0.358
0.793
0.407
0.203
0.173
0.594
0.036
0.122
0.510
0.080
0.154
0.445
0.267
0.078
0.067
0.097
0.142
0.126
0.058
0.064
0.197
0.425
0.184
0.319
0.212
0.689
0.368
1.274
0.530
0.542

Hydrogen
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0.113
0.113
0.111
0.114
0.110
0.111
0.112
0.108
0.110
0.112
0.108
0.115
0.109
0.105
0.105
0.112
0.100
0.103
0 111
0.102
0.104
0.110
0.107
0.102
0.101
0.102
0.104
0.103
0.101
0.101
0.105
0.110
0.105
0.108
0.105
0.113
0.109
0.120
0.111
0.112

Nitrogen
0.013
0.016
0.023
0.009
0.021
0.018
0.018
0.023
0.026
0.013
0.023
0.013
0.019
0.037
0.038
0.020
0.044
0.040
0.024
0.042
0.039
0.026
0.034
0.042
0.041
0.041
0.039
0.039
0.043
0.042
0.036
0.028
0.037
0.032
0.036
0.017
0.030
-0.006
0.024
0.023

Sodium
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Sulphur
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Chlorine
0.001
0.001
0 001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Phosphorus
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001



Sample
benlO
B1 14(0)1
B114(2)1
B110(0)1
B 110(1)1
BI1 15(1)1
B1 15(2)1
B112(0)1
Bl 12(2)1
B1 13(0)1
B113(1)1
FCcol
FCCo02
FCCO03
FCCo4
FCCO05
FCCo6
FCCO07
FCCO8
FCCO09
FCC10
Norm03
Norm 04
Nonn05
Norm06
Norm()7
Norm08
Nonn09
Norm 10
A28(0)1
A35(0)1
A33(0)2
T7(1)2
T18(1)2
T20(0)2
T59(0)1
B1 14(0)1
B110(0)1
BI 15(1)1
Bl 13(0)1

Environment
I.aboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
I.aboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory-
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory

Laboratory

Eleetron density
3.270E+23
3.280E+23
3.350H+23

3.283E+23

3.359E+23
3.308E+23
3.275E+23
3.361E+23
3.249E+23
3.325E+23
3.284E+23
3.253E+23
3.639E+23
2.792E+23
3.604E+23
3.670E+23
3.259E+23
3.559E+23
3.097E+23
3.159E+23
3.680E+23
3.225E+23
3.540E+23
3.339E+23
3.485E+23
3.521E+23
3.181E+23
3.240E+23
3.321E+23
3.288E+23
3.174E+23
3.319E+23
3.4270+23
3.582E+23
3.561E+23
3.520E+23
3.280E+23
3.283E+23
3.308E+23
3.325E+23

Physical density
0.980
0.984
1.007
0.984
1.010
0.993
0.982
1.011
0.973
0999
0.985
0.975
1.105
0.823
1.093
1.116
0.977
1.078
0.923
0.943
1.119
0.965
1.072
1.003
1.053
1.065
0.951
0.970
0.997
0.986
0.948
0.997
1.033
1.086
1.079
1.065
0.984
0.984
0.993
0.999

Oxygen

0.300
0.322
0.460
0.326
0.477
0.378
0.309
0.480
0.255
0.415
0.338
0.287
0.831

-1.058
0.797
0.845
0.345
0.751

0.031

0.206
0.852
0.201

0.732
0.440
0.669
0.711

0.103
0.240
0.404
0.342
0.136
0.459
0.587
0.773
0.754
0.710
0.323
0,327
0.380
0.414
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Carbon
0.561
0.539
0.396
0.534
0.380
0.480
0.551
0.376
0.607
0.444
0.523
0.577
0.021
1.984
0.056
0,007
0.522
0.100
0.845
0.667
0.000
0.662
0.120
0,417
0.185
0.141
0.765
0.622
0.454
0.518
0.733
0.409
0.267
0.079
0.098
0.142
0.538
0.533
0.478
0.444

Hydrogen
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0.112
0.112
0.109
0.112
0.109
0.111

0.112
0.109
0.113
0.110
0.111

0.112
0.100
0.127
0.101

0.099
0.112
0.102
0.117
0.115
0.098
0.113
0.103
0.110
0.105
0.104
0.115
0.113
0

Nitrogen
0.023
0.023
0.029
0.024
0,030
0.026
0.023
0.030
0.020
0.027
0.023
0.019
0.044
-0.038
0.042
0.045
0.016
0.041
0.002
0.007
0.045
0.018
0.040
0.028
0.037
0.040
0.014
0.019
0.027
0.024
0.011
0.018
0.034
0.042
0.041
0.039
0.023
0.024
0.026
0.027

Sodium
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Sulphur
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Chlurine
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Phosphorui
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001



Sample
A28(0)I
A35(0)1
A33(0)2
T7(1)2
T18(1)2
T20(0)2
T59(0)I
B 114(0)1
B 110(0)1
B 115(1)1
B 113(0)1
a2
a06( 1)
a06(2)
a06(3)
a08
alo
al4
als
al7
til
114
120
t53
t59
tumOl
tum02
tumO03
tum04
tumO05
benOl
ben<)2
ben03
ben04
ben05
ben07
ben08
ben09
ben 10
FCCOI

Environment
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
Daresbury SRS
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
F.SRF
ESRF
ESRF
ESRF
ESRF
ESRF
F.SRF
ESRF
ESRF
ESRF
ESRF
F.SRF

Eleetron density

3.288E+23
3.174E+23
3.319E+23
3427E+23
3.582E+23
3.561E+23
3.520E+23
3.280E+23
3.283E+23
3.308E+23
3.325E+23
3.110E+23
3.298E+23
3.307E+23
3.480E+23
3.222E+23
3.137E+23
3.286E+23
3.148E+23
3.115E+23
3.504E+23
3.524E+23
3.506E+23
3.620E+23
3.677E+23
3.595E+23
3.517E+23
3.659E+23
3.583E+23
3.476E+23
3.202E+23
3.322E+23
3.359E+23
3.206E+23
3.309E+23
3.169E+23
3.335E+23
3.265F.+23
3.437E+23
3.635E+23

Phvsieal density

0.99
0.95
1.00
1.03
1.09
1.08
1.06
0.98
0.98
0.99
1.00
093
0.99
0.99
1.05
0.96
0.94
0.99
0.94
0.93
1.06
1.07
1.06
1.10
1.12
1.09
1.06
11
1.09
1.05
0.96
1.00
1.01
0.96
0.99
0.95
1.00
0.98
1.04
1.10

Oxygen
0.342
0.136
0.449
0.587
0.773
0.754
0.710
0.323
0.327
0.380
0414
0.188
0.369
0.440
0.662
0.214
0.221
0.402
0.012
0.194
0.692
0.714
0.694
0.802
0.835
0.808
0.708
0.827
0.773
0.657
0.283
0.405
0475
0.154
0.379
0.061
0432
0.289
0.601
0.817

Appendices

Carbon
0.518
0.733
0417
0.267
0.079
0.098
0.142
0.538
0.533
0478
0.444
0.691
0.492
0.429
0.192
0.652
0.656
0.466
0.858
0.684
0.161
0.139
0.159
0.050
0.018
0.046
0.144
0.025
0.078
0.196
0.590
0453
0.382
0.714
0.480
0.810
0425
0.573
0.252
0.035

Hydrogen

161

0.111

0.115
0.110
0.107
0.102
0.102
0.104
0.112
0.112
0.111

0.110
0.116
0.111

0.110
0.105
0.113
0.115
0.111

0.116
0.116
0.104
0.104
0.104
0.100
0.098
0.101

0.104
0.099
0.102
0.105
0.113
0.110
0.109
0.114
0.111

0.115
0.110
0.112
0.106
0.100

Nitrogen
0.024
0.011
0.020
0.034
0.042
0.041
0.039
0.023
0.024
0.026
0.027
0.001
0.024
0.018
0.037
0.017
0.003
0.017
0.010
0.002
0.039
0.040
0.038
0.043
0.044
0.041
0.039
0.044
0.042
0.037
0.010
0.027
0.030
0.016
0.026
0.013
0.028
0.022
0.035
0.044

Sodium
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Sulphur
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0,001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Chlorine
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Phosphorus
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001



Sample
FCCO02
FCCO03
FCCo04
FCCO05
FCCO06
FCCo07
FCCO08
FCC09
FCC 10
NormOI
Norm02
Norm04
Norm05
Norm06
Norm07
Norm08
Norm09
Norm 10

Environment

ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF
ESRF

Electron density

WOW W W W W W W W W W W WD W W W W

600E+23
499E+23

642E+23
639E+23
890E+23

.643E+23

368E+23
050E+23
575E+23

242E+23
262E+23

303E+23
357E+23
380E+23

584E+23
I35E+23
126E+23
251E+23

Physical density

1.09
1.06
1.11
111
0.85
111
1.01
091
1.08
0.97
0.98
0.99
1.01
1.02
1.09
0.94
0.93
0.97

Oxygen
0.789
0.685
0.819
0.823
-0.398
0.819
0.510
0.042
0.767
0.286
0.322
0.370
0.473
0.515
0.774
0. 000
0. 000
0.256
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Carbon

0

162

o o o

©c o © o o © © © © © © o ©

063

167

.033

028
299
034

353

839

.084

580
542

489

384

342
078

870
870

.605

Hydrogen
0.

0

0
0
0
0
0
0

0
0
0
0
0
0.
0
0
0
0

101

104
100
100
124
100
108
117
102
112
112
11

109
108
102
116
117
113

Nitrogen
0.042
0.038
0.044
0.044
-0.020
0.044
0.026
-0.003
0.042
0.017
0.019
0.025
0.029
0.030
0.042
0.009
0.008
0.021

Sodium
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0. 001
0. 001
0. 001
0. 001
0.001
0.001
0.001
0. 001

Sulphur

0

o o o © © © © © © © © © © o ©o © ©

.002

002
002
002
002
002
002
002

.002
002
.002
.002
.002
002
002

002
002
002

Chlorine
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0. 001
0.001
0. 001
0.001
0. 001
0. 001
0.001
0.001
0.001

Phosphorus
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
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Appendix 3

Publications
The work undertaken for this thesis has been included in the following publications:

1. Ryan E and Farquharson M J 2004 Angular dispersive X-ray scattering from breast
tissue using synchrotron radiation Radiation Physics and Chemistry 71 971 -
972

2. Ryan, E., Farquharson, M. J., and Geraki, K. 2004 Measurement and analysis of
coherent scatter profiles for adipose, benign and malignant breast tissue
differentiation. Proceedings from the European Conference on X-Ray
Spectrometry, Sardinia Conference Proceedings

3. Ryan E A, Farquharson M J, and Flinton D M 2005 The use of Compton scattering
to differentiate between classifications of normal and diseased breast tissue
Physics in Medicine and Biology 50 3337-3348
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