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ABSTRACT

The accurate and safe diagnosis of breast cancer is a significant societal issue,
with annual disease incidence of 48,000 women and around 370 men in the UK.
Early diagnosis of the disease allows more conservative treatments and better

patient outcomes.

Microcalcifications in breast tissue are an important indicator for breast cancers,
and often the only sign of their presence. Several studies have suggested that
the type of calcification formed may act as a marker for malignancy and its

presence may be of biological significance.

In this work, breast calcifications are studied with FTIR, synchrotron FTIR, ATR
FTIR, and Raman mapping to explore their disease specific composition. From
a comparison between vibrational spectroscopy and routine staining procedures
it becomes clear that calcium builds up prior to calcification formation. Raman
and FTIR indicate the same size for calcifications and are in agreement with
routine staining techniques. From the synchrotron FTIR measurements it can be
proven that amide is present in the centre of the calcifications and the intensity
of the bands depends on the pathology. Special attention is paid to the type of

carbonate substitution in the calcifications relating to different pathology grades.

In contrast to mammography, Raman spectroscopy has the capability to
distinguish calcifications based on their chemical composition. The ultimate goal
is to turn the acquired knowledge from the mapping studies into a clinical tool
based on deep Raman spectroscopy. Deep Raman techniques have a
considerable potential to reduce large numbers of normal biopsies, reduce the
time delay between screening and diagnosis and therefore diminish patient

anxiety.

In order to achieve this, a deep Raman system is designed and after evaluation
of its performance tested on buried calcification standards in porcine soft tissue
and human mammary tissue. It is shown that, when the calcification is probed

through tissue, the strong 960 cm™ phosphate band can be used as a pseudo



marker for carbonate substitution which is related to the pathology of the
surrounding tissue. Furthermore, the first study in which human breast
calcifications are measured in bulk tissue with a thickness of several millimetres
to centimetres is presented. To date, measurements have been performed at 41
specimens with a thickness up to 25 mm. Measurements could be performed
through skin and blue dye.

The proposed deep Raman technique is promising for probing of calcifications

through tissue but will need refinement before being adopted in hospitals.

Keywords: Breast cancer, apatite, FTIR (Fourier Transform InfraRed),
synchrotron FTIR, ATR (attenuated total reflection), Raman mapping, deep

Raman, Transmission Raman spectroscopy
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GLOSSARY

4T1: A mineralising breast cell line.

ACP: Amorphous calcium phosphate.

Adipose tissue: fat.

ALP: alkaline phosphatase.

Amide I: FTIR amide vibration band in the 1600 - 1700 cm™ region.

Amide II: FTIR amide vibration band in the 1500 - 1600 cm™ region.

Anti-Stokes: Inelastic scattering event in which the scattered photon has a
higher energy than the incident photon.

Apatite: Hydroxyapatite, material type |l calcifications are made of, a phosphate
mineral with chemical composition Ca;o(PO4)s(OH)..

AR: Alizarin Red staining, a routine stain used in pathology to visualise calcified
material. Calcium is stained in red.

ATR FTIR: Attenuated total reflection FTIR, a form of FTIR in which a higher
spatial resolution is obtained by employing a crystal with a higher refractive
index than the material that is investigated.

A-type (substitution): The hydroxygroup of the apatite is substituted by
carbonate.

B22: FTIR beamline Diamond synchrotron used for studies.

BG: betaglycerophosphate.

B-type (substitution): The phosphate group of the apatite is substituted by
carbonate.

Calcifications (breast calcifications): Calcified material in the breast. See
type | and type Il

Carcinoma: Cancer arising from the epithelial cells.

CCD: charge coupled device, a type of detector.

COD: Calcium oxalate dihydrate (CaC,04:2H,0), the material type |
calcifications consist of.

COHAP: Carbonate substituted HAP.

COM: Calcium oxalate monohydrate, a standard for COD.

CW: Continuous wave, a non-pulsed laser.

DCIS: Ductal carcinoma in situ. Cancer arising in the epithelial cells of the
ducts.

Deep Raman: Raman spectroscopy adapted in such a way that photons from
deeper depths can be measured.

De-paraffin: The removal of paraffin from slides of a pathology block. In our
studies this is done by using hexane.

Elastic scattering: Rayleigh scattering, the energy of the incident photon is
equal to the energy of the scattered photon.

Epithelium: Type of cell lining the breast ducts.

Extracellular matrix: Complex network produced and excreted by cells to
extracellular space which provides the cells structural support and
influences their physiology and development.

Ex vivo (measurements): Measurements done outside an organism, for
example on excised tissue.
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Glossary

FPA: Focal plane array, a type of detector.

FTIR: Fourier transform infrared, a vibrational technique that examines the
chemical compositions by probing chemical bonds.

FWHM: Full width half maximum.

G: glycerol.

GLREC: Gloucestershire Local Research Ethics Committee.

HAP: hydroxyapatatite, the material type Il calcifications consist of.

H&E: Haematoxylin and eosin, a routine staining procedure that stains the
nuclei of the cells purple and the surrounding tissue a range of orange
hues.

Horizontal view: Modality during mammography in which the breast is
compressed top to bottom.

Inactive breast: No lactation or pregnancy.

Inelastic scattering: Scattering event in which the energy of the incident and
the scattered photon differs.

Invasive cancer: Tumour spreading to other parts of the body.

Inverse SORS: SORS measurements in which the excitation is done in a ring,
and the collection in the centre of the ring.

In vivo (measurements): Measurements done in an intact cell or organism.

IRENI: FTIR beamline Synchrotron Radiation Center (WI, USA) used for
studies.

Kerr gating: A type of deep Raman spectroscopy based on temporal
differences of signals from different depths.

LCIS: Lobular carcinoma in situ. Cancer arising in the epithelial cells of the
lobules.

L-type (carbonate substitution): The carbonate is within the surface hydration
layer of the apatite.

Macrocalcifications: Larger calcifications with a size up to several millimetres.

Mammography: Screening technique used in the NHSBSP. The breast is
examined with X-ray after compression from either top to bottom or left to
right.

Metastasis: Spread of cancer.

Mie scattering: Scattering of photons by a sphere.

MRI: Magnetic resonance imaging, a medical imaging technique in which a
magnetic field is applied and the alignment of the protons returning to their
original state is measured when the field is removed.

MRNA: messenger RNA.

NBSP: National breast screening programme.

Near-IR: Region of the electromagnetic spectrum, = 780 - 3000 nm.

NHSBSP: NHS breast screening programme.

Oblique view: Modality during mammography in which the breast is
compressed left to right.

One stop clinic: Triple assessment consisting of mammogram and/or
ultrasound, family history and clinical examination and a biopsy done in one
day.

OPN: Osteopontin, a bone matrix protein expressed by human breast cancer
cells.
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Glossary

Pi: Phosphate.

PCA: Principal component analysis, a multivariate data analysis used to
decrease the amount of data.

PCA-LDA: Principal component analysis linear discriminant analysis

PCA load: All data is compressed to a smaller amount of loads than spectra.
Each load shows the next largest variation in the spectrum.

PCA score: The PCA scores indicate how much of the corresponding load is in
the original spectrum of the specimen.

PPi: Pyrophosphate.

Raman mapping: A combination of microscopy and Raman spectroscopy. By
measuring a Raman spectrum on every position, a chemical map can be
created.

Raman scattering: Inelastic scattering event of photons.

Raman shift: The shift in wavelength between the incident and scattered
photon.

Rayleigh scattering: Elastic scattering event, the energy of the incident photon
is equal to the energy of the scattered photon (elastic scattering).

Resonance Raman: A variant of Raman spectroscopy where an excitation
wavelength close to an absorption band is used to enhance the probability.

SERS: Surface enhanced Raman spectroscopy. Due to the interactions with a
roughened metal surface the Raman signal is dramatically improved by
electromagnetic and chemical enhancement.

SESORS: Surface enhanced spatially offset Raman spectroscopy, a
combination of SERS and SORS which will increase the Raman signal
compared to SORS.

SNR: Signal to noise ratio.

SORS: Spatially offset Raman spectroscopy, a distance is introduced between
the excitation and collection.

Spatial approach: Discrimination of signals based on position differences.

Stokes: Inelastic scattering event in which the scattered photon has a lower
energy than the incident photon.

Synchrotron: Facility where intense beams of lights are produced by
accelerating electrons along a circular trajectory.

Temporal approach: Discrimination of signal based on differences in time.

TNM: Tumour Node Metastasis staging.

Transmission Raman: An extreme form of SORS in which the signal is
collected on the opposite end of the sample.

Turbid media: highly scattering media.

Type | calcifications: calcifications consisting of COD

Type Il calcifications: calcifications consisting of HAP.

US: Ultrasound, a medical imaging technique, US is often used for biopsy
guidance.

VK: von Kossa staining, a routine stain which stains calcified material black.

Whitlockite: calcium phosphate mineral with composition Caz(POa,)..

X-ray: Region of the electromagnetic spectrum, + 0.1 - 10 nm.
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1 Introduction

1.1 Breast disease and anatomy

1.1.1 Breast disease

Breast cancer is the most common type of cancer among women and accounts
for 30.6% of all cancers among women (figure 1.1). In 2009, 48,417 women
were diagnosed (and 371 men) with breast cancer in the UK alone (Cancer
Research UK, 2012a).

30.6%

M Breast
M Bowel®
0 o M Lung
40T M Uterus
2.3% — B Ovary
, E mMalignant Melanoma
2.7% —\ [0 Mon-Hodgkin Lymphoma
[ Pancreas
3.6% O Kidney
[ Leukaemia
M Other Sites**

“11.7%

! 11.6%

Figure 1.1: Most common cancers among females in the UK in 2009 (Cancer
Research UK, 2012b).

Breast cancer incidence in the UK is 124 per 100,000 women (about 1 in every
8 women). There is however a strong relation between age and incidence. In
the 20-24 years old age group, the incidence per 100,000 women is 1.4 while
for example the incidence in the age group 40-44 years old is 121.4 per
100,000, and 400.1 in the 65-69 age group (Cancer Research UK, 2012b). The

incidence numbers per age group are displayed in figure 1.2.
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Figure 1.2: Number of breast cases per year and age-specific incidence rates per
100,000 women in the UK (Cancer Research UK, 2012b).

Other important risk factors are a family history of breast cancer (linked to the
BRCA1 and BRCA2 genes), previous breast disease, the age at menarche,
menopause and the first pregnancy (McPherson, 2000), and the
mammographic density. The mammographic density is a measure for the tissue
composition. While fat appears dark on a mammogram, epithelium and stroma
(connective tissue) are radiographically dense and appear light on a
mammogram. The risk of breast cancer increases four to six times for women
with dense tissue in 75% or more of the breast compared to women with little or
no dense tissue in the breast (Boyd et al., 2007).

Carcinoma, a cancer arising from the epithelial cells, is the most common
cancer in the breast and can be divided into several classes and grades
according to the tumour node metastasis staging described in section 1.1.4.
Carcinoma is often split in ductal and lobular carcinoma named after the
believed origin of the cancer i.e. the ducts or the lobules. Although it is now
known that both types originate from the terminal duct lobular unit these names
are still commonly used (Sainsbury, 2000). Ductal carcinoma is much more

common than lobular carcinoma and accounts for 90% of the breast carcinomas
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(Cassidy et al., 2006). As the male breast contains ductal epithelium, carcinoma
can develop in men as well although the incidence is much lower. Breast cancer

accounts for only 0.2% of cancers among men (Cancer Research UK, 2012a).

In situ disease represents the first stage (ductal carcinoma in situ or DCIS and
lobular carcinoma in situ or LCIS) in which the tumour remains within the
confines of the ductal basement membrane. It is estimated that the probability
of development from DCIS into invasive cancer (when the tumour spreads to
other parts of the human body) is between 30 and 50% (Cassidy et al., 2006).
Invasive ductal carcinoma (IDC) accounts for 75% of all breast cancers
(Cassidy et al., 2006).

1.1.2 Breast anatomy

In women, the breast contains a mammary gland that secretes milk for feeding
infants. During the lactation stage, milk is produced in the lobules which are
drained into the ducts towards the nipple. Each lobule consists of circa twenty
acini which open into the terminal duct. Similar to ducts, the acini are lined with
a single layer of epithelial cells and an external layer of myoepithelial cells
around the basal membrane (Guinebretiere et al., 2005). The anatomy of the

human (female) breast is shown in figure 1.3.

When the breast is inactive (no pregnancy and lactation) the lobules consist
almost entirely of branching ducts surrounded by connective and adipose (fat)
tissue (Kopans, 2007). During pregnancy the glandular tissue increases in size

by growth, branching of the ducts, and formation of acini from the ducts.
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Figure 1.3: Anatomy of the human breast (training.seer.cancer.gov accessed
August 11, 2010).

1.1.3 Detection of breast cancer

The prognosis of breast cancer patients is strongly correlated with the stage in
which the disease is detected. Early diagnosis allows more conservative
treatment and better patient outcomes. Screening will result in detecting cancer
in an earlier (and more treatable) phase resulting in lower mortality rates.
Mammography is the standard method to screen for breast cancer, the NHS
alone screened over 2.1 million women in the year 2009/2010 with this
technique (Patnick, 2011). There is no evidence that clinical examination, breast
ultrasound, or teaching self-examination are effective tools for early detection
(Blamey, 2000).

The UK National Breast Screening Programme (NBSP) offers three-yearly
mammography screening. Originally the age range of the women invited for
screening was 50-64 years which was in 2002-2004 expanded to 50-70 years.

4
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Currently the range is further expanded; by the end of 2012 all women between
47 and 73 years old will be invited (Duffy et al., 2010).

During mammography, the breast is examined with X-ray after compression
from top to bottom for the horizontal view, and left to right for the oblique view.
In general, dense materials such as calcifications (or bone material) would
absorb more radiation and are typically displayed in white, while less dense
materials such as breast tissue absorb less radiation and appear dark in
mammograms. Due to the higher density of breast tissue in breast of young
women, the contrast is low and mammography is less sensitive which results in
an age restriction on the applicability of this technique. An overview of the
techniques that can be applied to improve the contrast is given by Cheng et al.
(2003). A typical range of density of mammograms is shown in figure 1.4 for the

horizontal view (upper row) and oblique view (lower row).

Figure 1.4: Example of the range in density visible in mammography. Horizontal
views are shown in the upper row and oblique views in the lower row. (Images
kindly provided by Prof. lain Lyburn, radiologist at Cheltenham General
Hospital).

When an abnormality is found during mammography, the patient will be referred
to the ‘one stop clinic’ where a triple assessment will be carried out consisting of

the following:

1. Mammogram and/or ultrasound. The combined use of mammography

and ultrasound increases the sensitivity (Kuhl et al., 2005; Zonderland et
5
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al., 1999). Ultrasound is often used to examine young (or pregnant)
women who cannot be examined with mammography and can be used to
target the location of a biopsy (Nover et al., 2009).

2. Family history and clinical examination by a clinician

3. Biopsy

Women who show symptoms of breast disease, such as a lump felt during
breast self-examination, can be referred to the one stop clinic by their GP.
Women with a higher-than-average risk of developing breast cancer may be
offered additional screening and genetic testing. In the future, the use of
molecular markers as a screening tool may be beneficial for this specific group.

A techniqgue suitable for younger women, with symptoms or a family history is
magnetic resonance imaging (MRI) (Kuhl et al., 2005). In figure 1.5, a typical
example of an MRI image is shown in panel C, alongside the mammogram
images in panel A and B.

Figure 1.5: Mammogram versus MRI scan; A) Horizontal view mammogram; B)
Oblique view mammogram; C) MRI scan (images kindly provided by Prof. lain
Lyburn, radiologist at Cheltenham General Hospital).

MRI is based on the alignment of protons to a magnetic field applied. When the

magnetic field is removed, the alignments of the protons return to their original

state. A picture is then formed based on the different rates of return to the
6
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equilibrium state (Nover et al., 2009). MRI is typically more sensitive than
mammography and therefore used to obtain extra information after a suspicious
mammogram (Kriege et al., 2004; Orel and Schnall, 2001). The specificity of
MRI is limited (in contrast to the sensitivity which is remarkably high), the
technique is costly and the cost-effectiveness is debated and therefore this
method is not routinely used in the breast screening programme (Orel and
Schnall, 2001).

1.1.4 Pathology of breast disease

When an abnormality is detected, the diagnosis is made based on a tissue
biopsy which is examined by pathologists. Biopsy is currently the ‘gold standard’
for breast cancer diagnosis. Staining of biopsies by a pathologist is a routine
procedure in order to pick out differences in pathology more easily. H&E
(haematoxylin and eosin) is the first stain performed on almost all (sectioned)
specimens in medicine. Haematoxylin stains the cell nuclei blue, the eosin
counter stain changes the colour of blue-stained nuclei towards purple and
provides a range of orange hues for the surrounding tissue. By providing the
different colours to specific elements of the specimen the morphology of cells

and tissues is more readily defined by the pathologist.

Pathology samples are staged in order to create a patient specific treatment
plan. Breast cancer staging can be done with the ‘tumour, node, metastasis’
(TNM) staging system. It takes the size of the tumour into account, whether the
nodes are affected and whether or not the cancer has spread (metastasis). An

overview of the TNM method is given in table 1.1 (Cassidy et al., 2006).
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T Tumour size Specifics
Tis In situ disease only
T1 <2cm

<0.1 cm

Tla 0.1-0.5cm

Tib 0.5-1.0cm

Tlc 1.0-2.0cm
T2 2.0-50cm
T3 >5.0cm

T4 Any size Involvement of chest wall or skin
T4a  Any size Spread into chest wall
T4b  Any size Spread into skin
T4c  Any size Fixed to chest wall and skin
T4d  Any size Inflammatory cancer
NX Not assessed
NO Negative lymph nodes
N1 Positive mobile axillary lymph nodes (armpit)
N2a Positive fixed axillary lymph nodes
N2b Internal mammary nodes clinical apparent (behind breast bone)

N3a Positive lymph node infraclavical (below collarbone)
N3b Positive axillary and internal mammary nodes
N3c Positive supraclavicular node (above collarbone)

\Y Metastasis assessment

MO No sign of metastasis
M1 Positive evidence of distant metastasis

Table 1.1: Overview of TNM (Tumour, Node, Metastasis) staging system, adapted
from (Cassidy et al., 2006).

The TNM staging does not take the histological grade into account which is a
prognostic factor strongly associated with both breast cancer-specific and
disease-free survival (Rakha et al., 2008). The survival rate of patients with
grade | tumours is significantly better than that of patients with grade Il or IlI
tumours (Elston and Ellis, 1991). The Nottingham Prognostic Index (NPI)
combines tumour size, nodal status and histological grade. The NPI is given by
the following relationship:
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NPI = Lymph node stage (1 — 3) + histological grade (1 — 3)
+ 0.2 * tumour size (cm)

Equation 1: Calculation of the Nottingham Prognostic Index (NPI).

A lymph node stage of one means that no lymph nodes are involved. A lymph
node stage of two includes patient with up to three lymph nodes involved. When
four or more lymph nodes are involved and/ or an internal lymph node the grade
equals three. The score of the histological grade equals the grade itself i.e. I=1,
[1=2, and 1lI=3 (Lee and Ellis, 2008). A NPI value lower than 2.4 indicates an
excellent prognosis, between 2.4 and 3.4 equals 'good’, 3.4- 5.4 'moderate’, and

above 5.4 a poor prognosis.

Samples can also be tested for the oestrogen and progesterone receptor status
and HER2 expression. 60-75% of breast cancers are oestrogen receptor
positive (Cassidy et al., 2006). Oestrogen and progesterone can stimulate the
growth of these breast cancers and hormone therapy can block the effect or
lower the amount of oestrogen and progesterone in the body. HER2 is a protein
that functions as a growth factor receptor and is expressed in 25-30% of breast
cancers (Cassidy et al., 2006). When patients are HER2 positive, they can be
treated with the antibody Herceptin.

Although pathologists are highly trained and skilled, pathology remains a
subjective approach that is time consuming and expensive. In a study by
Parham et al. (2010) fifteen H&E slides were examined by seven general
pathologists and five pathologists with a special interest in breast pathology.
The majority diagnosis of the pathologists with a special interest was used as
the gold standard and compared to the diagnosis of the individual general
pathologists. The pathologists with a special interest obtained an 85%
agreement in the first round and 82% in the second round six months later. The
general pathologists reached 75% agreement in the first round and 72% in the
second round. An objective and accurate method would clearly mean a leap

forward in cancer diagnostics.
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1.2 Breast cancer screening and the clinical need of a new tool

Upon examination by pathologists, most biopsies turn out to be negative. A
study by Weaver et al. (2006) done at the seven community-based
mammography registries located in California, Colorado, New Hampshire, New
Mexico, North Carolina, and Washington (USA) indicated that from 26,748
biopsies from the breast cancer surveillance data from 1996-2001, only 8815
were followed by diagnosis of breast cancer (33%). Of the breast cancers, 81%
were invasive carcinoma and 19% DCIS. In the UK, the NHSBSP recalled
89,164 women after mammography in the age group 45-74 (4.2% of the total
amount of 2,102,870 women) in 2009/2010, of which 16,476 turned out to have
breast cancer which is 18.5% of the amount of recalls (Patnick, 2011). The
numbers of recalls are displayed in figure 1.6 in orange, and are split into
malignant (red) and non-malignant (green).

B No further assesment Il Detected Malignancies
| IRecalled for assesment ["INo malignancies present

Am

Figure 1.6: Amount of recalls in NHSBSP 2009/2010 (based upon numbers of
Patnick 2011).

Due to the time delay between screening, biopsy, and diagnosis, the current
procedure is very stressful for the woman involved. A new technique which
could be used in vivo would not only reduce time delay and stress, but also the

amount of biopsies and the costs associated with biopsies. It is estimated that a
10
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fine needle aspiration cytology costs £35.52, a core biopsy including equipment
£49.25, and day case and inpatient excision biopsies including pathology costs
£539 and £812, respectively (Dey et al., 2002). It should be noted that the use
of fine needle aspiration cytology is not recommended for calcification biopsy as
it is not possible to confirm representative sampling (Evans et al., 2002).
Vacuum-assisted biopsy has a higher calcification retrieval yield and is the
method of choice to biopsy calcifications (Liberman et al., 1998b). Biopsy costs
in the USA were evaluated by Liberman et al. (2001) who found that the costs
of a stereotactic biopsy of one site were $764 (with clip) or $695 (without clip)
and for two sites $1,345 (with clips) or $1,234 (without clips). Needle
localisation and surgical biopsy costs $1,502 (with margin analysis) or $1,435
(without margin analysis) for one site and $2195 (with margin analysis) or $

2,127 (without margin analysis) for two sites.

In this thesis, the potential incorporation of deep Raman into the breast
screening programme is evaluated. Currently, the presence of calcifications in
the breast is used as a diagnostic marker but the chemical composition of the
calcification is not taken into account. This chemical composition is however
related to disease. There is no reliable method to separate different types of
calcifications with mammography although several algorithms have been
proposed based on for example size, shape, and number (Fandos-Morera et

al., 1988; Galkin et al., 1983) but these are not very effective in all situations.

It is estimated that microcalcifications are the primary indication for
approximately 50% of the breast biopsies performed for non-palpable
mammographic abnormalities (Johnson et al., 1999), although retrospectively
most biopsies contain calcifications. This number is in agreement with Glilsiin et
al. (2003) who state that 30-50% of nonpalpable breast cancers present
themselves as microcalcifications alone. National figures regarding the
proportion of breast biopsies due to calcifications are unknown for the UK, but it
is well known that the recall rate is two times higher in the USA (Elmore et al.,
2005) which is thought to be related to extra investigations of calcifications. The

number of biopsies due to calcifications in the UK is therefore thought to be
11
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lower. Private communication with Miss Sarah Vesty, breast surgeon at
GHNHSFT, revealed that within Gloucestershire Hospitals 15% of the biopsies
(group size 400) are solely due to calcifications (Vesty, 2013) which is two times

less than the USA figures.

Probing the chemical composition in vivo as an adjunct to mammography would
reduce the amount of (unnecessary) biopsies and reduce the time delay in
clinic; especially in the USA where recall rates are higher. Raman spectroscopy
has shown to have the potential to probe the chemical composition of
calcifications ex vivo (Haka et al., 2002). In figure 1.7 an overview of the current

time line is given.

=3 4
| 3 visit
diagnosis

Time delay

Figure 1.7: Overview of the current screening programme (in case an
abnormality is detected).

Over the last few years, breast screening programmes have been criticised in
the literature (Kalager et al.,, 2012). It is often claimed that the high rates of
DCIS found are due to over diagnosis with the associated lesions not
presenting a clinical problem or threatening patient’s life. Another possibility
would therefore be to use deep Raman spectroscopy to monitor disease

progress since not in all cases clinical interference would be beneficial.

1.3 Calcifications in the breast

The formation of crystalline and semi-crystalline materials occurs extensively

within many types of biological tissues due to natural biological processes (such

as bone and tooth growth), but also as a result of disease progression (for

example prostate and thyroid cancer), drug therapies and implants. The
12
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presence of calcifications in breast is one of the features screened for during
mammographic screening and one of the most common abnormalities identified
(Purdie and McLean, 2009). The presence of calcifications is related to high
histological grade in both DCIS (Mun et al., 2013) and invasive breast cancer
(James et al., 2003).

A typical example of mammography in which calcifications are found is shown

in figure 1.8.

Figure 1.8: Mammography of breast with diffuse calcification in left breast A)
horizontal view right breast; B) horizontal view left breast; C) Zoom of left breast
horizontal view; D) oblique view right breast; E) oblique view left breast; F) Zoom
of oblique view left breast (Images kindly provided by Prof. lain Lyburn,
radiologist at Cheltenham General Hospital).

In panel A and B the horizontal view of the right and left breast are shown,

followed by an enlarged version of the left breast in panel C. In this panel

13
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microcalcifications can be distinguished. In panel D and E an oblique view is
presented. A zoom of the oblique view of the left breast is shown in panel F in
which microcalcifications can be observed again.

The amount of calcifications present in the breast ranges from study to study
since it is often not the key research question and the methods of estimating the
amount of calcifications range. As previously mentioned, Johnson et al. (1999)
estimated that half the biopsies performed after a mammographic abnormality
are due to the presence of calcifications, while Evans et al. (2002) estimate that
in 80-90% of mammographic abnormalities in DCIS calcifications are present.
According to Sickles (1982) 60-80% of cancers are shown to contain
calcifications upon histology examination. These humbers cannot be compared
since all of the numbers describe another statistic. Although there might not be
a standard way of reporting the amount of calcifications in the breast,
calcifications are currently the primary guide used in radiology, surgery, and

pathology during the diagnostic evaluation (Johnson et al., 1999).

While microcalcifications have a typical size ranging from 50-500 micron (Evans
et al.,, 2002), calcifications can reach sizes of a few millimetres. Figure 1.9

shows an example of a macrocalcification in panel A, and of microcalcifications

in panel B.

Figure 1.9 A) Mammogram with macrocalcification; B) mammogram with
microcalcifications (images kindly provided by Prof. lain Lyburn, radiologist
Cheltenham General Hospital).

A correlation between such large macrocalcifications and cancer has not been
found and further monitoring or treatment is not necessary when the

macrocalcifications are seen on mammograms. Therefore, for the rest of the
14
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thesis macrocalcifications are not discussed and the term ‘calcification’ will refer

specifically to microcalcifications.

Breast calcifications can also be found in men. These calcifications are typically
coarser, fewer in number, and more widely scattered than those in female
breast cancer (Adibelli et al., 2010). Since breast cancer in males is rare and
not routinely screened for, calcifications in the rest of this thesis will refer to

calcifications found in the female breast.

The incidence of calcification in carcinoma in situ is more common in younger
patients and in higher grade lesions (Tse et al., 2007). In a large study by Tabar
et al. (2004), the 24-year survival of 714 women with 1-14 mm invasive breast
carcinoma was studied. In 7% of the cases calcifications were observed (52
cases) and this was associated with a positive lymph node status (spread to
lymph node), poorer histologic grade and a decreased survival rate. It has been
reported that removal of calcifications correlates significantly with a lower rate of

upgrade from atypical ductal hyperplasia to carcinoma (Nguyen et al., 2010).

Radiography of biopsy specimens is an integral part of the biopsy process
(Liberman et al., 1994). In a study of Margolin et al. (2004) it is shown that
biopsy cores containing calcification (based on specimen radiographs) were
more likely to enable an accurate diagnosis than cores without calcifications.
Furthermore, it was less likely to miss a cancer diagnosis in the samples with
calcifications. Radiography is sometimes used to verify the presence of the
lesion in the surgical biopsies. If no calcifications are present the surgeon would
then be informed and a wider excision would be performed immediately instead
of summoning patients back to theatre at a later time (Johnson et al., 1999;
Liberman et al., 1994). In figure 1.10 X-ray images are shown of excised tissue
with a wire to target the correct location (panel A), a typical example of an X-ray
machine used in theatre (panel B), microcalcifications in a slice (panel C), and

microcalcifications in core specimens (panel D).
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Figure 1.10: A) X-ray image of surgical specimen; B) X-ray machine used in
theatres; C) X-ray image of microcalcifications in slice; and D) X-ray image of
microcalcifications in core specimens (www.faxitron.com).

Although microcalcifications are relatively common in breast carcinoma, their
presence is however also a common feature in benign breast lesions. According
to Popli (2002) the amount of cases in which calcifications are found steadily
increases with age up to 86% of the mammograms of women between the age
of 76 and 79. Since the breast screening programme examines women in the
age range from 47-73 years old, the presence of microcalcifications is a

frequent occurrence.

In order to distinguish calcifications related to benign and malignant surrounding
tissue, several algorithms have been proposed based on, for example, size,
shape, and grouping characteristics such as the size and shape of the cluster
and the amount of calcifications in the cluster. For example, the shape of most
calcification clusters surrounded by breast tissue with benign pathology grade
tend to be round or oval, while the majority of clusters associated with ‘in situ’
breast disease have an irregular shape, 80% of the in situ cases, which is
sometimes V-shaped (10% of the irregular shapes) (Evans et al., 2002). As a
general rule, the smaller the cluster the less characteristic it is for breast
disease. In a study by Fondrinier et al. (2002) 44% of the clusters of 25 mm or
smaller were malignant, whereas of the clusters larger than 25 mm 69% was
malignant. In the same study 42% of the clusters containing 35 calcifications or
less were malignant, while 83% of the clusters containing more calcifications
were malignant. In contrast, Park et al. (2000) demonstrated in a study of 57
nonpalpable lesions with three different radiologists, that the significance of

clustering is lower than 50% and does not necessarily suggest malignancy.
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A study by Buchbinder et al. (2002) evaluated the size of the calcifications in a
cluster by measuring the length and area of the calcifications. The average
length of the calcifications in the malignant group was higher than the length in
the benign control group, 0.44 mm versus 0.38 mm. It is however difficult to use

this as a tool considering the small size of the calcifications.

Other important features for differentiating benign from malignant
mammographic calcifications is the calcification morphology and distribution.
Linear calcification morphology has a high positive predictive value for
carcinoma (Liberman et al., 1998a). A study by Stomper et al. (2003) indicated
that linear calcifications are more often related to invasion than granular
calcifications. A common feature of DCIS is that the calcifications are aligned in
a ductal distribution (Evans, 2003). When reanalysing previous mammograms
from women diagnosed with DCIS, 22% of the mammograms were in retrospect
abnormal. The mammograms showed more often predominantly punctate

calcifications and less common rod-shaped calcifications (Evans et al., 1999).

1.3.1 Types of breast calcifications

In breast, two major types of microcalcifications are found. These are thought to
be related to disease (Frappart et al.,, 1986, 1984). Type | (calcium oxalate
dihydrate, CaC,04-:2H,0) is mostly present in benign biopsies and type I
(hydroxyl apatite, Ca;o(PO4)s(OH),) are most often present in proliferative
lesions including carcinoma (Foschini et al., 1996; Haka et al., 2002; Singh and
Theaker, 1999). Type Il micro calcifications frequently indicate the location of
the most important abnormality within the breast (Cassidy et al., 2006; Johnson
et al., 1999).

Type | calcifications have an amber colour under the microscope and are
birefringent under polarised light (Frappart et al., 1986). In contrast, type Il
calcifications appear greyish under microscope light and are not birefringent

under polarised light.

17



Chapter 1

Although calcifications have a positive predictive value for breast cancer, it is
not known how they are formed in mammary tissue and what their exact role in
breast cancer formation is. Pathologists often state that calcifications are
formed by calcification in necrotic debris or from mucin in extracellular spaces.

These claims were however never underscribed by thorough time-studies.

Recent studies suggest that calcifications play an active role in disease
development. In a study by Morgan et al. (2001) breast cell lines treated with
hydroxyapatite crystals were compared to those treated with latex beads of
similar size and concentration and those with no treatment at all. In all the cell
lines the addition of hydroxyapatite had a positive effect on mitosis which
resulted in a higher cell count compared to the latex bead treatment and control.
In a later study by Cox et al. (2012) scratch wound assays were performed on
cells treated with hydroxyapatite and controls and an increase in cell migration
was found for the cell lines treated with hydroxyapatite. The same assay was
performed with calcium oxalate crystals in which no effect was found.
Hydroxyapatite crystals were also found to up regulate the production of a
variety of matrix metallo proteinases (MMPs)(Morgan et al., 2001). MMPs are
associated with degradation of the extracellular matrix and a good correlation
between expression of MMPs and the invasive phenotype of tumour cells has

been shown (Morgan et al., 2005).

Another indication for the role of calcifications in breast disease is given by a
study by Vestergaard (2011) which reported a decreased risk of breast cancer
among patients given bisphosphonates. In medicine bisphosphonate
medication is used as drugs for various diseases of bone, tooth, and calcium

metabolism.

Cox et al. (2012) investigated the effect of several factors on the 4T1
mineralising breast cell line. Inorganic phosphate promotes stabilization of
formed hydroxyapatite and inhibits the formation of some other calcium-
containing crystals such as calcium oxalate (Terkeltaub, 2001). 4T1 cells
stained positively for calcium after treatment with inorganic phosphate.

Phosphonoforbic acid inhibited mineralisation with and without inorganic
18
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phosphate. When two inorganic phosphate molecules are joined by an ester
bond, inorganic pyrophosphate is formed which is a known inhibitor mineral
deposition and growth (Fleisch, 1998; Thouverey et al., 2009). Inorganic
pyrophosphate did not have an effect on the 4T1 cell line (Cox et al., 2012).
The ratio of pyrophosphate to phosphate is interlinked with alkaline
phosphatase which hydrolyzes phosphate esters. Alkaline phosphatise is
suggested to have an important role in the calcification formation mechanism
(Bonucci, 2007) and was found to enhance 4T1 cell mineralisation (Cox et al.,
2012). Levamisole is a known inhibitor for alkaline phosphatise (Cox et al.,
2012). Other regulators in breast calcification formation are osteonectin, bone
sialoprotein 1l and osteopontin (OPN) which are all bone matrix proteins
expressed by human breast cancer cells (Bellahcene and Castronovo, 1997,
1995; Pampena et al., 2004). Cox et al. (2012) also evaluated the role of OPN
on the 4T1 cell line. Similar to the addition of pyrophosphate to the medium, the
addition of OPN did not have an effect on the cell line. There was however an

increase in OPN mRNA in the 4T1 cell line grown in osteogenic cocktail.

The experiments done by Cox et al. (2011; 2012) resulted in the mammary
mineralisation mechanism shown in figure 1.11. Betaglycerophosphate (BG) of
the osteogenic cocktail in which the cell line is grown is hydrolysed to glycerol
(G) and phosphate (Pi) by alkaline phosphatise (ALP). Phosphate is then
transported into the cell and apatite is formed by combining calcium and
phosphate in the cell. ALP mRNA is up regulated and the formed apatite enters
the extracellular matrix. Pyrophosphate (PPi) acts as an inhibitor of apatite
formation, but the increased ALP may result in PPi hydrolysis to Pi, which can
be incorporated in the apatite. OPN is also an inhibitor but does not affect an
effect on the 4T1 cell line which might be due to the ALP taking of a phosphate
group and thus making it inactive. The apatite crystals in the extracellular matrix

enhance the proliferation and migration of the surrounding cells.

19



Chapter 1

+ @

BG

N

Pi

Na-Pi
cotransporter

WL Enhanced
HA > proliferation
/ i and migration
OPN

Figure 1.11: Mammary mineralisation model proposed by Cox et al.
Betaglycerophosphate (BG) of the osteogenic cocktail is hydrolysed to glycerol
(G) and phosphate (Pi) by alkaline phosphatise (ALP). Pi is transported into the
cell and apatite is formed and up regulation of ALP mRNA takes place.
Hydroxyapatite enters the extracellular matrix. Pyrophosphate (PPi) acts as an
inhibitor of apatite formation, but the increased ALP may result in PPi hydrolysis
to Pi, which can be incorporated in the apatite. Osteopontin (OPN) is also an
inhibitor but ALP may take of a phosphate group whereby making it inactive. The
apatite crystals in the extracellular matrix enhance the proliferation and
migration of the surrounding cells (Cox et al., 2012).

1.3.2 Carbonate incorporation in apatites and its relationship to

disease

Biological apatites are usually described as carbonate substituted
hydroxyapatite. Research by Haka (2002) using principal component analysis
(PCA) indicated that further subtle differences could be found between type I
calcifications associated with benign and malignant tissue. Benign proliferative
lesions have shown to have type Il calcifications with higher carbonate levels

than the more pure hydroxyapatite (HAP) crystals found in malignant lesions.
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A recent infrared study performed by Baker et al. (2010) confirmed that the
correlation between carbonate substitutions of type Il calcifications (and
therefore the chemical composition) and different types of breast lesions is very
strong. In this study 236 calcifications on paraffinised pathology samples were
measured (10 pm thickness mounted on calcium fluoride). These were
separated into three groups; invasive (n=112), in situ (n=64), and benign
(n=60). These three groups within the cancer spectrum could be separated
from each other by the percentage of carbonate substitution and the amide to

phosphate infrared band intensity ratio (figure 1.12).
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Figure 1.12: Relationship between the different pathology groups and the
carbonate percentage (Baker et al., 2010).

Substitution in the apatite lattice slightly changes the structure and often has

critical effects on mineral properties such as hardness, strain, crystal size and
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dissolution rate. The apatite in bone (7 wt% CO3) is amenable to dissolution,
whereas the slightly different apatite in enamel (3.5 wt% COg3) resists dissolution
(Wopenka and Pasteris, 2005).

Carbonate can be incorporated in the apatite lattice (Caio(PO4)s(OH)2) in

several ways;

e A-type: the hydroxygroup is substituted by carbonate (Peroos et al.,
2006)

e B-type: the phosphate group is substituted by carbonate (Peroos et al.,
2006)

e L-type (labile); the COs* is within the surface hydration layer of the
apatite crystals (Wopenka and Pasteris, 2005)

A representation of the apatite lattice and the apatite lattice with A-type and B-
type substitution is given in figure 1.13. The location of substitution is indicated
with a black circle.

HAP lattice A-type substitution B-type substitution

Figure 1.13: Incorporation of carbonate in the HAP lattice. The location of the
carbonate substitution is indicated with a black circle. Oxygen atoms are
depicted in red, calcium in green, phosphorus in pink, hydrogen in white, and
carbon in yellow. (Peroos et al., 2006).

Synthetic and high-temperature apatites often contain A-type defects or a
mixture of A- and B-type defects in their lattice. Since the synthesis of A-type
carbonated substituted apatites in industry requires high temperatures, it was
always thought that apatites in breast tissue (and more general biological
apatites) mostly type B would be observed (Baker et al., 2010; Nishino et al.,
1981). Although A-type substitution in biological apatites has previously been
considered negligible (Wopenka and Pasteris, 2005), more recent studies by
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Fleet and Liu (2007) indicate that biological apatites are Na-bearing A-B
carbonate apatites, with significant B-type substitution. Calculations of Peroos
et al. (2006) showed that type A is the most stable defect structure, but that the
B-type defect is also energetically feasible. In a study by Shimoda et al. (1990)
a link was found between pH and the type of carbonate inclusion. Apatites were
prepared in aqueous systems with a pH of 7.5 or 10.5 at 80°C. At neutral pH the
carbonate was incorporated at both the A- and B-positions, while at the alkaline

pH the carbonate was only included as B-type.

1.4 The use of vibrational spectroscopy to detect breast

calcification and cancer

Probing microcalcifications with Fourier transform infrared (FTIR) can give
insight in the disease status of the surrounding tissue (Baker et al., 2010). FTIR
is a form of vibrational spectroscopy.

1.4.1 Vibrational spectroscopy

In vibrational spectroscopy, typically, the periodic oscillations of atoms within a
molecule (or lattice oscillations) are probed by the absorption (i.e. FTIR

spectroscopy) or inelastic scattering of photons (i.e. Raman spectroscopy).

1411 FTIR

In an infrared experiment a range of (infrared) frequencies are directed onto the
sample and absorption occurs where the energy of the incident radiation
matches that of a vibrational mode of the molecule of the sample. The loss of
photons from the incident beam after the interaction with the sample is then
monitored at different spectral components. Infrared spectroscopy can be done
in either transmission (beam passes through the sample), reflection (beam is

reflected from the sample), or transflection mode (beam passes through the
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sample, is reflected from the substrate, and then passes back through the
sample). Water strongly absorbs in the IR fingerprint region, which is why it is
not typically possible to apply IR directly in vivo. (An exception is NIR which is
monitoring overtone and combination vibrational modes which are much

weaker.)

FTIR imaging is however a valuable technique to examine the chemical
composition of pathology slides on a microscopic scale for its high chemical
specificity and high sensitivity. However, work to date has been severely limited
by the spatial resolution of the benchtop systems used to study the interface
between the calcifications and the breast tissue. To improve spatial resolution

synchrotron FTIR can be used to a better effect.

1.4.1.2 Synchrotron IR

In a synchrotron facility, intense beams of lights are produced by accelerating
electrons along a circular trajectory (e.g. several tens or hundreds of meters).
Synchrotron light is typically 100 — 1000 times brighter than a conventional
source and the brightness of the source allows small regions to be probed with
an acceptable signal to noise ratio (SNR). Using a synchrotron source instead
of a conventional source radically improves the spatial resolution (Miller and
Smith, 2005). In figure 1.14, an aerial photo of the Diamond Light Source
(Oxfordshire, UK) is shown where part of the synchrotron work described in this

thesis was performed.
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Figure1.14: Photo of the Diamond Light Source (www.diaond.ac.uk, accessed
7 December 2010).

The FTIR beam line at Diamond uses conventional confocal arrangements with

apertures and a single point collection. When using this type of setup, the
aperture dimension determines the spatial resolution (Hirschmugl and Gough,
2012). Apertures only deliver diffraction-limited resolution when the wavelength
of the light is larger or equal to the aperture. When a small aperture is used, the
signal for the longest wavelengths is below the detection limit since the signal is
reduced over the bandwidth. On the other hand, when a larger aperture is
chosen the spatial resolution for the shorter wavelengths is sacrificed. The trade
off between spatial resolution and SNR may result in long acquisition times
(Hirschmugl and Gough, 2012). At the IRENI beamline (Synchrotron Radiation
Center, University of Wisconsin, USA), where some measurements presented

in this thesis were also performed, a wide field approach is used.
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1.4.1.3 Attenuated total reflection (ATR) FTIR

Another way to improve spatial resolution in z-direction (depth) in FTIR is to use
attenuated total reflection (ATR). ATR is a form of FTIR in which a higher spatial
resolution is obtained by employing a crystal with a higher refractive index than
the material that is investigated; commonly used are germanium, silicon,
diamond, and zinc selenide with refractive indexes of 4.00, 3.41, 2.41, and 2.40,
respectively (Griffiths and De Haseth, 2007). When the angle of incidence is
larger than the critical angle total internal reflection takes place. Part of the light
penetrates into the sample, the evanescent wave. The penetration depth
depends on the wavelength of the light, the incidence angle, and the refractive
indexes. Because the penetration depth is independent of the sample thickness,
ATR is a suitable technique to measure samples with strong water contributions
(Kazarian and Chan, 2006). Due to the wavelength dependence the ATR
spectra differ from transmission spectra; the intensity at the high wavenumber

end of the spectra is typically lower due to a shorter penetration depth.

1.4.1.4 Raman Spectroscopy

In contrast to FTIR, Raman spectroscopy is based upon inelastic scattering.
When light is shone on a sample it can be transmitted, absorbed, or scattered.
Most of the scattered light is scattered elastically (no energy is exchanged
between the incident photon and the sample) which means the scattered light
has the same energy (and therefore wavelength) as the incident light. However,
typically, one out of every 10° scattered photons or less is shifted inelastically to
a longer wavelength (Stokes, the photon transfers a portion of its energy to the
sample activating typically a molecular vibrational motion or phonon (crystal
lattice) vibration) or to a lower wavelength (anti-Stokes, the photon gains energy
from already active vibrational or lattice motion in the sample) as a result of
interaction with sample. This effect is called Raman scattering, hamed after

C.V. Raman who first reported the effect (Raman and Krishnan, 1928). On the
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theoretical side, the Raman effect was already predicted earlier by Smekal
(1923).

During a Raman experiment the incident photons typically raise the energy
state of a molecule (the Stokes process) to a so-called ‘virtual state’ (figure
1.15). This is not a stationary state in a quantum mechanical sense but merely a
distortion in the electron distribution. A resonant variant of the Raman scattering
process exists with a hugely enhanced probability of the Raman scattering
(resonance Raman spectroscopy) where a real electronic absorption state of
the molecule coincides with the incident photon energy. This process is
however not used in the studies described due to associated absorption and

consequently limited penetration depth and therefore not further discussed.
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Figure 1.15: The principle of Raman scattering. So and S; correspond to the two
lowest electronic states. After excitation (1), the scattered photon (|) can have an
energy similar (Rayleigh), higher (Anti-Stokes), or lower (Stokes) than the
incident photon.

The shift in wavelength (Raman shift) is normally given in wavenumbers (cm™)
and directly related to the frequency of the activated mode within the molecule.
The frequencies of the modes are highly specific of the chemical constitution.

Therefore, molecules can be identified by their spectral pattern, ‘Raman
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fingerprint. Raman mapping combines spatial information (from the
microscope) with spectral information. This spectral information can then be
used to derive chemical information and the location of individual sample

constituents.

1.4.2 Infrared spectroscopy on calcifications

Baker et al. (2010; 2009) extensively studied breast calcifications in pathology
slides with FTIR. As mentioned earlier, Baker et al. (2010) reported a significant
correlation between the chemical composition (carbonate content and
protein/mineral ratio) of microcalcifications and the pathology grade of the
surrounding tissue. Representative spectra for calcifications in tissue with
different pathology, benign, in situ, and invasive breast disease, are shown in
figure 1.16.
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Figure 1.16: Average FTIR spectra of calcifications from samples with benign, in-
situ and invasive pathology, figure modified from (Baker, 2009).

All breast calcifications show a strong band around 1026 cm™ (phosphate) with
shoulders ~1091 cm™ and ~1110 cm™. Furthermore bands can be found ~1550
cm™ (amide I protein) and ~1660 cm™ (amide | protein) for all groups, although

the intensity differs with pathology. The strong bands around 1464 cm™ and
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1472 cm™ are due to paraffin. Weaker bands can be found in the 870-880 cm™
region (carbonate), ~961 cm™ (phosphate), ~1245 cm™ (amide II1), and ~1417

cm™ which is ascribed to carbonate.

A study by Eckel et al. (2001) found that the amide bands in spectra of breast
tissue change with pathology. Other FTIR studies evaluate calcified materials
such as synthetic standards (Apfelbaum et al., 1992; Fleet, 2009; Gadaleta et
al., 1996a, 1996b; Rehman and Bonfield, 1997; Slésarczyk et al., 1997), urinary
stones (Estepa and Daudon, 1997; Maurice-Estepa et al., 2000; Volmer et al.,
1993; Wilson et al., 2010), and mineralised tissues (Boskey and Mendelsohn,
2005) such as bone and enamel (Aydin et al., 2011; Miller et al., 2001; Rey et
al., 1991a, 1991b).

A synchrotron FTIR study consisting of three maps on frozen breast specimens
was performed by Baker (2009). In this study, a lower concentration of amide |
and amide Il was found in the calcified tissue than in the surrounding tissue.
Dessombz et al. (2011) published a synchrotron FTIR study on kidney

calcifications.

Both Rehman et al. (2010) and Walsh et al. (2012) performed an ATR study on
breast tissue. Increased spatial resolution and reduction of scattering artefacts
were reported, but clinical applications are limited due to the required physical
contact with tissue and the limited sampling area. When studying bone, Furedi
and Walton (1968) found that the mineral component of bones in whole bone
sample could be studied without further sample pre-treatment. Gulley-Stahl et
al. (2009) used ATR for quantitative analysis of kidney stones which flagged up
an important problem using ATR for calcified materials. Linear calibration
curves could only be obtained if the particle sizes of the analytes were
comparable and considerably less than the sampling area of the ATR crystal.
The particle sizes of hydroxyapatite and calcium oxalate monohydrate were
measured to be 76 and 20 um, respectively (Gulley-Stahl et al., 2009).

A detailed list of IR bands in mineralized materials and their assignments can

be found in appendix A.
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1.4.3 Raman spectroscopy on breast calcifications

It has been shown that type | and type Il calcification can be separated with
Raman spectroscopy in both fixed tissue samples (Haka et al., 2002) and
freshly excised needle biopsy cores (Saha et al., 2011). Baker (2009)
performed a Raman mapping study on two areas of a frozen breast tissue
sample which indicated protein was present at low concentration in the

calcification region compared to the surrounding tissue.

Raman studies with different excitation wavelengths were done by Frank et al.
(1994) who found that background luminescence was significantly lower when
using an excitation wavelength in the near-IR (691-830 nm used). At these
wavelengths, lipid bands were more pronounced and oleic acid appears to be
the main component. In a subsequent study by Frank et al. (1995), Raman
spectra of normal breast specimens were compared to benign and invasive
carcinoma. In this study, a different lipid/protein ratio was found for the
pathology groups of which the intensity of the 1439 cm™ band is a marker. The
band also shifts to higher wavenumbers (1450 cm™) for invasive cancer. The
intensity of the amide | band (1654 cm™) changes with the degree of
unsaturated fatty acid and Frank et al. (1995) use the 1654/1439 band ratio as a

marker for disease.

Shafer-Peltier et al. (2002) modelled the components of human breast tissue of
different pathology grades by comparing the spectra of the specimens to
chemical components. They found that the amount of fat decreases from
normal breast tissue to invasive cancer; the fit coefficient was 83% and 2%,
respectively. In contrast, the amount of collagen in the fit increased from normal
breast tissue (1%) to invasive breast cancer (40%). Calcifications were not
commonly found in their study and only played a minor role in their model. In
later studies by the same group the chemical differences of both types of
calcifications are probed (Haka et al.,, 2002), both types of calcifications are
incorporated in their biochemical fitting model (Haka et al., 2005), and tested for
margin assessment (Haka et al., 2006), freshly excised surgical specimens

(Haka et al., 2009) and needle biopsies (Dingari et al., 2012). Deep Raman
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studies on breast tissue will be discussed in the relevant technique sections in
1.5.

Most studies on carbonated hydroxyaptites (the material type Il calcifications
consist of) have been done on bone, dentin enamel, dentine, or synthetic
materials (Penel et al., 1998, 2005; Leroy et al., 2002; Antonakos et al., 2007).
It is not known to which extent these studies can be used as a basis for breast
calcification studies. Spectra of similar materials are expected to be comparable
due to the alike chemical composition and therefore similar vibration modes.
However, the different properties of the materials indicate different chemical
composition which could result in spectral differences.

Wopenka and Pasteris (2005) studied the spectral differences of four different
types of apatite; a cross section of a mouse femur, human enamel, geological
apatite and synthetic apatite. After exclusion of the bands characteristic for
collagen, the spectra looked remarkably similar. However, when spectral
regions were enlarged differences could be observed in band position, width,

and intensity.

The general shape of the breast calcification spectra will be similar to that of
synthetic standards. In figure 1.17, Raman spectra of synthetic standards of
calcium oxalate monohydrate (green), and 0.5 (blue), and 6.0% (red) carbonate
substituted HAP.
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Figure 1.17: Raman spectra of calcium oxalate monohydrate and 0.5 and 6%
carbonated HAP.
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Calcium oxalate monohydrate (COM) is used as a model for calcium oxalate
dihydrate (COD) since the latter cannot easily be obtained as a standard due to
its instability (in other studies it is either freshly synthesized or obtained from
crushed renal stones). The overall shape of the Raman spectra of COM and
COD are very similar due to their chemical similarity. The characteristic Raman
bands from COM are observed at 502, 896, 1462, 1489, and 1629 cm™, and for
COD at 508, 912, 1477, and 1632 cm™ (Kontoyannis et al., 1997).

The spectrum of HAP consists of a bands at 430, 448, 591, and 608 cm™, a
strong peak around 960 cm™, and two broader weaker features at 1047 and
1072 cm™ (Awonusi et al., 2007). The intensity of the 1074 cm™ band increases
with increasing carbonate substitution (Awonusi et al., 2007; Penel et al., 1997;
Peroos et al., 2006). As a result, the relative intensity of that band and for
example the 960 cm™ band (which is a phosphate band) reveals the percentage
of phosphate replaced by carbonate (COHAP). As work of Baker et al. (2010)
revealed, the percentage of carbonate substitution indicates the state of the
disease. Therefore the relative intensities in the spectra can be used to make
an indication of the amount of CO3; substitution, which is related to the state of
disease.

An overview of characteristic Raman bands in breast tissue and calcified

materials can be found in appendix B.

1.5 Utilizing deep Raman spectroscopy to detect breast

calcifications in vivo

In order to use Raman spectroscopy for the detection of microcalcifications in
vivo difficulties concerning depth penetration have to be first overcome, for
example measuring through skin and breast tissue. Traditionally Raman is a
near-surface technique (Moreira et al., 2008) and cannot be typically applied at
depths on more than several hundred micrometers in tissue (Matousek and
Stone, 2007). The penetration depth depends in some extent on the wavelength

(Stolik et al., 2000) but the choice in wavelength is restricted by the detector
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(typically CCD) sensitivity, spectral cut off, and water absorption which
increases significantly above 1000 nm. The clinically relevant depth ranges from
a few millimetres used for margin evaluation (Keller et al., 2009) to centimetres

for probing of calcifications (Stone and Matousek, 2008).

Discrimination of signals with their origin in different layers of a turbid media can
be achieved by either a temporal or a spatial approach (Matousek, 2007). With
both methods, the relative signal level from the surface is suppressed which
enhances the relative signal from the depth of interest (Stone and Matousek,
2008).

Temporal approaches are usually done in backscatter mode (signal collection at
the same side of the sample as excitation) which means that photons arriving
from greater depths have to travel a larger distance (Matousek, 2007). This will
result in a time difference between signals from the surface and deeper layers
(figure 1.18). Normally, time differences like these cannot be detected easily
since light travels in tissue with a velocity of ~2-10% m/s and the differences in
distance are minimal. However, due to the diffuse scattering of tissue the path
lengths are many times greater than the direct distances and the time
differences larger. The time difference can be detected with state-of-the-art

equipment such as picosecond Kerr gating (section 1.5.1).
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Figure 1.18: Schematic representation of a temporal approach in deep Raman.
The time difference between the photons emerging from the different layers is
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used by only accumulating a fraction of the time. By choosing the delay time
between the trigger to start the gating and opening the gate, it is possible to
selectively detect one of the signals without a large contribution from another
one (Ariese 2009).

Spatial approaches (for example spatially offset Raman spectroscopy (SORS),
section 1.5.2) are based on the fact that photons emerging from deeper depth
are spread more sideways than photons emerging from regions closer to the
surface (Matousek and Stone, 2009; Matousek, 2007). As a result, the distance
between the excitation and the spot where the Raman signal is measured is

related to the depth of the origin.

1.5.1 Kerr gating

Kerr gating is based upon sampling light with temporal differences from the
illumination pulse. These temporal differences originate from the differences in
depth where the Raman signals are originating from. As shown in figure 1.19,
the setup consists of two polarisers in crossed orientation. When the gate is
closed, all light from the sample is blocked and will not reach the spectrometer.
However, when the gate is switched on with the gating pulse (between the
polarisers, drawn in red) a transient anisotropy in the Kerr media can be set to
act as a half-wave plate. The Kerr media will therefore rotate the polarisation of
the Raman signal by 90° and enable it to pass through the cross polariser and
reach the detector. The anisotropy is transient, lasting around 4 ps, and
consequently the gate automatically closes (due to collisional randomisation of
the orientation imposed on molecules of CS, by the intense gating pulse) after
the passage of the gating pulse. By changing the time delay between the
Raman excitation pulse and the gating pulse, different fractions of the Raman
spectra (e.g. photons from different depths of the sample) can be measured
(Baker et al., 2007; Matousek and Stone, 2009).
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Figure 1.19: Schematic representation of the Kerr gated setup. Kerr gating is
based upon temporal differences. When the 'gate' is opened, the Kerr medium
acts as a half-wave plate. As a result, light can enter the spectrometer. When the
gate is closed, light cannot reach the spectrometer due to crossed polarizers
(Matousek and Stone 2009).

Baker et al. (2007) demonstrated that this technique can distinguish synthetic
type | and type Il material through a layer of both fatty and protein rich tissues.
However, the 1 picosecond pulsed laser (490 nm) used combined with a 4 ps
Kerr-gate (equal to resolution) was only able to measure through 1 mm of
tissue. The combination of the high peak intensity and shallow depth are

serious limitations to the use of this technique in vivo.

1.5.2 Spatially Offset Raman Spectroscopy

SORS is based upon spatial instead of temporal gating. Spatial gating is
achieved by introducing a certain distance between the excitation and collection
points of the Raman signals. Photons emerging from deeper areas have to
travel a larger distance to the surface and on their way diffuse more sideways

than photons from a shallower depth (figure 1.20).
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Figure 1.20: Principle of SORS. Photons with their origin deeper in the tissue will
have a higher chance to travel sideways during their route towards the surface.
(See for comparison red (shallow depth) and blue (deeper depth) arrow above
each other) By introducing a distance between the excitation and collection it is
possible to discriminate between photons from different depths.

With this concept, low power continuous wave (CW) lasers can be used instead
of short laser pulses, which reduces not only the risk of photo degradation but
also makes the device instrumentally much simpler and safer. In comparison to
the Kerr gated work, the signal quality is typically also higher. This is a result of
the fact that the spatial technique integrates scattered light across the entire
time domain, unlike the temporal approach (Matousek, 2007). The SORS setup
evaluated by Stone et al. (2007) could probe calcified material up to a depth of
10 mm of tissue, which is clinically considerably more relevant than a depth of 1
mm. In addition, with a small modification of the SORS technique it is viable to
apply higher laser powers and achieve even higher penetration depths (figure
1.21): in contrast to the conventional SORS setup where the Raman signal is
accumulated in a ring around the central excitation fibre, the excitation is within

a ring (and thus the light is spread over a larger area) and the Raman signal is
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collected in the centre of the ring (Matousek and Stone, 2009). This concept is
termed inverse SORS.

SORS Inverse SORS

Raman laser laser Raman

Figure 1.21: SORS and inverse SORS probe. SORS measurements are applied by
exciting in the middle and collecting in a ring with offset As around the excitation
point. In inverse SORS the excitation and collection positions are swapped
around, which means excitation is in the ring and collection in the middle. In this
case, the average power can be higher since the beam is spread over a larger
surface (Matousek and Stone 2009).

Until recently, SORS was only used to detect strong Raman scatterers deep
within tissue with a specific fingerprint (for example, microcalcifications and
breast tissue have a completely different Raman spectrum) underneath a layer
of soft tissue. Keller et al. (2009) recently published a proof of principle study for
the use of SORS on layered soft tissue. The authors were able to detect Raman
signal of a breast tumour sample based underneath normal breast tissue
through up to two millimetres of soft tissue based upon the spectral differences
between breast tissue and breast tumour tissue. In figure 1.22, Raman spectra
of an experimental run are given. The top spectrum is the pure tumour spectrum
and the bottom spectrum a characteristic breast tissue spectrum. The spectra in
between are measured on different distances from the excitation fibre and the
light grey boxes indicate the spectral regions used for discrimination. In contrast
to previous studies (Frank et al., 1995) not the intensity of the 1439 cm™ band is
used for the lipid to protein ratio but the ratio of the 1303 to 1265 cm™ band. In a
later study (Keller et al., 2011) a SORS probe with multiple offsets was
designed and tested.
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Figure 1.22: Raman spectra SORS experiment of 0.5 mm normal breast tissue
layer with tumour underneath (Keller 2009). The main changes in the spectra are
highlighted in grey.

1.5.3 Transmission Raman

Transmission Raman can be considered to be an extreme form of SORS in
which the signal is not collected in backscatter mode, but at the other side of the
tissue - in transmission mode. In this orientation, the overall bulk content is
measured instead of an individual layer or microstructure of sample (Matousek,
2007). This issue is illustrated, by figure 1.23 in which the transmission Raman
setup used in this thesis is depicted with a breast phantom. The phantom is a

triple modality biopsy training phantom (18-229, Imaging Equipment Ltd, Bristol,
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UK). Models like this are normally used for needle biopsy training and can be
imaged with mammography, MRI, and ultrasound imaging.

The phantom is opaque when it is not illuminated by the laser (upper panel). In
the lower panel the same breast phantom is shown during five minutes of
illumination (5 minutes shuttertime, 1ISO 1600, f=2.8) and it can be seen that the
light travels through the whole of the breast phantom although the transmission
Raman signal has shown to have a moderate bias toward the centre of the

sample, diminishing outward toward each face (Matousek et al., 2011).

Figure 1.23: Transmission setup with breast model. Upper panel) Not illuminated,
Lower panel) When illuminated by laser scattering can be seen in the whole of
the breast (Photography by Hans van Schoot).

Stone and Matousek (2007) demonstrated that calcified material at a depth of
up to 16 mm in chicken tissue could be detected with transmission Raman,
which was about twice the depth that could be achieved with SORS. Only one
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year later, with an improved methodology, (Stone and Matousek, 2008) calcified
material within mammalian tissue could be detected through 27 mm with
transmission Raman. Furthermore, they were able to detect a clinical relevant
calcification concentration levels (0.125% volume density ratio HAP,
approximately 0.14% relates to benign and 0.05% to malignant) through 20 mm
of porcine tissue.

1.5.4 Surface Enhanced Raman scattering (SERS) combined with
SORS (SESORS)

The main challenge of Raman spectroscopy, and especially deep Raman, is its
low intensity. Only one of every 10° photons is typically scattered inelastically.
Raman signals can be dramatically improved by using surface enhanced
Raman scattering (SERS). The exact mechanism behind SERS is still being
discussed although SERS was already observed in the 1970’s (Fleischmann et
al., 1974). However, it is widely accepted that the major mechanisms are both
electromagnetic and chemical enhancement due to interactions with the
roughened metal surface (Lin et al., 2009). Electromagnetic enhancement takes
place when the exciting radiation interacts with the surface electrons to form a
plasmon, a quasiparticle resulting from the quantisation of plasma, essentially
an oscillating electron wave on the surface (McNay et al., 2011). Chemical
enhancement is sometimes called charge-transfer enhancement because the
analyte is bound to the metal surface to form a charge-transfer complex. It is
generally acknowledged that that the electromagnetic enhancement is typically

much larger than the chemical enhancement.

An enhancement factor up to 10° or more can be achieved for silver, copper,
and gold nanopatrticles. Also other metals such as aluminium and a range of
transition metals are reported to obtain the surface enhanced Raman effect but
these give lower enhancement (Ren et al., 2007). Disease specific signals can

be achieved by using specific antibodies to target molecules. This approach is
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not entirely non-invasive as it relies on introducing metal nanoparticles into the

tissue.

By combining SERS and SORS (SESORS) the SERS signals can be read from
deep areas of tissue directly. The first experimental demonstration of SESORS
was recently published by Stone et al. (2010). The concept was demonstrated
through 25 mm of mammalian tissue in Raman transmission geometry.
Disadvantages of this approach include the requirement for injection of metal
nanoparticles into tissue and yet unanswered issues about their toxicity. In a
later study by Xie et al. (2012) experiments were performed with a tag

(bisphosphonate) specific for calcium hydroxyapatite.

1.6 Summary and outlook

Microcalcifications in the breast are related to breast disease. Type |
microcalcifications (COD) are mostly present in benign breast disease, while
type Il calcifications (HAP) are mostly present in proliferative lesions including
carcinoma. It has been shown that the level of carbonate substitution in HAP is
related to the pathology of the surrounding tissue.

Mammography cannot reliably distinguish between type | and type I
calcifications. Raman spectroscopy has the ability to distinguish both types, but
is originally a (sub)surface technique. In contrast, Raman spectroscopy has
such inherent capability but until recently it could only be applied to the surface
or near surface of the specimen of interest. With the introduction of deep
Raman techniques there is the potential capability of identifying the lesion type
from outside the breast non-invasively. A new generation of non-invasive
methods for diagnosis based around transmission Raman and SORS (both
deep Raman techniques) have a potential to reduce large numbers of normal
biopsies, reduce the time delay between screening and diagnosis and therefore

diminish patient anxiety.

The aim of this PhD project is to explore the mechanism of calcification
formation, the disease specific composition, and the biochemical interface of the
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calcification and the tissue. The ultimate goal is to turn this knowledge into a
clinical tool based on deep Raman spectroscopy (especially SORS and
transmission Raman) to detect breast disease in vivo and thus reduce the
amount of false negatives (which result in a high biopsy rate) and patient stress.
An overview of the deep Raman approach and how this could be incorporated
in the NHS breast screening programme can be found in figure 1.24.

. |
gl
EaY] I g
: U

'y Deep Raman

adjunct

S

k o,
g - /
3 visit
diagnosis

&

Figure 1.24: Time line of the current screening programme (in case an
abnormality is detected) and where a deep Raman approach would fit in.

1.7 Aims and objectives of the study

All work in this thesis can be divided into three categories; 1) study of breast
calcifications, 2) study of deep Raman techniques, and 3) deep Raman on
breast calcifications. In the first category the following aims are explored:
calcification formation, disease specific composition, and biochemical interface
of the calcification and the tissue. The other two sections will evaluate the
development of a clinical tool for breast cancer diagnosis based around deep

Raman spectroscopy.
1) Study of breast calcifications (chapter 3)

e Study known calcification standards to understand the relationship

between chemical differences and spectral differences (section 3.1).
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o Infrared experiments (3.1.1)
o Raman experiments (3.1.2)

Compare spectroscopic techniques (FTIR & Raman) to von Kossa (VK),
Alizarin Red (AR), and H&E staining to understand how well
spectroscopic techniques pick up calcifications in pathology samples
(3.2).

Detailed mapping of calcifications and surroundings with synchrotron
FTIR (section 3.3). Also, an ATR FTIR study is shown (3.4) and a
preliminary Raman mapping study (3.5).

2) Deep Raman system evaluation (chapter 4)

To build a deep Raman setup which can be used for proof of principle
studies (2.2.5).
To evaluate the performance of the system in clinical use by evaluating

o Sample thickness (4.2)

o Lateral spreading of Raman signals (4.3)

o Originating depth of the Raman signals (4.4)

o Measurements through skin (4.5)

3) Deep Raman spectroscopy on breast calcification (chapter 5)

To test whether the amount of carbonate substitution of calcification

standards can be evaluated through tissue (5.1).
To detect calcification standards buried in human breast tissue (5.2).

To measure fresh human breast tissue with deep Raman system and
compare findings with X-ray images of the sample to evaluate detection

of microcalcifications (5.3).
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2 Materials and methods

2.1 Materials and sample collection

2.1.1 Calcification standards

Standards of 0.5, 1.4, 2.0, 2.3, 3.5, 6.0, and 11.0% COHAP (defined by
manufacturer (x1%) with FTIR) were obtained from Clarkson Chromatography
(South Williamsport, PA, USA). Calcium carbonate and amorphous calcium
phosphate was provided by Prof. Keith Rogers. Calcium oxalate monohydrate

was obtained from Aldrich.

Prof. Mary Tecklenburg (Central Michigan University) kindly supplied samples
with different amounts and types of carbonate substitution which was monitored
with Raman, FTIR, and elemental analysis. The following samples were
supplied: type A carbonate substituted apatite (4.4 wt% A-type, 0.6 wt% B-
type), AB carbonated apatite (4.3 wt% A-type, 2.1 wt% B-type), and 0.2, 1.1,
2.0,2.3,35,5.7, 7.7, and 10.3 wt% B-type substituted apatite.

All samples were used without further sample pre-treatment, except during the
IR Diamond experiments and the dilution series for which KBr tablets were
pressed. For the diamond experiments 1 wt% tablets were pressed and for the
dilution series 0.3, 0.7, 0.8, 1.3, 1.8, and 2.2 wt%.

2.1.2 Pathology slides for (synchrotron) FTIR mapping

Specimens were stored from patients who had undergone biopsy for
mammographically suspicious breast lesions at Gloucestershire Royal Hospital
between 1996 and 2007. Specimens that were known to contain calcifications,
from histopathology reports, were retrieved from storage. Mammographic
reports would have been more appropriate, since it is mammographically visible

calcifications we are interested in. Unfortunately, mammographic data was not
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available. It should be noted that the resolution of histology for calcification
detection is higher than that of mammography.

The paraffin-set biopsy blocks were microtomed to 10 pm thickness and
mounted onto calcium fluoride windows (CaF,;) with a thickness of one
millimetre (Crystran Ltd, Poole, UK) for the first beam time allocation (Diamond,
SM6123).

Four types of substrates were obtained from Crystran Ltd to test for further
experiments: calcium fluoride (Imm thickness), barium fluoride (0.5mm), zinc
sulphide (0.4mm), and zinc selenide (0.5mm). From these samples the

transmittance was measured over the wavelength area of interest.

All the subsequent synchrotron work (SM6605 Diamond synchrotron and direct
access IRENI beamline) was carried out with tissue samples microtomed to 6
pm  thickness mounted on 0.5 mm barium fluoride windows (Crystran Ltd,
Poole, UK).

An ethical approval for this study was obtained from the Gloucestershire Local
Research Ethics Committee (GLREC).

2.1.3 Stained pathology slides

Contiguous sections of twelve samples selected for synchrotron work, benign
(n=3), in situ (n=4), and invasive breast disease (n=5), were stained with H&E,
AR, and VK by the pathology department of the Gloucestershire Hospitals. As
discussed in chapter 1, H&E stains the cell nuclei purple and the surrounding

tissue a range of orange hues.

AR stains specific minerals, a complex with calcium needs to be formed in order
to stain. AR forms a salt with calcium and the polarizing effect of the calcium ion
results in the colour change (Puchtler et al., 1969). AR staining is affected by
the pH of the solution used. Calcium oxalate crystals stain with AR at a pH of
7.0, but not at a pH of 4.2 (Proia and Brinn, 1985). AR staining was performed

at a pH of 4.2, which will positively stain apatites red.
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VK staining localizes calcium deposits indirectly, it stains the counter ions;
normally carbonate or phosphate (Kumar and Kiernan, 2010). For the VK
staining, van Gieson was used as a counterstain. The optimal pH for
hydroxyapatite is between pH 4.0 and 6.0 (Shoji, 1993). During VK staining
calcium cations are replaced by silver, the silver salts are reduced by a light
reaction and calcified material is blackened out (Kumar and Kiernan, 2010).

Ethical approval for this study was obtained from the GLREC.

2.1.4 Pathology slide for ATR imaging and Raman mapping

Samples used for the first experiments at the Diamond synchrotron (10 pm
thickness mounted on 1 mm CaF,, Crystran, Poole, UK) were used for initial
ATR experiments. For the Raman mapping and the ATR data presented in this
thesis, a sample known to contain calcifications in the ducts was retrieved back
from storage and cut to 6 micron thickness and mounted on calcium fluoride (1

mm thickness, Crystran, Poole, UK).

Paraffin was removed by placing paraffin oil on top of the sample for 1 hour and
subsequently washed off with 0.5 ml hexane. The protocol was applied twice in
order to remove all paraffin and is evaluated in Appendix D. Ethical approval for
this study was obtained from the GLREC.

2.1.5 Mineralising breast cell line

A novel in vitro model of mammary cell mineralization has previously been
established and characterised using the murine mammary adenocarcinoma 4T1
cell line (ATCC). A detailed description of the protocol has been published
previously (Cox et al., 2012). Briefly, 4T1 cells were grown on calcium fluoride
windows (1 mm thickness, Crystran, Poole, UK) in either osteogenic cocktail
(50pg/ml ascorbic acid and 10mM beta glycerophosphate) or control media for

7,11, 14, 17, or 21 days after which they were fixed with 4% paraformaldehyde
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by Dr Maria Morgan and Dr Rachel Cox of the Royal College of Surgeons in
Ireland. Replicates were stained with AR and VK.

2.1.6 Breast tissue models for preliminary deep Raman studies

Porcine soft tissue was used to mimic human mammary tissue. All models were
used fresh and without further sample pre-treatment. For measurements
through skin, porcine soft tissue was used with attached skin since porcine skin
is known to be similar to human skin (Vardaxis et al., 1997). The epidermis of
the porcine skin has been quoted to be in a range similar to that in human, the
dermal-epidermal ratio of porcine skin is in the same range as in human skin,
and the turnover of the epidermis and the kinetics of epidermal proliferation are
similar as well. Porcine tissue has however a large amount of striated muscle

which is different than the fibroglandular tissue which makes up the breast.

2.1.7 Nanoparticles

Four different SERS nanoparticles were kindly provided by Cabot (Boston,
Massachusetts); x403, x420, x421, and x440. Each nanoparticle consisted of a
gold core (~100 nm diameter) surrounded by a reporter molecule (dye) and the
whole was encapsulated in a thin silica layer. The nanoparticles were used as a
target for several experiments concerning the sample thickness, signal depth
and detecting several different analytes (multiplexing). In figure 2.1, the Raman
spectra of all nanoparticles are shown. The crosses depict the bands used as

marker bands in non-invasive experiments.
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Figure 2.1: Raman spectra of the four different SERS particles. The crosses
depict the characteristic bands used in non-invasive experiments (Stone et al.,
2011).

2.1.8 Breast tissue for preliminary deep Raman studies

For initial experiments, human tissue collection was done by Mr. J. Horsnell and
C. Chan during mammoplasty reduction procedures in Cheltenham General
Hospital. Tissue was snap frozen in liquid nitrogen and transported back to
Gloucester Royal Hospital and stored at -80°C until used. Ethical approval was
obtained from GLREC.

2.1.9 Fresh human breast tissue for transmission Raman study

Breast tissue specimens were collected from 41 patients who underwent a wide
local excision or a wire guided local excision at Gloucestershire Royal Hospital
during breast lists of Miss Sarah Vesty and Mrs Clare Fowler between March
and July 2012. The patients had an age ranging from 35 to 84, with a mean age
of 61.
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During local excision the affected area and some of the surroundings were
removed. For a wire guided local excision a wire is inserted in the breast to
mark the location of the breast abnormality which is checked with
mammography. In panel A of figure 2.2, a mammogram is shown of a breast

with an inserted wire and in panel B the X-ray image of the excised specimen of

the same patient.

Figure 2.2: Example of wire localisation A) Mammogram made after wire
insertion; B) excised breast specimen with wire.

As a routine procedure, X-ray images were captured of each breast specimen in
theatre using a faxitron device. X-ray images of every specimen are shown in
appendix E3. Four of the 41 specimens had skin attached (specimens 18, 23,
39, and 40) and seven specimens had blue dye in them (specimens 8, 12, 18,
21, 27, 30, and 39). Blue dye is normally injected in combination with
technicium near the tumour to locate the sentinel lymph nodes. A range of
‘blueness’ was found which is illustrated in figure 2.3. The presence of blue dye
did not appear to hinder the Raman measurements, although it has been

reported it yields a Raman spectrum on its own (Horsnell, 2012).

Ethical approval was obtained from the GLREC and informed written consent
was given by the patients involved. A copy of the consent form and patient
information leaflet can be found in appendix E1 and E2.
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Figure 2.3: Some of the specimens had blue dye in them and a range of
‘blueness’ was observed. In the left panel a specimen without blue dye is shown,
while in the right panel the most extreme case is shown.

2.2 Experimental setups

2.2.1 Benchtop Fourier Transform InfraRed (FTIR)

FTIR measurements for the staining study and the targeting of calcifications for
synchrotron experiments were performed on a Spotlight 400 (Perkin Elmer,

figure 2.4) at Gloucestershire Hospitals.
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Figure 2.4: lllustration of the Perkin Elmer Spotlight 400 (www.perkinelmer.de,
accessed 11 October 2012).

The dilution experiments were performed at the Cranfield Forensic Institute at
the Shrivenham campus. For these experiments a Spotlight 200 (Perkin Elmer)

was used.
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In contrast to the Spotlight 400, a Spotlight 200 cannot be used for imaging. The
difference between the two systems lies in the choice of detector; the spotlight
200 has a single element detector while the Spotlight 400 has an 16x1 linear
array detector. Both the systems are cooled with liquid nitrogen and have a

detection wavelength range of 4000 — 720 cm™.

2.2.2 Raman microscope and imaging

Measurements were performed on a Renishaw System 1000 using 830 nm as
the excitation wavelength. The system is equipped with a xyz-stage and
streamline technology which enables Raman mapping. A schematic overview of
the system is shown in figure 2.5 below. The laser beam enters the system at
the laser turning mirror after which it is directed to the microscope using other
mirrors. The scattered light is directed through a filter, removing the spurious
laserline, onto a slit. The grating (300 lines/mm) splits the different spectral

components of the Raman light before it reaches the CCD detector.
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Figure 2.5: Schematic overview of the Renishaw 1000 system (Clark, 2002).

The Raman system is calibrated daily to ensure reproducible measurements.

Calibration is performed with an offset calibration based on a measurement of
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silicon which has a well defined peak position of 520 cm™. Furthermore, every
day the system is used, standard measurements are performed on a cuvette
filled with cyclohexane and a polymer standard (pipette tip) which both have
bands over the entire active spectrum. When blocking the laser, a full calibration
can be obtained by measuring a neon argon emission spectrum. A
measurement done on a piece of green glass is used as a tertiary fluorescent
standard. This has been calibrated using a National Physical Laboratory

tungsten (W) filament secondary standard calibration lamp.

2.2.3 Synchrotron beam lines

Synchrotron experiments were performed at beam line B22, MIRIAM
(Multimode InfraRed Imaging And Microspectroscopy) at the Diamond light
source (Harwell Science and Innovation Campus, Oxfordshire, UK) and IRENI
(IR ENvironmental Imaging) at the Synchrotron Radiation Center (SRC,
University of Wisconsin, USA).

At both the end stations of the B22 beam line, Hyperion 3000 microscopes were
used coupled to Bruker Vertex 80V FTIR spectrometers. Synchrotron light is
supplied to the beam line by the storage ring. Diamond operates in a ‘top up’-
mode which means the electron beam is topped up through the day, in contrast

to the SRC which gets injected only four times a day.

The IRENI beam line at SRC combines multiple synchrotron beams (3x4) with
wide-field detection using a focal plane array (FPA) detector (Nasse et al.,
2011). Light is supplied by the Aladdin electron storage ring and mirrors create
a 3x4 bundle of synchrotron beams which are directed to the Vertex 70 FTIR
spectrometer and FPA detector (Bruker Hyperion 3000). A schematic overview

is shown in figure 2.6.
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Figure 2.6: Overview IRENI beamline A) Schematic of the experimental setup; B)
FPA image (128x128 pixels) of the 12 beams illuminating an area of ~50x50 um.
Scale bar 40 um. C) Visible light photograph of the 12 beams projected on a
screen in the beam path, dashed box in A, the scale bar has a size of ~1.5 cm; D)
Long time exposure photograph showing the combination of the 12 individual
beams into the beam bundle (Nasse et al., 2011).

2.2.4 ATR FTIR setup

ATR experiments on the deparaffinated sample were performed in collaboration
with Dr Alina Zoladek and Prof Sergei Kazarian at Imperial College (London,
UK). The system comprised a germanium ATR crystal, a Varian 7000 FTIR
spectrometer, and a Varian 600 UMA microscope with a 64x64 pixel FPA

detector.

2.2.5 Transmission Raman setup

A scheme of the experimental setup is shown in figure 2.7. The emission from a
frequency stabilized laser module (830 nm, Innovative Photonics Solutions) is
sent from a fibre to a fibre-export collimator (Thorlabs) and passed through a
laserline filter (FL830-10, Thorlabs) to suppress off-centre spectral emission

from the laser. The generated Raman signal was collected in transmission

54



Chapter 2

mode using an anti reflective coated lens (f = 60 mm, dia = 50 mm, INGRYS
Laser Systems). The collimated scattered light was passed through a
holographic super notch filter (HSPF-830.0 AR-2.0, Kaiser Optical Systems) to
remove the elastically scattered light and imaged onto an optical fibre bundle by
a second lens of the identical parameters to the collection lens. The output end
of the fibre probe was placed at the entrance port of a Holospec VPH system
spectrograph (Kaiser Optical systems Inc, HSG-917.4 custom, f-number = 1.8)
and a CCD detector cooled to -70°C (Andor Technology, DU420A-BR-DD, 1024
X 255 pixels).

Cuvette filled with

; calcification standard Collection
Fibre l fibre bundle
i EE 1N R ——
T IRIR .
IPS 830 nm - g 5 2 Spectrometer CCD
| 29 5
FC = Fibreport collimator Tissue

LLF = Laserlinefilter

HSNF = holographic super notch filter

Figure 2.7: Experimental setup used for the transmission Raman study.

During this project, the deep Raman setup was modified to permit both the
inverse SORS and transmission Raman modes of operation (figure 2.8 and
2.9). First, a different Innovative Photonics solutions laser was installed for the
transmission measurements, with similar excitation wavelength (830 nm), but
the output power at the sample was 220 mW. Later this laser was used for the
inverse SORS measurement and for the transmission measurements a 830 nm

Renishaw laser with an output of 140 mW was utilised.
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detector

Figure 2.8: Photograph of the deep Raman setup, with the different components
indicated.

In figure 2.9, the beam alignments for both SORS and transmission Raman are
indicated. The beam used for the transmission Raman (depicted in blue) is
steered to the sample using a periscope to adjust the height and mirrors leading

the beam to a lens (f= 7.0 cm) which focuses the beam onto the sample.
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Figure 2.9: Detail of the combination of SORS and transmission Raman on one
setup. The path of the laser is depicted in the photograph for both the SORS
(orange arrows) and transmission Raman (blue arrows).
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A collimated laser beam of the SORS laser (path depicted in orange in figure
2.9) was passed through an axicon (fused silica conical lens, 25.4 mm
diameter, 170° apex angle, Topag Lasertechnik, Darmstadt, Germany)
transforming the beam into a ring. By changing the separation of the axicon
from the sample, the size of the ring could be controlled. In figure 2.10 a
schematic overview of the workings of an axicon is shown together with an

example of the output.

Figure 2.10: A) Schematic view of the workings of an axicon with the apex angle
indicated in red (adapted from www.thorlabs.de, last accessed 11 October 2012);
B) Photograph of the output of the axicon used, the point in the middle of the
circle is the output of the transmission laser.

The system was calibrated using an aspirin tablet (acetylsalicylic acid), using
values provided by Boczar et al. (2003). On each day the system was used, an
aspirin spectrum was first measured (1 s acquisition time). The pixels relating to
the 291, 425, 551, 751, 1045, 1191, 1293, 1606, and 1752 cm™ bands were
selected, assigned, and then used to calibrate the system.

2.3 Methods

2.3.1 Study of breast calcifications (Chapter 3)
2.3.1.1 Study of calcification standards

Tablets were pressed from all available standards (KBr, 1wt% analyt) and
measured with the MIR light source at Diamond Light Source beamline B22.
Measurements were performed without an aperture, 4 cm™ spectral resolution

and 256 scans in transmission mode with a blank KBr tablet as background
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(n=3). Data was loaded into Matlab, where the average of each group was
taken.

To test what effect the saturation has on the peak shape, KBr tablets were
pressed with different amounts of 2% carbonate substituted apatite in them.
These tablets were measured on the Spotlight 200 in transmission mode in the
4000-750 cm™ range, 120 scans, 1 cm™ interval, and a 200x200 micron
aperture. Measurements were done at five locations on the tablet. This part of

the study was performed at the Cranfield Forensic Institute at Shrivenham.

A comparison between ATR and transmission FTIR was made by measuring a
2.0% carbonate substituted HAP sample with both settings. These
measurements were performed by Dr Alina Zoladek at Imperial College. All
measurements were performed with a 40x objective, but due to the different
nature of the measurements the interrogated area differs. ATR measurements
were performed at a 64x64 pm area with 64x64 data grid, in contrast to
transmission FTIR measurements which interrogated a 350x350 um area with a
64x64 data grid. For the ATR measurements 50 scans were used and for the

transmission FTIR 25 scans.

Raman measurements were performed on a Renishaw 1000 Raman
microscope. Powders were measured on a calcium fluoride slide without further
sample preparation. Five areas were measured with an acquisition time of 60

seconds and a 50x magnification.

2.3.1.2 Comparison of spectroscopic techniques with pathology staining

The unstained, AR stained, H&E stained, and VK stained sections of all
specimens were registered on the Perkin Elmer Spotlight 400 system and
corresponding areas were selected. Obtaining a white light image with the FTIR
setup results in intensity discrepancies which are visible as ‘tiles’ in the

montaged image. An example is shown in figure 2.11A.
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A Il B
Figure 2.11: A) Original white light obtained with FTIR setup; B) same figure
corrected for unequal distribution of light over each tile.
This tiling can be removed by using a blending algorithm (Rankov, 2005). By
selecting a blank area of the size of one tile on the slide, a Gaussian filter can
be created which reduces the differences in lighting conditions. This filter is then
applied to the whole of the image. In panel B of figure 2.11 the image is shown

after applying the algorithm.

All FTIR measurements were done on the unstained slides in transmission
mode, with a spatial resolution of 4 cm™ and pixel size of 6.25 pm. The FTIR
data was loaded into Matlab and biochemical component spectra were fitted
against the spectral maps of the samples using ordinary least squares. The
simplest approach to detect calcifications with FTIR, would be to plot the
intensities of a characteristic apatite band, such as the ~1030 cm™ band, over
all the maps. However, due to the complexity of the spectra, a fit would be more
appropriate to identify calcifications. Biochemical fitting enabled estimations of

the relative concentrations of these components at each location in the
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measured map. Hydroxyapatite (0.5% carbonate), DNA, RNA, actin, collagen
IV, oleic acid, palmitic acid, paraffin, and triolein were fitted and the first
derivative was used because previous research shows that works best (Baker,
2009). The false colour map indicating the fit coefficient (or relative level) of the
hydroxyapatite was compared to the images of the different stains on adjacent

slides of the sample.

Raman and IR mapping of cell lines

Samples grown in osteogenic cocktail for 7, 11, 14, 17, and 21 days, and
samples grown for 11 and 14 days in control media were measured at the B22
beamline of Diamond Light Source Ltd (Harwell Science and Innovation
Campus, Oxfordshire, UK) with a Bruker 80 V Fourier Transform IR
Interferometer coupled to a Hyperion 3000 microscope. A grid of 145x145
micron was evaluated (10x10 point measurements) on the samples grown in
osteogenic cocktail in order to capture different phases in calcification growth.
Measurements consisted of 128 scans with a resolution of 4 cm™ performed in
transmission mode with a 15 um aperture and a 36x objective. The background
was measured every 10 measurements. Additional FTIR measurements were
performed on a Perkin Elmer Spotlight 400 system on larger areas with a
spectral resolution of 4 cm™, pixel size of 6.25 pm and 120 scans per pixel.
Raman maps were acquired with a step size of 2.2 um and an 15s exposure
time on a Renishaw System 1000 with streamline technology using 830 nm

excitation on samples grown for 14, 17, and 21 days.

2.3.1.3 Synchrotron FTIR imaging of breast calcifications
Localisation of calcifications

White light images of the pathology samples were taken on an IR Spotlight 400
system (Perkin Elmer). Sections which were thought to contain
microcalcifications were subsequently mapped. All the measurements were

carried out in transmission mode, with a resolution of 4 cm™, pixel size of 6.25
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pm, and up to 16 scans per pixel. Background measurements (120 scans per
pixel) were taken on a blank piece of slide. The location of microcalcifications
was then marked on the white light image in order to find these regions back
easily during synchrotron experiments. Biochemical fitting was used in order to
investigate whether a sample contained calcifications. Once the data was
loaded into Matlab, biochemical component spectra were fitted against the
spectral maps of the samples as described in section 2.3.1.2.A fit of one
indicates the spectrum is purely that compound. A mixture of at least protein,
paraffin, and apatite is expected for a calcification. The threshold set for the
apatite signal was 0.1 to ensure the spectra relating to the pixels do show
apatite features. An overview is shown in figure 2.12.
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Figure 2.12 Screening procedure of pathology samples A) A white light image
was taken; B) Area which is thought to contain microcalcifications was mapped
and subsequently a biochemical fit of hydroxyl apatite (0.5% carbonate)
performed; C) pixels with a calcification signal higher than threshold are
coloured white, and D) Spectra matching to the white pixels.

Diamond experiments

During the first beamtime allocation at Diamond (SM6123) regions of interest
were mapped in transmission mode with a 36x objective, 15x15 micron

aperture, 128 scans, and a 4 cm™ spectral resolution. During the second
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allocation (SM6605) both line maps and maps were taken using a 36x objective,
aperture of 10x10 pm, 4 cm™ spectral resolution, 128 scans and 10 um steps
except for the last map which was measured in a step sizes of 3.5 um. Data
collection at Diamond is performed with OPUS software. In order to load these
measurements into Matlab, ‘ImportOpus’ can be used (modified by Dr Jacob
Filik, B22 beamline, Diamond Light Source) and free to use and distribute.
When loaded into Matlab, the spectra were analysed and the amount of
phosphate and carbonate was evaluated using the area under the curve. In
order to test the feasibility of using thinner samples, pathology samples were
cutto 1, 2, and 5 pum thickness and mounted on calcium fluoride. The samples
were then mapped with the Spotlight benchtop system in transmission mode
with a spectral resolution of 4 cm™, pixel size of 6.25 pm and the background
measured on a blank piece of the slide. A biochemical fit was then performed

on the datasets.

IRENI experiments

At the IRENI beamline, measurements were performed in transmission mode.
For initial experiments (to target locations) a lower amount of scans was used,
but for the maps obtained measurements were performed with 128 scans and a

spectral resolution of 6 cm™.

Due to the vast size of the data, original maps had to be compressed using self
organising maps (SOMs) before loading into Matlab. In Matlab, PCA was
applied and regions with calcifications were selected and saved for further

analysis.

Additional measurements were performed in September-October 2012 in

transmission mode with 128 scans and a spectral resolution of 6 cm™.
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2.3.1.4 ATR imaging of breast calcifications

ATR measurements were performed by Dr Alina Zoladek (Imperial College,
London, UK) on deparaffinised tissue samples. The locations of the
measurements are indicated in figure 2.13 the transmission FTIR locations are
indicated by the red boxes and the ATR FTIR measurements with the orange
boxes. Raw data was provided for measurements at position 3,4,8, and 9 which
was loaded into Matlab. The data was interpolated from 900 to 1200 cm™, using
a 1 cm™ step size. PCA was then performed in order to distinguish the
calcification area from the surrounding tissue in the 64x64 pixel maps. Line
scans were then carried out over the calcified area and the area under the

curve for the phosphate and amide | band was analysed.

Figure 2.13: White light image of the deparaffinated sample with the ATR FTIR
measurement locations indicated with orange boxes and the transmission FTIR
locations with red boxes.

2.3.1.5 Raman imaging of breast calcifications

Measurements were performed on a Renishaw 1000 system (830 nm laser, 50x
objective, stepsize 6.3 micron) equipped with a xyz stage and Streamline
software which enabled mapping experiments. The y-bin was set to 6 and the

measurements done with 15s exposure time, ‘slalom setting’ on and centred
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around 1250 cm™. A higher resolution map was taken on a smaller area on the
same sample with stepsize 1 um, the y-bin set to 1 and a 15s exposure time.

Cosmic rays were removed by applying a median filter over all spectra. The
Raman measurements were compared to the FTIR measurements taken on the
same area. The FTIR map was performed with a spectral resolution of 4 cm™,
pixel size of 6.25 pm, scan speed of 1 cm/s and two scans per pixel. As a
background measurement a blank piece of slide was measured 120 times with

the same settings.

2.3.2 Deep Raman system evaluation (Chapter 4)
2.3.2.1 Comparison porcine soft tissue and human mammary tissue

For a study comparing porcine soft tissue and human mammary tissue, stored
breast tissue was retrieved from the freezer and left at room temperature to
defrost. To provide stability the tissue was placed inside a polymer tube with a
diameter of 2.5 cm. Raman spectra were taken in transmission mode with
accumulation times 5x60s (cosmic ray removal on) on the transmission Raman
setup. Measurements of sample with comparable thicknesses (see sample
thickness section below) were used to compare porcine soft tissue and human

breast tissue.

2.3.2.2 Sample thickness limits when using transmission Raman setup

Freshly frozen breast specimens and porcine soft tissue specimens of different
thicknesses were measured on the transmission Raman setup with the same
setting described in the section above. The breast specimens had a thickness
of 8, 10, 12, 15, 20, 22, and 25 mm and the porcine soft tissue specimens had
thicknesses of 10, 18, 27, 40, and 49 mm, respectively.

During the measurements done on freshly excised breast pathology specimens
the thickness of each specimen was recorded (section 2.3.3.3). This data was
analysed to investigate the effect of sample thickness. The SNR was calculated
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by taking the height of the Gaussian fit to the 1440 cm™ band as the signal and
taking the noise as being half the difference of the highest and lowest point
between 350 and 450 cm™.

For extended depth measurements, nanoparticle x403 (described in section
2.1.7) was injected (approximately 3x 10'° particles) in the centre of the porcine
muscle tissue block of 45-50x50x50mm (approximate thickness 47mm) shown
in figure 2.14. Raman spectra were collected over 5x60s (cosmic rays removal

on) in transmission mode.
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Figure 2.14:Tissue block (45-50x50x50mm, average thickness 47mm) used for
the extended Raman depth measurements.

2.3.2.3 Lateral spreading in transmission Raman measurements

To study the spread of Raman signal through the specimens of a certain
thickness, one microliter of x403 nanoparticle suspension was pipetted in the
middle of a piece of porcine soft tissue with a thickness of 5 mm. Translational
X-y stages were used in a range of 20 mm to translate the sample in steps of 2
mm, to construct an image of 11x11 data points. Raman spectra were collected
for 10s at each of these points. After construction of this image, an extra layer of

porcine soft tissue was attached to the sample with surgical pins which made
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the total thickness of the sample 20mm. Again an image of 11x11 data points
was created. Both images were loaded into Matlab where an image was
created based on the baseline corrected (1152 cm™) most prominent band
(1016 cm™) of the x403 spectrum. A 2D Gaussian function was fitted to this
data to indicate how much the intensity spread over the pixels depends on the

thickness of the sample.

2.3.2.4 The originating depth and spatial resolution of transmission

Raman signal

To understand the effect the depths of the calcifications have on the Raman
signal quality, measurements were performed with analytes on different depths

while keeping the thickness and the size of the analyte static.

Porcine soft tissue of 15-20 mm thick (average 18 mm, figure 2.15) was carved
the size of a large microscope slide. It was wrapped into cling film to provide
stability needed to mount it upright. Then a microliter of x403 was injected into

the tissue block.

Figure 2.15: Sample orientation in the originating depth experiment.
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Translational x-y stages were used in a range of 20 mm to translate the sample
in steps of 1 mm, to construct an image 21x21 datapoints. Raman spectra were
collected for 10s at each point. Then the sample was unwrapped, rotated 180
degrees, wrapped again and an image of 21x21 datapoints was constructed
while the sample was translated in steps of 1 mm. By doing this, the thickness
of the sample is exactly the same, and only the depth of the signal is changed.
All data was loaded into Matlab were an image was created based on the most
prominent peak of the x403 (1016 cm™, baseline corrected) spectrum. A 2D
Gaussian was then fitted to this data in order to investigate the effect of the
depth from which the signals originate on the lateral spreading of the Raman

signals.

2.3.2.5 Measurements through skin

In order to use transmission Raman as a non-invasive tool, it should be possible
to do measurements through skin. In order to test the capability of the system to
achieve this, measurements were performed on porcine soft tissue with skin

and human breast tissue with attached skin.

Porcine soft tissue was sectioned to a thickness of 0.5 cm, placed against a
large microscope slide and then wrapped in cling film to provide enough stability
to position the sample upright. One microliter x403 dye was pipetted into the
centre of the sample. A volume of one microliter corresponds to a sphere with a
diameter of 0.6 mm, assuming no leeching into the surrounding tissue (see

equation below for calculation of radius r).

4
Volume = §m’3

Equation 2: Volume of a sphere.

Translational xy-stages were used in a range of 20 mm to translate the sample
in steps of 2 mm, to construct an image 11x11 data points. Raman spectra were
collected for 10s at each point. Then, porcine skin and fat was attached to the

sample with surgical pins, which forced the two parts to be in contact. The
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thickness was 15 mm. Again, a 11x11 measurement grid was created in order
to construct an image. All data was loaded into Matlab where an image was
created using colour scale of one of the prominent peaks of x403. Furthermore,
a 2D Gaussian was fitted to this data matrix in order to estimate how much the

signal spreads through the sample.

Measurements through skin were also performed on the fresh human breast
specimens. During the theatre experiments, four samples had skin attached.
The specimens were wrapped in cling film and placed between two large silica
microscope slides as described in section 2.3.3.3. In figure 2.16, photographs of
the first specimen (10 mm thickness) are shown.

S

& 3 &
Figure 2.16: Pathology sample with skin A) photograph of sample; B) sample
mounted for deep Raman measurements.

The blue colour of the specimen is due to blue dye used in theatre, as explained
in material section 2.1.9. On this specimen three measurements were done

through skin and five through tissue only.

The second specimen with attached skin had a thickness of 23 mm and did not
contain blue dye (figure 2.17). On this specimen six measurements were

performed; three on the skin patch and three on an area without skin.
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Figure 2.17: Pathology sample with skin A) Front view, the arrow indicates the
skin patch; B) Side view of mounted sample (thickness 23 mm).

The third specimen with attached skin had a thickness of 10 mm and blue dye
was visible (image not shown). All measurements on this sample were
performed through skin. The fourth specimen had a thickness of 21 mm and
had no visible blue dye (image not shown), on this specimen two

measurements were performed on skin and on the tissue alone.

During all Raman measurements performed on the fresh tissue samples the
experimental settings were similar to those of the other measurements in the
theatre study (Section 2.3.3.3); all measurements were done in transmission
mode with an accumulation time of 3x60 seconds and the cosmic ray removal

function on.

2.3.3 Deep Raman spectroscopy on breast calcifications and tissue
(Chapter 5)

2.3.3.1 Use of a pseudo marker to estimate the amount of carbonate

substitution

Calcification standards with 0.5, 1.4, 2.0, 2.3, 3.5, 6.0, and 11.0% carbonate
substitution were placed in quartz cuvettes with a path length of 2 mm (Starna,
Hainault, UK). The samples were each measured five times in random order for

20 seconds and these measurements were used as standards.

For a non-invasive proof-of-principle feasibility study the cuvettes were wrapped

in porcine tissue (figure 2.18) to evaluate the carbonate substitution through a
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layer of tissue. Tissue with a mix of fat and protein was chosen to mimic bulk
human breast tissue. The thickness of the porcine tissue was 1.8 mm for the
proof of principle experiments on both sides of the cuvettes (overall thickness
porcine tissue 3.6 mm + 2 mm cuvette = 5.6 mm). The measurement was also
performed with an overall thickness of 16 mm in order to evaluate the clinical
relevance of the method. During all measurements (n=3 for each standard) the
signal was accumulated over 5x60 seconds and the cosmic ray removal option
of the detector software was used.

Cuvette filled with
calcification standard

Towards

Laser light collection optics

T e %
1.8 mm porcine soft

e tissue on each side of
— the cuvette

Figure 2.18: Detail of the experimental setup. Left panel: porcine soft tissue
wrapped around an optical cell as used in feasibility experiment; right panel: a
graphical representation (Kerssens et al., 2010).

All data was loaded into Matlab7 in which an in-house written tool fitted a
Gaussian function to the peak located at 960 cm™ after which the
characteristics of this fit were evaluated. This yielded four parameters to
analyse; the position of the Gaussian, the height of the baseline, the sigma of
the Gaussian, and the maximum of the Gaussian. In our analysis the position
and the sigma of the fitted Gaussian were used to separate the different

samples. The o is related to the width of the peak:

FWHM =2V2In2o

Equation 3: Full-width-half maximum calculation.
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In a later stage of the project, apatite standards were kindly provided by Prof.
Mary Tecklenburg (section 2.1.1). All apatite samples were measured on the
Raman microscope (n=5) with an accumulation time of 60 seconds to test the
effect of substitution type on the position of the apatite band. Since elemental
analysis was performed on the new samples, the amount of carbonate
substitution could be defined with a higher accuracy. The samples were used to
validate measurements performed on the samples from Clarkson

Chromatography and the Rogers lab.

2.3.3.2 SNR limits for using the pseudo marker

For the spatial resolution measurements two cuvettes filled with calcification
standards with a carbonate substiution range found in breast calcifications
(Baker et al., 2010). One standard had a carbonate substitution of 1.4%,
which would be a breast calcification relating to invasive breast cancer, and
the other calcification standard a carbonate substitution of 2.0%, which would
relate to a benign breast calcification. The standards were oriented next to

each other and wrapped in porcine soft tissue (figure 2.19).

Laser light

Calcification
¢ standards

Towards detector

Figure 2.19: Graphical representation of the spatial resolution experiment.
The xy-translational stage was used to move the sample in steps of 1 mm. The

overall sample thickness was 7 mm and the sample was measured five times
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(60 s accumulation time) on every location. A signal to noise tool was employed
to estimate the SNR. The height of the fitted Gaussian was taken as the signal
and the noise was estimated as half the difference between the highest and

lowest signal between 800 and 900 cm™.

Human breast tissue was retrieved from the freezer and left in room
temperature to slowly defrost. After defrosting the tissue did not maintain its
shape, so stability was provided by mounting the tissue in a syringe tube. A
calcification standard containing 2% carbonate substitution was measured with

different amounts of breast tissue around it (varying from 5 mm to 20 mm).

To get an idea about the SNR needed for an accurate estimation of the amount
of carbonate substitution the study described below was designed and

performed.

Human breast tissue was retrieved from the freezer and left in room

temperature to slowly defrost. After defrosting the tissue was positioned on top

of a glass plate and wrapped in cling film to provide stability. A calcification
standard (0.5, 1.4, or 6% COHAP) was put in front of the sample. Figure 2.20
shows a photograph of the sample mounting.

Figure 2.20: Photograph of the SNR experimental setup.
Each sample was measured 12 times (accumulation time 2x30s, cosmic ray

removal on). The data was loaded into Matlab, where a matrix was constructed
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with all combinations of the spectra. For n=3 the combinations would be: 0 0 0
(none of the spectra), 1 0 O (only the first spectrum), 0 1 O (only the second
spectrum), 0 0 1 (only the third spectrum), 1 1 0 (spectrum 1 and 2), 1 0 1
(spectrum 1 and 3), 0 1 1 (spectrum 2 and 3), and 1 1 1 (all three spectra).

With twelve measurements, 2*? (4096) combinations can be constructed since
there are two options for each of the twelve measurements; incorporation or
not. The combination of none of the spectra is removed, and from all the other
(4095) combinations the mean spectra of every combination is calculated. The
Gaussian fitting routine is applied over all new spectra and the amount of
carbonate substitution is calculated (the range of each group, mean, and
standard deviation) and the SNR.

The SNR is calculated by using the highest intensity between 940 and 980 cm™
as a measure for the signal which is lowered by the lowest intensity in this
region as a method of background subtraction. The noise is calculated by taking
the highest and lowest intensity between 760 and 800 cm™, which is an area of
the spectrum which does not show Raman bands. The difference between the
highest and the lowest intensity is than calculated and divided by two, to give an
indication of the noise level. The signal is then divided by the noise to obtain the
SNR.

2.3.3.3 Theatre project deep Raman on breast

Specimens were collected from theatre and transported to the Biophotonics
Research Unit. As a routine procedure, patients might get injected with a
radioactive tracer (**"Tc) which is why radiation protection advice was sought
from the GlosRad team and local rules were set up. In short, the lab was
designated as a ‘supervised area’ when a radioactive breast specimen is
present. Warning signs were fitted to the door whilst the sample was in the
room or waste was stored with a measured activity level exceeding the disposal
limits. Radiation was measured with a Thermo Type 44A scintillation monitor

SN5023 and records of the measurements retained.
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At the Biophotonics lab, the breast specimens were placed in cling film and
mounted between two 51x76x1.2-1.5 mm microscope slides (Logitech Ltd,
Glasgow, UK). The sample was then mounted in the sample holder and the
thickness of the sample was recorded which ranged from 3-25 mm. Five
measurements were taken from each sample (different positions) with an
accumulation time of 3x60s with the cosmic ray removal function on. After the
measurements the specimens were brought back into the standard clinical
pathway. Records of the whereabouts of each sample were kept in both theatre
and the lab.

All data was loaded into Matlab and interpolated in order to have the same x-
axis for each sample in the dataset and background subtracted. All specimens
were coded for the presence of calcification; ‘O’ when no calcifications were
clearly seen on the image and ‘1’ when calcifications were present. The
presence of the calcifications was evaluated by X-ray images of all specimens.
Access to the original data has not been secured yet, but low resolution images
are depicted in appendix E3 for all specimens used in the study together with
the raw Raman data per sample. It should be noted that this was not done by a
radiologist and not based on the high quality images. As a result the
classifications of both groups is limited. Calcifications were present in 19

specimens and 22 specimens did not have calcifications.

PCA was performed and the scores for each component were plotted versus
the scores for the next principal component for both groups. The model was
then changed to four groups: specimens with many calcifications (n=6),
specimens with calcifications (n=11), specimens without calcifications (n=8),
and an ‘unknown’ group in which specimens were put with unclear X-ray
images. By introducing the ‘unknown’ group all specimens which were
previously borderline calcification/ no calcification will be treated as a separate

group which decreases the subjectivity.
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3 Results: study of breast calcifications

3.1 Study of calcification standards

In this section, a study involving hydroxyapatites in a range of carbonate
substitution (0-11%) with transmission FTIR and Raman spectroscopy, as well
as calcium carbonate and amorphous calcium phosphate is presented. By
studying the spectra of samples with known chemical composition the effect this
composition has on the spectra can be derived. This knowledge can then be
used to translate spectral differences to chemical information within tissue
specimens. Furthermore, the effect of dilution is studied with transmission FTIR
to assess the effect of signal saturation on the measured spectra and a
comparison is made between transmission FTIR and ATR FTIR and Raman

spectroscopy.

3.1.1 Infrared experiments on calcification standards

Transmission FTIR experiments were performed on the standards as described
in section 2.3.1.1. The mean spectra of the samples provided by the
Tecklenburg lab (Michigan University) are shown in figure 3.1.

For clarity, the spectra are offset. Key band positions are indicated with blue
lines (873, 878, 1030, 1410, 1470, and 1537 cm™).

The key signature of the apatite spectrum consists of a intense broad band
~1030 cm™ with a shoulder ~1070 cm™ and a lower intensity band at 960 cm™.

The position of the band in the 870 cm™ - 880cm™ region is different for both
types of carbonate inclusion, type A and B. Samples with A-type substitution
show a band ~878 cm™, and samples with B-type substitution show a band
~873 cm™ which is in agreement with previous studies (Antonakos et al., 2007;
Fleet and Liu, 2007; Fleet, 2009).
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Figure 3.1: Mean FTIR spectra from samples prepared by Tecklenburg lab
(Central Michigan University). Measurements are normalised and for clarity
shown with offset. The blue vertical lines indicate the key positions at 873, 878,
1030, 1410, 1470, and 1537 cm™.

Samples with (partly) A-type substitution showed furthermore bands at 1134
cm™ and 1537 cm™, which were not observed for B-type substituted apatite
samples. The phosphate region (900 cm™ -1200 cm™) shows subtle differences
due to environment of the phosphate due to for example pH differences during
formation, maturation, carbonate substitution. Rey et al. (1991b) observed a
band ~1134 cm™ in a brushite spectrum. Brushite, CaHPO,-2H-0, is a mineral
with a chemical composition fairly similar to hydroxyapatite (Cai1o(PO4)s(OH),).
The band located ~1537 cm™ can be assigned to A-type carbonate substitution.
According to literature, A-type substitution is characterised by a doublet ~1545
cm™ and 1450 cm™ (Fleet, 2009), although in the same manuscript several
orientations of A-type substitution are discussed which alter the band positions
to 1540 cm™ (a band was observed ~1537 cm™ in the spectrum above) and
1449 cm™ and 1569 cm™ and 1507 cm™. An additional band ~1470 cm™ was
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observed in the A-type substituted samples, which was not observed in the B-
type substituted samples, which is most likely a combination of the 1450 and
1545 cm™ doublet described by Fleet.

In figure 3.2 the mean spectra of the samples provided by Prof. Rogers and
Clarkson Chromatography are shown. For clarity, the spectra are normalised
and shown with offset. Again, key band positions are indicated with blue vertical
lines positioned at 873, 878, 960, 1030, 1410, 1455, and 1550 cm™.
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Figure 3.2: Infrared spectra measured from Clarkson Chromatography samples
and samples provided by Prof. Keith Rogers (Cranfield University, Shrivenham).
Measurements are normalised and for clarity shown with offset. The blue vertical
lines indicate the key positions at 873, 878, 960, 1030, 1410, 1455, and 1550 cm™.

All apatites are said to be B-type carbonated. However, the band between 870
cm?® and 880 cm™ contains features for both A- and B-type carbonate
substitution. Although the relative amount of both substitution mechanisms
cannot be evaluated with FTIR, it is clear that the samples do not contain solely

B-type substituted carbonate as claimed by the manufacturer.
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The phosphate band (~1030 cm™) is slightly broader for amorphous calcium
phosphate (ACP) and hydroxyapatites in which a larger amount of carbonate is
incorporated which is due to distortion of the lattice. In contrast to the samples
prepared in the Tecklenburg lab, no bands were observed ~1134 cm™. Bands
characteristic for B-type carbonated substituted apatite are observed ~1410 cm’
! and ~1455 cm™ (Fleet, 2009), although also a small band ~1550 cm™ which
can be assigned to A-type carbonate substitution. Although carbonate
substituted HAP and calcium carbonate (CaCOg3) both contain calcium and
carbonate, it can be seen that the FTIR spectra do not show the same bands
and therefore not the same chemical bonds are probed with FTIR.

In appendix A an overview of FTIR band assignments of calcified materials can

be found.

3.1.1.1 Dilution experiments

The effect of sample dilution upon the shape of the spectral bands was tested
by pressing KBr tablets with different amounts of apatite in them and measuring
the FTIR spectrum. In figure 3.3, the measurements are shown for the 0.3 wt%
and 1.8 wt% samples. Similar results were obtained from the samples with
different amounts of calcification standard (data not shown).

Both samples show the characteristic phosphate band shape in the 1000-1200
cm™ region. In the lower panel (1.8 wt% sample), a signal saturation artefact is
seen in the spectrum displayed in cyan. The top of the band is flat with noise on
top, and the bands in the 1400-1600 cm™ region are much stronger than the
other measurements on the same sample. The broadening of the phosphate
band of the purple spectrum indicates saturation as well, although not in the

same amount as the cyan spectrum.
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Figure 3.3: Results dilution experiments; Upper panel) Measurements on 0.3 wt%
sample; Lower panel) Measurements on 1.8 wt% sample. Data is not normalised.

All spectra, when not saturated, showed the characteristic phosphate band
shape consisting of one band ~ 1030 cm™ with a strong shoulder ~1090 cm™.
During analysis it should be kept in mind that a spectrum is saturated in case
this characteristic shape is lost.

3.1.1.2 Transmission FTIR versus ATR FTIR

In figure 3.4, the mean spectra of the transmission FTIR and ATR
measurements on a 2.0% carbonate substituted apatite standards are shown.
The carbonate bands in the 1400-1500 cm™ region of the transmission FTIR
spectrum are much stronger than those in the ATR FTIR measurements. This
could indicate that saturation is present in the transmission FTIR

measurements. In the raw data, saturation is indeed visible (data not shown).
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However, it should be noted that the intensity at higher wavenumbers is lower

for ATR due to the wavelength dependence.
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Figure 3.4: Mean ATR measurements (green) versus mean transmission FTIR
(blue) on 2.0% carbonate substituted HAP standard. Spectra are not normalised.

Saturation would also explain the difference in the phosphate bandwidth (900-
1200 cm™). During transmission FTIR measurements, light goes through the
whole of the sample while the penetration depth during an ATR experiments is
typically between 0.5 and 2 um. The difference in penetration depth is related to

the presence or absence of signal saturation.

ATR FTIR measurements were performed on the A- and B-type substituted

samples, mean spectra are shown in figure 3.5.
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Figure 3.5: Mean spectra of ATR FTIR measurements performed on A- and B-type
substituted calcification standards. Measurements are normalised.
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The location of the phosphate band shifts position depending on the type of
carbonate substitution. The phosphate band of the fully B-type substituted
sample is positoned ~1027 cm™ (same as previous observed in 2.0%
carbonate substituted sample), while the position of the partly A-type substituted
sample is ~1008 cm™ for the red spectrum and ~1010 cm™ for the blue
spectrum.

Considering the different ratio of A- and B-type substitution of both mixed
samples (red and blue, respectively) one would expect a more pronounced
difference in location of the phosphate band. This is however not visible in the
mean spectra.

When plotting the different data sets, two for 4.4 wt% A and 0.6 wt% B (red) and
three for 4.3 wt% A and 2.1 wt % B (blue), significant differences in band

locations are found between measurements of the same sample (figure 3.6).
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Figure 3.6: Mean spectra of each dataset performed on the A- and B-type
carbonate substituted calcification standards. Measurements are normalised.

The band shift between the different samples seems to be a real phenomenon
when plotting all data (figure 3.7).
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Figure 3.7: All ATR measurements on standards. A) Standard with 4.4 wt% A-
type and 0.6 wt% B-type substitution; B) Standard with 4.3 wt% A-type and 2.1
wt% B-type substitution; C) Standard with 5.7 wt% B-type substitution.

However, when plotting the position and the area under the curve of the
phosphate band over a line scan across a calcification (figure 3.8), it can be
seen that the shift is related to the position of the measurement on the

calcification.
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Figure 3.8: ATR FTIR measurements on calcification standard with
predominantly A-type substitution. In blue the area under the phosphate curve
along the line scan is depicted and in green the position of this band.
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3.1.2 Raman microscope measurements on calcification standards

The Raman spectra of the samples prepared by the Tecklenburg lab were
loaded into Matlab and the mean was plotted in figure 3.9. The percentages in
the legend indicate the amount of B-type carbonate substitution, except for the
samples depicted by the dotted red and blue line for which first the total amount
of carbonate substitution is given followed by the amount of B- and A-type

carbonate substitution.
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Figure 3.9: Mean Raman spectra (n=5) of samples Tecklenburg lab, 830 nm laser,
60s accumulation time. Measurements are normalised and for clarity shown with
offset. The blue vertical lines indicate the prominent bands discussed in the text
located at 432, 440, 445, 960, 1018, 1046, 1071, 1076, and 1106 cm™.

The most prominent band is the phosphate band in the 960 cm™ region. The
amount of calcium substitution for the B-type carbonate (carbonate for
phosphate) substituted apatites reflects in the relative intensities of bands
relating to carbonate and phosphate. The relative intensity of the 1046 cm™

(phosphate) and ~1071 cm™ (carbonate and phosphate) strongly depends on
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the amount of carbonate substitution. For samples with a low amount of
carbonate substitution the 1046 cm™ band is the strongest, while for samples
with higher amounts of carbonate substitution the intensity levels of the two

bands are reversed.

Furthermore, a peak shift can be observed due to a change in intensity of
underlying carbonate (1070 cm™) and phosphate (1076 cm™) modes (Awonusi
et al., 2007). The samples with A-type substitution (CO3 for OH, spectra with
dotted lines) show an additional band ~1106 cm™, which is a carbonate mode
characteristic for A-type substitution (Penel et al., 1998) and ~1018 cm™ which
is a characteristic phosphate mode for A-type substituted apatite. In the lower
wavenumber regions the phosphate band shifts depending on the type of
substitution, the maximum for B-type substitution is located ~432 and ~445
cm?, while the maximum for A-type substitution would be ~440 cm™.
Furthermore, it can be seen that the maximum of the sample with 4.4% A-type
substitution with 0.6% B-type substitution (red dotted spectrum) is more shifted
towards the maximum characteristic for A-type substitution in this region, than

the sample with 4.3% A-type substitution and 2.1% B-type substitution.

Another batch of samples was prepared by Clarkson Chromatography and
kindly provided by Prof. Keith Rogers. The apatites (all spectra except
amorphous calcium phosphate (ACP) and CaCO3) all exhibit B-type carbonate
substitution and the mean (normalised) spectra are shown in figure 3.10. For
clarity, the spectra are shown with offset. Again, key band positions are
indicated with blue vertical lines. These lines are located at 432, 445, 960,
1046, and 1076 cm™. These positions are similar to those in the previous plot,

although positions related to the A-type substitution are not displayed.
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Figure 3.10: Mean Raman spectrum (n=5) for samples Rogers lab and Clarkson
Chromatography. Key band positions are indicated with blue vertical lines
positioned at 432, 445, 960, 1046, and 1076 cm™.

Amorphous calcium phosphate (ACP, depicted with solid green line) has bands

very similar to apatite, while calcium carbonate (depicted with red solid line)
does not show any of the characteristic apatite bands. Similar to the previous
bands the relative intensities of the carbonate and phosphate bands change
with increasing amount of (B-type) carbonate substitution. Although from the
FTIR experiment it is known that these standards contain A-type substitution,

this is less readily derived from the Raman experiments.

3.2 Comparison of spectroscopic techniques with pathology

samples staining

In this study H&E, VK and AR staining is compared with FTIR mapping on
pathology samples. FTIR provides both molecular and crystalline identification

of calcified materials such as urinary stones (Volmer et al., 1993; Wilson et al.,
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2010), kidney crystal deposits (Estepa and Daudon, 1997), and breast
calcifications (Baker et al., 2010). A comparison between FTIR, Raman and the
different stains could not be made here since the paraffin embedded tissue
samples exhibited sufficient background signals in the Raman to prevent
detailed analysis. Therefore, the performance of Raman spectroscopy is
compared to FTIR, VK and AR staining on samples from a 4T1 mammary
adenocarcinoma cell line in which calcifications are formed. Since these
samples are grown for a specific amount of days, the calcifications are ‘time
stamped’ and it can be investigated how soon the different techniques pick up

the presence of calcifications.

FTIR imaging picked up additional calcification in all benign samples, in one
case no positive staining was obtained with both AR and VK while calcifications
were visible in the score plot of hydroxyapatite (figure 3.11). At these positions
were indeed calcification spectra found in the original FTIR map (spectra
depicted in figure 3.11). Additional measurements on benign samples can be

found in appendix C.
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Figure 3.11: A) White light image of benign sample with overlaid the intensity fit
of hydroxyapatite. Two calcifications are visible which are highlighted by a circle
and spectral information is shown; B) Alizarin Red staining of adjacent slide; C)
H&E staining of adjacent slide; D) von Kossa staining adjacent slide.

More calcifications were found within the in situ pathology samples than in the
benign samples, although one sample was excluded from the dataset since it
did not contain calcifications. In figure 3.12, an example of one of the in situ

pathology samples is shown.
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Figure 3.12: Measurements on sample with in situ pathology. A) White light
image of sample, overlaid is the chemical component map for hydroxyapatite; B)
Adjacent slide stained with Alizarin Red; C) Adjacent slide stained with H&E; D)
Adjacent slide stained with von Kossa.

Calcifications were stained positively by both AR (panel B) and VK (panel D)
and were demonstrated in the score plot of HAP (panel A, yellow/white). In all in
situ samples the calcifications are more readily recognized in the AR staining
than VK, which is mainly due to the area stained. Calcifications which appear as
one larger calcification in AR are displayed as a cluster of smaller calcifications
when stained with VK. In the FTIR map the calcifications are also a cluster of

smaller inclusions.

In figure 3.13, a pronounced example of the extended stained area in AR
staining is shown. The AR staining fills the whole of the ducts while von Kossa

staining and FTIR show more localized calcifications.
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Figure 3.13: Sample with in situ pathology. A) Score plot of the hydroxyapatite;
B) Alizarin Red staining of adjacent slide; C) H&E staining of adjacent slide; D)
Von Kossa staining of adjacent slide.

The calcifications are stained by the H&E (purple) as well, but it should be noted
that H&E only gives structural and no chemical information — the walls of the
ducts are stained purple as well (figure 3.13). Most of the calcifications within
the in situ pathology samples are located in the ducts of the breast and are
more clearly visible by AR staining and FTIR imaging than VK staining.
Additional measurements on samples with in situ pathology can be found in

appendix C.

In the set of invasive samples studied here (additional measurements in
appendix C), the number of calcifications was larger than in the samples with in
situ or benign pathology. Furthermore, the calcifications were not located solely

in the ducts but distributed across the whole of the sample (figure 3.14).
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Figure 3.14: Invasive sample A) Scores of the chemical component map of
hydroxyapatite; B) Alizarin Red staining on adjacent slide; C) H&E staining of
adjacent slide; D) Von Kossa staining of adjacent slide.

In figure 3.15, the displaying method of the FTIR maps (biochemical fit) is
compared to simply displaying the intensity of the characteristic apatite band
centred ~1030 cm™ for the benign (panel A and B) and in situ sample (panel C
and D) shown in figure 3.11 and 3.13. In general, displaying the intensity will be
sufficient when the calcification signals have a high intensity. With lower
intensity artefacts such as scattering on the edge of the sample and slightly
varying background signals will dominate and result in a large number of false

positives.
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Figure 3.15: Comparison of intensity of the 1030 cm™ phosphate band
characteristic for apatite to biochemical fit of apatite. A) Intensity of the apatite
band on benign sample; B) Biochemical fit of apatite on benign sample (same as
in A); C) Intensity of the apatite band on in situ sample; D) Biochemical fit of
apatite on in situ sample (same as in C).

The 4T1 in vitro mineralisation model allows temporal analysis of mammary cell
mineralisation to take place. Positive AR staining was first observed in
osteogenic cocktail treated 4T1 cells after 11 days and the intensity and extent
of staining increased with time (figure 3.16 A). Positive VK staining of replicate
samples was consistently more discrete and less extensive than AR staining.
However, when replicate samples were analyzed using the B22 beamline, no
calcifications were detected at 11 or 14 days. One very small calcification was
present in the area measured of the cells grown for 17 days and calcifications
were also present in samples grown for 21 days in osteogenic cocktail (figure
3.16 B).
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Figure 3.16: Mineralization of mammary 4T1 cells. A) Alizarin red and von Kossa
staining of 4T1 cells grown in the osteogenic cocktail for 14 and 21 days; B)
Measurements Diamond synchrotron on 4T1 cells grown for 14, 17, or 21 days in
osteogenic cocktail. The blue line indicates the position of the 1026 cm™ band
characteristic for apatite. One spectrum displaying apatite was found on the
sample that matured for 17 days, while apatite was abundant in the sample
matured for 21 days. No apatite was found in the sample matured for 14 days.

Additional measurements were undertaken on the FTIR Spotlight system.
Measurements on the sample grown for 17 days (figure 3.17 A) showed only
one pixel with the characteristic calcification band ~1030 cm™. On the map
taken on a sample grown for 21 days large numbers of calcifications were found
(figure 3.17 B).
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Figure 3.17: FTIR mapping 4T1 cell line grown in osteogenic cocktail. A) Apatite
fit on map of sample grown for 17 days; B) Apatite fit of map of sample grown for
21 days.

Raman imaging (figure 3.18) was consistent with FTIR imaging, although no
calcifications were found on samples grown for 17 days. This is probably due to
the low density of calcifications in the samples (in IR mapping experiment 1
pixel in a map-size of 51840 pixels). In the 21 days matured sample, abundant

calcifications were also found with Raman.
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Figure 3.18: Intensity of the phosphate band in the Raman maps of 4T1 cell line
grown in osteogenic cocktail for 14, 17, and 21 days.

An overview of the different techniques and their outcome is shown in table 3.1.

o]

0

14 days 17 days 21 days
Alizarin Red stain ++ +++ ++++
Von Kossa stain + ++ +++
Raman mapping N N Y
FTIR N Y Y
Synchrotron FTIR (Diamond) N Y Y

Table 3.1: Overview of the techniques used to analyse the time course of 4T1 cell
mineralisation and their ability to detect calcifications in the different samples.
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Staining: + = sparse, ++ = moderate, +++ =extensive, ++++ = very extensive.
Detection of calcification: Y = yes, N=no.

3.3 Synchrotron FTIR imaging of breast calcifications

In this study the composition of breast calcifications in tissue from different
ranges from the pathology spectrum (benign, in situ, and invasive) and their
surroundings are studied with synchrotron FTIR. Synchrotron FTIR provides a
higher signal intensity (and thus higher sensitivity) and spatial resolution than

that available from a benchtop FTIR system.

3.3.1 General observations and challenges

Targeting of calcifications for the synchrotron studies proved difficult. It was
attempted to localise calcifications on the FTIR benchtop system and marking
their position in the white light images before samples were taken over to
synchrotron facilities. The distance between the calcification and different
features of the pathology slides, for example ducts, could then be used to find
the calcifications on a different system. Especially for the pathology samples
mounted on barium fluoride this is difficult, due to the circular shape of the
substrate which makes it harder to mount the sample in the same orientation
every single measurement. Furthermore, it was hard to distinguish paraffin
deposits from calcifications, since both resulted in darker areas when using the
transmission illumination and glowing areas in the reflection illumination.
Recently, the illumination at the IRENI beam line has been adapted to fibre
optics. This enhanced the contrast significantly and when the reflection mode is
applied paraffin patches glow up (depending on thickness) while the
calcification patches did not. When taking white light images with both the
transmission and the reflection settings, paraffin can thus be distinguished from

calcification patches.

Another challenge was that all systems obtained slightly different white light

images. In figure 3.19, an example of the differences is shown. The white light
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images of one of the used pathology samples (in situ pathology) are shown.
The same region is shown in each panel which is measured on the Spotlight
benchtop system (panel A), UK’s Diamond synchrotron (Bruker system, panel
B), and USA’s IRENI beamline (Bruker system, panel C). Again, the new
illumination at the IRENI beamline improved the contrast significantly compared
to the data shown in figure 3.19.

Spectrum Spotlight 400 microscope and Spectrum One; B) Bruker 80V FTIR and
Hyperion 3000 microscope B22 beamline, Diamond Light Source Ltd
(Oxfordshire, UK); C) Vertex 70 FTIR spectrometer and Hyperion 3000 IR/VIS
microsope from Bruker, IRENI beamline, Synchrotron Radiation Center
(University of Wisconsin, USA).

One of the other drawbacks of using white light images measured on the
benchtop system as a reference is that the samples degrade over time which
means the sample is not always in the same condition as it was when
previously mapped. In figure 3.20, the same in situ sample is shown measured
twice with nine months in between. In this time the sample was shown to lose
substantial calcification content, likely due to mechanical vibrations from

handling and transportation.
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Figure 3.20: lllustration of sample degradation over a nine month period A)
sample in April 2011; B) sample in January 2012.

3.3.2 Results from Diamond beamtime allocation SM6123

Larger patches of calcifications were found to be extremely dense in terms of IR
transmission and saturated the FTIR absorption. This feature was not observed
in the measurements done on the benchtop IR imaging system which is likely
due to the use of an aperture at the Diamond beam line while measurements at
the benchtop system are done without an aperture and light can potentially by-
pass the calcification and consequently not provide a true account of its
absorption on the benchtop system.
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It was therefore attempted to measure some of the less dense calcifications
which would show less saturation, shown in figure 3.21. PCA was applied to this
dataset and line scans were analysed on this map based on principal
component 3 which showed a characteristic apatite band in the positive

direction (calcification intensity high in red on score plot shown in panel C).
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Figure 3.21: Area sample 4694 (in situ pathology) measured on the B22 beam line
of Diamond Light Source Ltd and Principal Component Analysis of this
measurement. A) White light image of the sample measured; B) Load PC3; C)
Score PC3.

One feature of interest is the mineral content which is commonly given by the
phosphate: amide | ratio (Faibish et al., 2005). In benchtop studies by Baker
(2010) an increase in amide:phosphate ratio was observed in calcifications from
increasingly malignant tissue. When the different grades were grouped
together, the mean amide:phosphate ratio were 0.8278, 0.3717, and 0.1114 for
‘invasive’, ‘in situ’, and ‘ benign’, respectively. However, it is unknown whether
the observed differences in amide intensity are due to higher amide
concentration in the calcification or to higher contributions of amide from the
surrounding tissue (Baker et al., 2010; Haka et al., 2002).

A linescan (row 7) was selected from the map and broken into two linescans,
pixel 1-12 and pixel 14-23, each covering one calcification area. Both the
phosphate band and the amide | band were selected in Matlab and the area
under the curve was calculated for each pixel. In figure 3.22, the raw data of
both lines (panel A and C) are shown together with the area under the curve for
both the phosphate and the amide | band (panel B and D). The maxima of the
phosphate bands are visible at pixel 9 and 16. The phosphate band of the
second calcification (panel C) is heavily saturated and a reliable area under the
curve cannot be obtained. The score plot in figure 3.21 shows that the first
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calcification is less dense, and the spectra in panel A from figure 3.22 are
indeed less saturated. From the area under the curve calculation can be seen
that at the position of the calcification a local minimum is found for the area

under the amide | curve. There is however amide present in all calcification
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Figure 3.22: Measurements sample 4694 (in situ pathology) on B22 beamline
Diamond Lightsource Ltd. A) Spectra of pixel 1:12 of row 7; B) Area under the
phosphate (blue) and amide | (green) curve; C) Spectra of pixel 13:23 of row 7; D)
Area under the phosphate (blue) and amide | (green) curve.

The data resulting from the first beam time allocation was rather limited, as was
the quality. Therefore, the calcification/tissue interface could not be studied and
a new proposal was submitted. To improve the quality of future data the
transparency of different windows was tested. The transmission of zinc selenide
(ZnSe), barium fluoride (BaF,), calcium fluoride (CaF;), and zinc sulphide (ZnS)
were tested on the Perkin Elmer Spotlight benchtop system for use in a new

sample batch. All measurements were done in transmission and point mode
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(120 scans) with the auto correction function on, and an interval of two

wavenumbers. Measurements on the slides are shown in figure 3.23.

100———— ——— I S e S SRS S .
< = e e
S 80-

C i“* B e e S U Y SN
2 60 .
)
9
E 40 ——CaF2 (Imm) |
2 ——BaF2 (0.5 mm)
E 20 —ZnSe (0.5 mm)|
= ——2ZnS (0.4 mm)

O [ [ [ [ [ [

800 1000 1200 1400 1600 1800 2000

Wavenumber (cm'l)
Figure 3.23: Transmission of the tested substrates (an air measurement is taken
as background). Note that the thickness of the substrates is not equal.

From the experiments on the different windows it became clear that calcium
fluoride (dark blue line) absorbs strongly under 1000 cm™. Therefore, it was
decided that for future experiments barium fluoride windows with a thickness of
0.5 mm would be used which have a greater transparency over the calcification
region (~1030 cm™). Furthermore, the pathology samples themselves would be
cut thinner (6 um) in order to enhance the light intensity transmitted throughput

of the sample.

When using the imaging mode of the Spotlight benchtop system no aperture
was applied. On the experiments carried out at the Diamond synchrotron an
aperture of 15x15 pm (in later experiments 10x10 pm) was used, which yielded
a saturated signal on most of the studied calcifications. Experiments were done
on the Spotlight benchtop system to investigate the signal quality when similar
aperture settings were performed. Brightness of the synchrotron is not due to
higher total power but due to a higher flux density (higher power/area) which is
due to the small effective source size and the narrow range of angles the light is
emitted into. Therefore, a higher throughput is measured through a small
aperture compared to a globar source with a comparable aperture.

In figure 3.24, spectra are shown which are measured on the Spotlight

benchtop system with a 10x10 um and 100x100 pum apertures. The spectra
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obtained with a 10x10 pum aperture on the Spotlight benchtop system show
saturation in the phosphate region, albeit not in the same degree as the
measurements performed at the Diamond synchrotron, while when the same
area is measured with a 100x100 um aperture on the same instrument no

saturation is observed.
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Figure 3.24:. Comparison of a 10x10um (top panel) and a 100x100um aperture
(bottom panel). The same 200x500um area was measured with both settings on
the Perkin Elmer Spotlight.

3.3.3 Results from Diamond beamtime allocation SM6605

During the second beam time allocation samples from different range of the
pathology spectrum (benign, in situ, and invasive) and their could be studied.
Two calcifications from a patient with benign breast disease (pathology report:
fibroadipose connective tissue with focal microcalcifications) were mapped. The

white light image of the first calcification is depicted in panel A of figure 3.25. In
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panel B and C the intensity plot of the phosphate band (characteristic for
apatite) and the amide | band are depicted, respectively.

-0.1

15 20

Figure 3.25: Sample with benign pathology measured at Diamond Light Source
Ltd A) White light image of the sample; B) Intensity plot of the phosphate band
(background corrected); C) Intensity plot of the amide | band (background
corrected).

It can be seen that the intensity (absorption) of the amide band is highest
directly next to the calcification patch, although not all around it. From the
biochemical fitting of paraffin and line scans through the map it becomes clear
that all other sides of the calcification patch are surrounded by paraffin (figure
3.26).
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Figure 3.26: Sample with benign pathology measured at Diamond Light Source
Ltd A) score plot of paraffin fit; B) Line scan (row 14) over the calcification.

In panel B, the line scan over row 14 is shown. The first seven pixels only show
the characteristic paraffin spectrum; a single band ~1378 cm™ and a doublet
~1462 cm™ and ~1472 cm™. Amide | and amide Il bands (~1660 cm™ and
~1550 cm™, respectively) were only observed on the edges of the calcification,
in the interior a band was observed ~1624 cm™. This band is one of the
characteristic COM (calcium oxalate monohydrate) peaks (Maurice-Estepa et
al., 2000) or OH vibration due to water inclusion in apatite (Seregin and Coffer,

2006; Wilson et al., 2010). The latter seems more probable, considering none of
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the other characteristic COM peaks; such as the 1316 cm™ band (Maurice-
Estepa et al., 2000) are observed and water bands are observed in the 3000
cm™ region. The characteristic phosphate band has its maximum ~1110 cm™ in
the middle of the calcification area, but the phosphate maxima of the outermost
spectra of the calcification region are found more towards lower wavenumbers.
According to Rey (1991b) bands at 1110 and 1125 cm™ are present in newly
precipitated apatite, which will disappear progressively during maturation.
Furthermore, a strong band ~1440 cm™ is found in the calcification spectra.
Biological apatites are wusually described as carbonate substituted
hydroxypatite. Carbonate can be included in the lattice in several ways; in type
A the hydroxygroup is substituted by carbonate and in type B the phosphate
groups is substituted by carbonate (Peroos et al., 2006). According to Akonakos
et al. (2007) a band ~1444 cm™ is characteristic for A-type carbonate
substitution, while bands ~1409 and ~1427 cm™ are characteristic for B-type

substitution.

The second calcification in the benign specimen is found in the area shown in
panel A of figure 3.27. The spectra corresponding to the calcifications and the
rest of the (10x13) map are shown in panel B. The calcification is surrounded by
paraffin and no interface with tissue can be studied. The 1010-1020 cm™
phosphate band is assigned to non-stoichiometric apatite in the formative phase
(Chiou et al., 2010).
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Figure 3.27 Sample with benign pathology measured at Diamond Light Source
Ltd. A) White light image of the sample; B) Spectra corresponding to the
calcification (top) and its surroundings (bottom panel).
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During the beam time allocation three maps were taken on samples DCIS. Two
maps were taken on a sample with low grade DCIS and one on a sample with
high grade DCIS. Furthermore, line scans were done on four other calcifications

in the high grade DCIS sample.

The first map on the low grade DCIS is shown in figure 3.28A. On this map
several calcifications are present, but they are quite small and scattered all over

the map. A line scan which consisted calcifications (row 3) is shown in panel B.
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Figure 3.28: Sample with in situ pathology (low grade) pathology measured at
Diamond Light Source Ltd. A) White light image of the sample; B) Line scan (row
3) over the map.

The spectra corresponding to pixel 16-20 are shown in figure 3.29. These
spectra do show amide | and amide Il bands. The phosphate bands are all
distorted which indicates that the edge of the calcification is measured which
results in an artefact due to the scattering of the light on a sphere with a size
very similar to the wavelength of the light (Mohlenhoff et al., 2005). When

measuring both tissue and calcification a mix of both signals is expected.
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Figure 3.29: Sample with in situ (low grade) pathology measured at Diamond
Light Source Ltd. Spectra of pixel 16-19 of row 3 of the map shown in figure 2.28.

A strong band is visible left of the paraffin doublet. In contrast to the previous
sample, the position is not ~1440 cm™ but ~1408 cm™ which is characteristic for

B-type carbonate substitution (Antonakos et al., 2007).

Findings from the second map measured (16x22) on the sample with low grade
in situ pathology were similar to the previous map; a strong band ~1408 cm™ is
found in spectra showing a phosphate band. Again the phosphate bands are
distorted and pixels corresponding to calcifications are spread over the map

(data not shown).

The third map was measured on a sample with high grade in situ pathology.
The white light image of the calcification is shown in panel A of figure 3.30. In
contrast to the other in situ samples, this is a localized larger calcification or
cluster of smaller ones which results in less distortion in the spectra. The score
plot of the biochemical fit of apatite over the map is shown in panel B of the

same figure.
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Figure 3.30: Sample with in situ pathology (high grade) measured at the Diamond
Light Source Ltd. A) White light image of the studied calcification; B) Score plot
of the apatite biochemical fit.

Line scans were selected from the map and the area under the curve for the
phosphate and amide | band were plotted. In contrast to the benign samples, all
spectra in which the phosphate band was present also showed the amide | and
amide Il bands. An example of one of the line scans (row 9) is shown in the
figure below. The area under the curve is given for both the phosphate (blue)
and amide | (green) band in panel B. The area under the curve for the
phosphate band is not reliable in all cases, due to saturation of the phosphate

band which influences the area under the curve.

150 T T T T T —60

A o B

Absorbance . /

100+ 140

50 120

Area under the amide curve

Area under the phosphate band

800 1000 1200

10
Pixel along

‘ ‘ ‘ ‘ ‘ o
1400 1800 1500 000 5 .10 15 20 25 30
Wavenumber (cm™) the line (#) Pixel along the line (#)

Figure 3.31: Example of line scan over sample with in situ (high grade)
pathology. A) Spectra of row 9; B) Area under the curve for phosphate (blue) and
amide | (green) band.

A ratio plot of the amide and phosphate is shown in figure 3.32 which will
compensate for variations in sample thickness and scattering artefacts of the

background.
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Figure 3.32: Ratio plot of the phosphate: amide of the data shown in figure 3.31
B.

The amount of spectra showing saturation in the characteristic phosphate band

(=}
o

is significant; which is more clearly displayed in figure 3.33A where the spectra
of row 9 are shown. In panel B of the same figure the spectra of pixel five to
thirteen are shown which correspond to the first calcification area and only show
minor saturation in the phosphate region. The shape of the phosphate band
seems to be different at the edges of the calcifications compared to the middle,
although it is unclear at this point in time whether this is genuine or an artefact.
The band in the 1410-1420 cm™ region is characteristic for B-type carbonate
substitution. In contrast, the spectra of the second calcification area also show a

band (1440 cm™) characteristic for A-type carbonate substitution.
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Figure 3.33: Line scan over sample with in situ (high grade) pathology A) All
spectra of row 9; B) Spectra 5:13 of row 9.

Additional line scans were done on four calcifications in the last sample. White

light images of these calcifications are shown in figure 3.34.
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Figure 3.34: Whlte Ilght |mages of the I|ne scans done over calcmcatlons W|th in
situ pathology A) White light image corresponding to data in figure 3.35 an d
3.36; B) White light image corresponding to data in figure 3.37 and 3.38; C) White
light image corresponding to data in figure 3.39 and 3.40; D) White light image
corresponding to data shown in figure3.41 and 3.42.

The first line scan is shown in figure 3.35 below. The spectra are shown in
panel A and the area under the curve for the phosphate (blue) and amide |
(green) band in panel B. The area under the curve for the phosphate band
shows a maximum between pixel 25 and 35, which indicates the position of the
calcification area. Again, the phosphate band is saturated on multiple occasions
so the value of the area under the curve should not be used for quantitative
purposes. On both sides of the calcifications of the calcification patch (pixel 10-
25, and pixel 35-40, respectively) a minimum can be found for the area under
the curve of the amide | band. When investigating the spectra in panel A, it
becomes clear that these pixels only show a paraffin spectrum and no tissue
contribution is present. The area under the curve for the amide | band at the
calcification path (pixel 25-35) is similar to the intensities found at the tissue

(pixel 0-10, and pixel 40-50, respectively).
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Figure 3.35: A) Spectra correlating to the line scan sample with in situ pathology;
B) Area under the curve for phosphate band (blue) and the amide | band (green)
over the line map.

In figure 3.36 the phosphate:amide ratio of the data is displayed.
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Figure 3.36: Ratio plat of the data shown in figure 3.35 B.
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Both bands characteristic for A- and B-type carbonate substitution were present
in the calcification spectra, although the intensity of the bands characteristic for

B-type were higher than those characteristic for A-type carbonate substitution.

Similar results were found in the second line scan. The spectra of this line scan
and the area under the curve for the phosphate (blue) and amide | (green)
curve are shown in figure 3.37 and the relative intensity (phosphate:amide ratio)
in figure 3.38. Again the calcification was surrounded by paraffin and not by
tissue which resulted in the minimum value found for the area under the amide |
curve both left and right of the calcification (pixel 12-24, and pixel 36-38,

respectively).
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Figure 3.37: A) Spectra correlating to line scan with in situ pathology; B) Area
under the curve for phosphate (blue) and amide | (green) band over the line map.
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Figure 3.38: Ratio plot of the data shown in figure 3.37 B.

The third line scan is taken over a calcification embedded in tissue. The spectra
of this line scan (panel A) and the area under the curve for the phosphate (blue)
and amide | (green) curve (panel B) are shown in figure 3.39 and the
phosphate:amide ratio in figure 3.40. The calcification is located at pixel 30:70.
Unfortunately, most of the phosphate bands are saturated so the area under the
curve for the phosphate band cannot be used quantitatively. The area under the
curve of the amide | is very similar in the area of the calcification and the

surrounding tissue.
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Figure 3.39: A) Spectra correlating to the line scan with in situ pathology; B) Area

under the curve for phosphate (blue) and amide | (green) band over the line map.
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Figure 3.40: Ratio plot of data shown in figure 3.38 B.

The spectra and the area under the curve for the phosphate (blue) and amide |

(green) band of the last line scan are shown in figure 3.41. In this line scan, two
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calcification areas are visible, the first from pixel 7 to 34, the second from pixel
58 onwards, with in the middle one weak calcification (pixel 42:51). The
phosphate:amide ratio is shown in figure 3.42. Unfortunately all calcifications
are surrounded by paraffin, most likely due to the calcifications keeping their
size during paraffin embedding while the tissue does not. As a result, the empty
space between calcifications and tissue is filled by paraffin and the

tissue/calcification interface is distorted.
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Figure 3.41: A) Spectra correlating to the line scan with in situ pathology; B) Area
under the curve for phosphate (blue) and amide | (green) band over the line map.
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Figure 3.42: Ratio plot of the data shown in figure 3.41 B.

In contrast to the benign calcifications, the in situ calcifications do show amide
bands. The 1444 cm™ band is visible as a shoulder of the paraffin peak and a
new band ~1414 cm™ is observed. This band is a combination of the 1409 and
1427 cm™ band which are both specific for B-type carbonate substitution.

During the beam time allocation four maps were taken on samples with invasive
pathology and six line scans. The white light image of the first calcification is

shown in figure 3.43. On this calcification with invasive lobular carcinoma a line
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scan and a map were measured. In panel B the spectra corresponding to pixel
7 to 15 from the line scan are shown.
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Figure 3.43: Sample with invasive pathology A) White light |mage of the
measured calcification; B) Spectra corresponding to pixel 7:15 of the line scan.

Similar to the data obtained from the samples with in situ pathology, most of the
phosphate bands are saturated. Furthermore, amide bands (1500 - 1700 cm™
region) can be seen in the spectra corresponding to the calcification. However,
the amide | and Il band seem to have merged into one band with a maximum
around 1590 cm™ in the centre of the calcification. In the 1410 — 1460 cm™
region two bands can be observed, related to both A- and B-type carbonate
substitution. On the same calcification a map was taken, data not shown, which

had a data quality similar to the line scan shown.

The second map was measured on the same sample (other calcification).
Again, line maps were analysed of which an example is shown in figure 3.44. In
panel A, the spectra of line 6 are shown, and in panel B the area under the
curve for the phosphate (blue) and amide | (green) band. The area under the
amide | curve is significantly higher for the spectra corresponding to the
surrounding tissue than for those corresponding to calcification. To emphasise
this is a real phenomenon and not due to inconsistencies in the area under the
curve routine used, the spectra in panel A are colour coded so differences in
signal intensities are more readily picked up. Spectra correlated to tissue are

depicted in blue, spectra showing the characteristic apatite band are depicted in
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red, and spectra correlating to the calcification tissue interface (Mie scattered) in
green. The phosphate: amide ratio is displayed in figure 3.45.
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Figure 3.44: Line scan (row 6) over sample with invasive pathology A) Colour
coded spectra of the row: tissue depicted in blue, calcification in red, and tissue
calcification interface in green; B) Area under the curve of phosphate (blue) and

amide | (green) band over the line scan.
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Figure 3.45: Ratio plot of the data shown in figure 3.44 B.

A third map was measured over a new sample with invasive pathology. The
white light image of the sample is shown in figure 3.46 with the area of the map
indicated in red. In panel B the score plot for the biochemical fit of apatite is
shown. From this figure it becomes clear that the map consist of several smaller

calcifications.
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Figure 3.46: Sample with invasive pathology A)7 V\;hitzz Ilght i1r9na16emofmth7é map
measured; B) Score plot of the apatite biochemical fit.

When the spectra relating to one calcification are selected, figure 3.47, it can be
seen that the shape of the characteristic phosphate band changes over the
calcification patch. In all previous samples the 960 cm™ band characteristic for
phosphate is present as a relatively weak band compared to the phosphate
moiety ~1030 cm™. In contrast, in the spectra shown in figure 3.47 the 960 cm™
is much stronger and in most cases even stronger than the phosphate moiety
~1030 cm™. Furthermore, there is a doublet, one band is located ~960 cm™ and
the other ~972 cm™, instead of a single band. No information about a band
positioned ~972 cm™ could be found in literature, and it is likely this

phenomenon is due to saturation.
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Figure 3.47: Selection of data related to one calcification; Left) Selected pixels
are indicated by red box; Right) Spectra of the selected pixels.

On a separate calcification, white light image not shown, a horizontal and
vertical line scan was done. Colour coded spectra of the horizontal line are
shown in panel A of figure 3.48. The spectra correlating to apatite are depicted
in red and the spectra correlating to the surrounding tissue in blue. The area

under the curve for the amide | (blue) and phosphate curve (green) was
113



Chapter 3

calculated and plotted against each other in panel B. Both line scans show a
local minimum in the area under the amide | curve on the location of the
calcification, and a local maximum directly next to the calcification which would

suggest a protein rich capsule around the calcification.
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Figure 3.48: Horizontal line scan over calcification with invasive pathology A)
Colour coded spectra of line scan; red is related to calcification and blue with
surrounding tissue; B) Area under the curve for phosphate (blue) and amide |
(green) band over the line scan.

The phosphate: amide ratio is displayed in figure 3.49. From the ratio can be
seen (lower than one) that the area under the amide curve larger is than the
area under the phosphate curve even though the amide has a local minimum in
figure 3.48 B at the pixel (number eight) of the maximum of the area under the
phosphate curve.
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Figure 3.49: Ratio plot of the data shown in figure 3.48 B.
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Findings were similar for the vertical line scan. The spectra of the vertical line
scan are shown in panel A of figure 3.50. Again the spectra are colour coded;
the spectra correlating to the calcifications are depicted in red and the spectra
relating to the surrounding tissue in blue. The area under the curve for the
phosphate (blue) and amide | curve (green) are shown in panel B. Similar to the

horizontal line scan, the spectra relating to the calcification contain less amide |
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than the surrounding tissue and the calcification seems to be surrounded by a

protein dense capsule.
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Figure 3.50: Vertical line scan over invasive calcification; A) Spectra of the line
scan; spectra correlating to the calcification are colour coded with red and
spectra of the surrounding tissue with blue; B) Area under the curve of the
phosphate (blue) and amide | (green) band.

In figure 3.51 is the phosphate:amide ratio displayed. In the figure can be seen
that the area under the curve for the amide band larger is than that of the

phosphate curve (phosphate:amide ratio lower than one).
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Figure 3.51: Ratio plot of the data shown in figure 3.50 B.
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Another line scan was done on the same sample but on a different calcification
(white light image not shown). The phosphate bands in the spectra relating to
the calcification were heavily saturated and the intensity of the amide | bands

was similar over the line scan (data not shown).

On a new sample two line scans were performed on a calcification (horizontal
and vertical), followed by a map over the same calcification. In both line scans
the area under the curve for the amide | band is constant over the line. When
line scans are derived from the map the same is observed. Furthermore no

carbonate bands were visible in the 1400 cm™ region of both line scans and line
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scans on the map. Similar to the calcification shown in figure 3.52, the intensity
of the 960 cm™ band is very high, and the position changes dramatically over
the map. As an example an intensity plot is shown of row 10 on which the shift
is indicated with a black circle in panel A, and the corresponding spectra are
shown in panel B. As can be seen, the location of the band changes; from ~990
cm™ in the centre to ~970 cm™ at the edges of the calcification.
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Figure 3.52: Line scan (row 10) through sample with invasive pathology A)
Intensity plot of the phosphate region of the spectra on the line scan; B) Spectra
relating to the calcification (position 10-20 along the line scan).

In the centre of the calcifications no spectra could be obtained due to the high
absorbance leading to saturation. This could be avoided by reducing the
thickness of the samples by thinner slicing of the biopsy blocks. It was feared
that thinner slicing of pathology samples would force the calcifications out, but
as can seen in figure 3.53 calcifications are still present in a 1 um thick slice.
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Figure 3.53: Biochemical fit for apatite on invasive breast pathology sample (1
micron thickness mounted on 1 mm calcium fluoride).
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3.3.4 Results IRENI beam time

During this PhD project, beam time was obtained at the IRENI beam line at
SRC, Wisconsin, USA. Due to the vast amount of data, analysis of all maps
taken is beyond the scope of this PhD project and a new PhD project is planned

to continue this line of research.

Two maps of calcifications are shown to get an idea about the capabilities of
this synchrotron facility. In figure 3.54, a map of a calcification within a sample

with invasive pathology is shown.
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Figure 3.54: Example of a calcification measured at the IRENI beamline. A)
Principal component with the line scans analysed indicated in red. B) Data
corresponding to the line scans; C) Area under the phosphate (blue) and amide |
(green) curve for each line scan (upper panel) and the amide:phosphate ratio
(lower panel).

On this calcification several line scans are performed, which are indicated in
panel A. In panel B the data corresponding to these line scans are displayed.
For every spectrum of the line scans, the area under the curve of the phosphate
and the amide | band are calculated. These values are plotted versus the
position along the line. In contrast to the measurements on the B22 beamline,

the amount of amide does not decrease over the line scan.
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In figure 3.55, the same analysis is shown for a larger calcification in a sample
with invasive pathology. On this calcification, four line scans were performed, of
which the locations are indicated in panel A. In panel B, the data corresponding
to the line scans is shown. Panel C shows the area under the phosphate (blue)
and amide | (green) curve. Similar to the smaller calcification, the amount of
amide | does not decrease over the calcification as it did for the Diamond
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Figure 3.55: Example of calcification measured at IRENI beamline. A) PC2 with
the locations of the line scans; B) Data corresponding to the line scans; C) Line
scans with the area under the curve for phosphate (blue) and amide | (green) per
pixel (upper panel) and the amide:phosphate ratio (lower panel).

3.4 ATR imaging of breast calcifications

In this section, the ATR experiments performed on a deparaffinised breast
pathology sample are discussed. The effect of the paraffin removal protocol is

discussed in appendix D.
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Data was obtained from the measurements at location 3,4,8, and 9. No
calcifications were present in the ATR and transmission FTIR measurements of

area 3 (data not shown).

In figure 3.56, the transmission and ATR FTIR measurements of area 4 are
shown. In panel A, the intensity of the phosphate band over the transmission
FTIR map is displayed and in panel B the intensity of the phosphate band over
the ATR FTIR map. In both transmission and ATR FTIR measurements the
area measured consist of 64x64 pixels, which correspond to an area of
~350x350 pm for the transmission FTIR and ~64x64 um for the ATR FTIR
measurements. In panels C and D, spectra of both the calcification (depicted in
red) and the surrounding breast tissue (blue) are shown for the transmission
FTIR (panel C) and ATR FTIR measurements (panel D).

It can be seen that the relative intensity of the lower wave number region is
higher in ATR measurements than that of the higher wave numbers.
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Figure 3.56: Transmission FTIR and ATR FTIR measurements on area 4. A)
Intensity of apatite band over transmission FTIR map; B) Intensity of apatite over
ATR FTIR map; C) Transmission FTIR spectra of calcification (red) and
surrounding tissue transmission (blue); D) ATR FTIR spectra of calcification
(red) and surrounding tissue (blue).
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A line scan was performed over the ATR FTIR data. The location of the line
scan is depicted in panel A of figure 3.57. In panel B, the area under the curve
are depicted for the phosphate band (blue) and amide | band (green). It can be
seen that the amount of amide | decreases in the calcification and has a
minimum in the centre of the calcification. The spectra of the pixels on the line
scan are depicted in panel C and a band shift can be observed. In panel D, the
location of the phosphate band over the line scan is shown and it can be seen
that the position in the centre of the calcification is close to 1020 cm™ and shifts
towards higher wavenumbers when increasing the distance to the centre of the
calcification. A similar finding was observed in the ATR measurements of
standards. In the case of breast calcifications the shift is larger which is
probably caused by mixing in the tissue band located ~1060 cm™.
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Figure 3.57: Line scan over calcification in area 4. A) PC 2 of area 4 and the
location of the line scan; B) Area under the curve for the phosphate band (blue)
and amide | band (green) over the line scan; C) Spectra relating to the line scan;
D) Band shift of the phosphate band over the line scan.
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In the ATR FTIR measurements of area 8 similar findings were observed (figure
3.58). The amide | decreased over the calcification and had a minimum in the

centre of the calcifications.
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Figure 3.58: Line scan over calcification in area 8. A) PC 2 and the location of the
line scan; B) Area under the phosphate curve (blue) and amide | curve (green)
over the line scan.

The phosphate band shift was observed as well (data not shown). The position
of the phosphate band in the spectra corresponding to the centre of the
calcification was ~1023 cm™ and shifted towards higher wavenumbers in

measurements relating to position more outwards from the centre.

A similar analysis was done on the calcification in area 9. Also in this
measurement the intensity of the amide | band decreases over the calcification,

with a minimum in the centre (figure 3.59).
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Figure 3.59: Line scan over calcification in area 9. A) PC 4 and the location of the
line scan; B) Area under the phosphate curve (blue) and amide | curve (green)
over the line scan.
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3.5 Raman imaging of breast calcifications

In this section, a proof of principle Raman mapping study is performed on a
paraffin embedded sample of which the paraffin is removed with the protocol
discussed in section 2.1.4. The effect of the de-paraffin protocol is discussed in

the appendix D.

The same area was measured on the Raman Streamline setup and compared
to the FTIR measurements (similar pixel size) by plotting the chemical fit of the
apatite of the FTIR map versus the intensity of the characteristic ~960 cm™
phosphate band (background subtracted) of the Raman map (figure 3.60).

2

- o

N

w [N]
8 8 8 8 8

—— calcification
— breast tissue

1000 1500 2000

Raman shift (cm™)

Figure 3.60: FTIR and Raman mapping on same sample. A) Apatite chemical fit
on FTIR map; B) Intensity of the 960 cm™ phosphate band on Raman map; C)
Example of Raman spectra of the intensity map showed in panel B. For both
measurements a pixel size of ~6 micron was chosen.

Although the locations do not match exactly, due to alignment differences, it can
be seen the shape and size of the calcified areas is the same on both maps. In
the Raman map it can be seen that the calcification patch is made up from
several smaller calcification, a feature that could not be distinguished in the

FTIR mapping due to lower spatial resolution.
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Raman mapping can be done with smaller pixel sizes than FTIR imaging. In
figure 3.61, a Raman map is shown on the left calcification of the previous
figure. In panel A, the white light image is displayed, followed by principal
component two and the location of the line map in panel B, in panel C the
spectra corresponding to the pixels of the line scan are shown. In panel D, a
Gaussian fit of the intensity of the 960 cm™ band is shown. The presence of
several smaller calcifications instead of one larger one is obvious in both panel
B and D.
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Figure 3.61: Raman mapping with 1 um steps. A) White light image of the
calcification; B) Principal component two with the location of the line map
indicated with ared line; C) Spectra corresponding to the pixels on the line scan;
D) Amplitude of a fitted Gaussian to the 960 cm™ band.
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In figure 3.62, the area of the Raman measurement is shown together with the
corresponding area of the FTIR measurement to give an indication of the
resolution enhancement that can be obtained. The same calcification is
measured with ATR FTIR (area one and two) and measurements should be

compared as soon as the raw data is available.
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Figure 3.62 Comparison of benchtop transmission FTIR and Raman mapping. A)
Benchtop FTIR; B) Raman mapping (1 um stepsize) on same area.
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4 Results: Deep Raman system evaluation

One of the aims of this PhD project is to translate knowledge obtained about
breast calcification to the development of a new clinical tool that could be used
in vivo. To facilitate this, a transmission Raman setup was built (described in the

materials and method chapter) and its performance is tested in this chapter.

4.1 Comparison porcine soft tissue and human mammary

tissue

In this chapter, porcine soft tissue is routinely used as a model for human
mammary tissue. From literature it is known that the biochemical composition,
such as the protein to lipid ratio, of porcine and human tissue is very similar
(Vardaxis et al., 1997) and the Raman spectra of porcine soft tissue and fresh

frozen human breast tissue are therefore expected to be similar too.

In order to test the validity of using porcine soft tissue as a model for human
breast tissue, similar thicknesses of porcine soft tissue and snap frozen human
breast tissue were measured on the transmission Raman system (figure 4.1).
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Figure 4.1: Comparison Raman spectra of human mammary tissue (blue) and
porcine soft tissue (green).

When comparing the Raman spectra of both samples (figure 4.1), it can be
seen that the overall shape of the spectra are very similar although the relative

peak intensities can differ.
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This makes porcine soft tissue a suitable model for human breast tissue during
the first phases of our deep Raman experiments.

4.2 Sample thickness limits when using transmission Raman

setup

In the case of using deep Raman spectroscopy as an adjunct to mammography,
it would be ideal if the thicknesses to which it could be applied were at least as
high as the thickness of the breast during mammography. During
mammography the breast is compressed to reduce the radiation absorbed by
the tissue and to improve the quality of the image taken by reducing for
example the overlap of structures and improve image sharpness (Poulos et al.,
2003). Since compression of the breast may be experienced as painful, it is
important to push the penetration depth limits of the new screening techniques.
However, when compressing the breast locally instead of compressing the
whole of the breast lower thicknesses can be readily achieved.

Initial experiments concerning the sample thickness, and the effect this has on
the Raman spectra measured, were performed on porcine soft tissue and
freshly frozen human breast tissue. It was thought that freshly frozen breast
tissue could be used as a model for fresh human breast tissue. Candefjord et al.
(2009) tested the effect of snap freezing on porcine prostate tissue. They found
several subtle changes when comparing the principal component scores, but
these were not visible when comparing the mean spectra. However, in our initial
experiments a striking difference in structural integrity was observed between
freshly frozen and fresh breast tissue. The snap frozen tissue did not keep its
shape and structure after defrosting and mounting of the tissue was therefore
problematic. This is most likely due to the volume of the snap frozen specimens.
In large specimens, the outer layers will freeze first after which the freezing
rates are unpredictably slow due to insulation. When crystals start to expand the

tissue inside the frozen shell, the whole specimen is damaged (Scouten and
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Cunningham, 2012). Ice crystals will form in the interior of any piece of tissue

over 10 mm from the cold source.

As expected, the amount of light coming through both the porcine and the
freshly frozen samples decreases with the sample thickness (data not shown).
However, it is not known how the transmission through the affected breast
tissue is related to measurements on fresh human breast tissue. Therefore, the
measurements on the freshly excised breast specimens with different

thicknesses were analysed too.

The freshly excised breast specimens had a thickness ranging from 2 mm to 25
mm. In the whole range it was possible to measure a spectrum of the specimen
in transmission mode with the accumulation time used (raw data shown in
appendix E3) although the amount of signal decreases with increasing

thickness, as does the fluorescence background shape.

In figure 4.2, the SNR is displayed for the range of thicknesses with the error
bars indicating the standard deviation. In section 5.2 the SNR needed for
correct estimation of the amount of carbonate substitution is evaluated which is

6.5 and thus relating to a maximum tissue thickness of 10 mm.
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Figure 4.2: Plot of the SNR versus the thickness of the sample. Measurements
were done during 3x60s with the cosmic removal function on. The error bars
indicate the standard deviation.

For calcification vs. no calcification or type | vs. type Il a lower SNR will be

sufficient and thus a larger tissue thickness range could be used.
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When plotting the log of the data, a linear trend is observed which indicates the
decrease in signal is exponential. A similar link between the tissue thickness
and the transmission Raman signal was observed in Monte Carlo simulations of

Raman photons in breast performed by Matousek and Stone (2007).

The existing setup does not yet permit reaching 50 mm penetration depth — for
this further optimisation is required (e.g. higher laser power, higher collecting
power). A possible further improvement of detectable Raman intensity by more

than two orders of magnitude was identified (Matousek and Stone, 2007).

4.2.1 SESORS

In the following exploratory study we also looked at the performance of our
technique with SERS labels within tissue. Although this approach poses
challenges stemming from the potential toxicity of nanoparticles it offers
extremely high sensitivity providing high penetration depth and ability to detect
low level bio-analytes. Here we used these nanopatrticles only as a test target
instead of calcifications to test the performance of our technique in thick tissue
samples in an easy and reproducible way with our current Raman benchtop
instrument. In an exploratory study, dye was injected in a breast model and
measured. In figure 4.3, the spectra of nanoparticles x403 can be seen detected
through both 20 and 47 mm thick samples. It should be noted that at the
extended depth ~20 times more nanoparticles were used and a longer

collection time.
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Figure 4.3: upper panel: x403 (3x10 particles in 50 pl) through 45-50 mm tissue;
lower panel: x403 (1.8x10° particles in 3 pl) through 20 mm tissue.

The spectrum measured through 47 mm tissue showed significant signal loss at
higher wavenumbers (above 1250 cm™), which was not observed previously
with tissue. It is suggested that at these wavelengths both water and myoglobin
absorb significantly light passing through the tissue. The 1250-1600 cm™ region
correspond to light of 925-957 nm with the excitation wavelength used (830
nm). This covers the range where a strong lipid absorption band (930 nm) is
located (Kukreti et al., 2008) and water absorption band (970 nm). The
myoglobin may be specific to the porcine model used which has a high amount
of striated muscle content. In contrast, breast tissue only has a small amount of
smooth muscle near the nipple so contributions of myoglobin are unlikely in

breast tissue.

4.3 Lateral spreading in transmission Raman measurements

The spectra obtained during transmission Raman spectroscopy give a biological
fingerprint of the bulk sample. This is due to the random direction of the
scattering in transmission Raman experiments. The thicker the sample, the
more scattering events the photon undergoes before reaching the detector on

the other side of the sample. In order to understand the spread of signal through
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the thickness of the sample, measurements are performed on a porcine tissue
breast model with a buried analyte which rule out inter patient variability fresh

human breast tissue would have.

In figure 4.4, the intensity of the x403 SERS signal over the map is shown. Due
to the fixed location of the input fibre, the sample has to be moved in order to
collect signals from another area, which is done in translation steps of 2 mm.
Each measurement, and therefore each pixel, gives information about the bulk
tissue the photons travelled through. In panel A, measurements were performed
on a specimen with 5 mm thickness and in panel B on a specimen with 20 mm
thickness. In both specimens the same amount of dye was injected at roughly

the same depth, which means the target has a similar size in both experiments.

* [
350 B
2
300
250
200
150
100
10
50
1

1 2 3 4 5 6 7 8 g 10 M 5 6 7
X Pixel (# X Pixel (#

Y Pixel ()
Y Pixel (#

8

Figure 4.4: Mapping of porcine soft tissue breast models with 1pl x403 dye
injected as an analyte. A) 5 mm sample thickness; B) 20 mm sample thickness.

When comparing the signal of the 5 and 20 mm thick specimen, a difference of
~10 times is observed in the intensity levels. This results in a decrease of the
SNR of ~3 times. This is a smaller difference than would be expected based on
the experiments on freshly excised human breast tissue shown in figure 4.2, but
in those experiments it becomes clear that the SNR does not decrease linearly
with increasing sample thickness. Furthermore, large standard deviations were

obtained in samples with low thicknesses due to the limited amount of samples.

To study the spread of signal over both maps, 2D Gaussians were fitted to both

datasets (figure 4.5). The original data points are indicated with green dots, and
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the fitted functions as surface plots. In case no lateral spreading of photons
would occur, all of the x403 signal would be located in a small area depending
on the size of the beam and the size of the analyte. The more lateral spreading
occurs, the more pixels show traces of the x403 signal. As a result, the 2D
Gaussian would have a larger full width half maximum (FWHM) when more
lateral spreading occurs.
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Figure 4.5: 2D Gaussian fitted to the intensity levels of x403 dye. A) 5 mm thick
sample; B) 20 mm thick sample.

In a Gaussian function the FWHM is related to the sigma (o) of the function.

FWHM =2V2In20

Equation 4. FWHM of a Gaussian function.
The sigma was calculated for both 2D Gaussians and was 1.14 pixels for the 5
mm thick sample, and 1.62 pixels for the 20 mm thick sample. This would result

in a FWHM of 5.4 and 7.6 mm, respectively.

In general, an increased sample thickness will result in lower signal intensities
and more spread of the signal. This is beneficial for screening purposes, since
larger areas can be interrogated during a measurement. However, for different
clinical purposes, for example interrogating a designated cluster of
microcalcifications or an attempt to measure the amount of carbonate
substitution, it might be beneficial to compress the breast locally in order to
decrease the sample thickness and lateral spreading and increase the signal

levels.
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4.4 The originating depth and spatial resolution of

transmission Raman signal

In the previous sections, the effect of the sample thickness on the signal quality
is explored. Other factors important in localising the analyte are for example its
physical size, whether it is a strong Raman scatterer or not, and the actual
location. In this section the effect of the originating depth (location of the analyte
in the z-direction) is tested.

In a study by Everall et al (2010) it is shown that the resolution near either
surface is improved compared to the bulk. When the analyte is on the surface
the laser beam directly hits the object, so the beam size determines the
resolution. On the collection surface the collection aperture limits the resolution
since detected photons do not undergo significant migration anymore. In the
experiment performed the analyte is almost at the same distance from the
surface in both measurements, since the sample was rotated by 180°. X403 dye
was injected in an 18 mm thick breast model and the sample is translated in 1

mm steps on the transmission Raman setup (figure 4.6).

A.
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Figure 4.6: mapping of samples with same thickness but different injection depth
analyte A) Analyte injected at the front of the 18 mm thick sample; B) Analyte
injected at the back of the 18 mm thick sample.

10
X Pixel (#)

Panel A of figure 4.6 shows the intensity of the x403 signal over the map. The
sample was then rotated 180° so that the dye is no longer positioned at the front

of the sample (where the beam comes in) but at the back of the sample where
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the collection fibre is located. The intensity of the x403 signal over the map in

this second alignment is depicted in panel B of figure 4.6.

A 2D Gaussian is fitted to both maps (figure 4.7). The original data points are
indicated with green asterisks, and the fitted function is shown as a surface plot.
The amplitude of the 2D Gaussian is slightly higher for the dye at the front of the
sample (panel A) than for the dye at the back at the sample; 24.3 versus 27.6,
respectively. A difference in signal spreading is observed in both figure 4.6 and
4.7. The 2D Gaussian has a sigma of 3.4 pixels for the dye at the front of the
sample and 4.2 pixels for the dye at the sample. This results with a pixel size of
1 mm ina FWHM of 8.1 and 9.9 mm.

Intensity (counts)

Y Pixel (#)

Figure 4.7: 2D Gaussian fitted to the intensity levels of the 1016 cm™ band of
x403 in 18 mm thick sample injected in front or back (baseline corrected).

In the transmission Raman measurements, signals are collected from all depths
and there is no depth discrimination in the measurements. In the experiment
described in this section, the size of the analyte was known, as was the
thickness of the specimen. From a mapping experiment it could then be
attempted to estimate the depth of origin of the analyte signal. However, from a
single measurement the originating depth of the analyte signal cannot be
calculated. Raman spectroscopy should thus be used as an adjunct to a
traditional imaging technique such as mammography — if the depth information

is required.

133



Chapter 4

4.5 Measurements through skin

In order to use the deep Raman setup non-invasively, measurements through
skin should be feasible. As a first step, measurements were performed through
porcine soft tissue with attached skin.

In figure 4.8, measurements through a 15 mm porcine soft tissue sample with
skin are shown. The intensity of the x403 over the translated sample is shown in

panel A, and the 2D Gaussian fitted to these data points in panel B.
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Figure 4.8: Intensity map of x403 dye in a porcine soft tissue sample of 15 mm
thick including skin.

In the thickness experiments (4.3) expanding the depth from 5 to 20 mm led to
a 10x signal decrease. The intensity through the 15 mm thick sample with skin
is ~7 times lower compared to the 5 mm thick sample without skin in section
4.3, which is in the expected range. The fitted 2D Gaussian had a FWHM of 5.4
mm for the 5 mm thick sample, and 10.4 mm for the 15 mm thick sample
including skin. The FWHM of the sample with skin was higher than that of the

20 mm thick sample, indicating that skin introduces more dispersion than tissue.

During the deep Raman theatre project (results found in Chapter 5), 41
specimens were measured of which four had skin attached. In figure 4.9, the
Raman measurements on one of the fresh breast specimens with attached skin
are shown. In the upper panel measurements through skin are shown and in the

lower panel measurements through tissue on the same specimen.
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through skin
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Figure 4.9: Measurements though skin and through tissue only on a fresh human
breast specimen.

The sample thickness is equal for the area with and without skin and
measurements could be obtained from both. However, the measurements
through tissue clearly show a higher SNR than measurements through skin;
3.44, 4.77, 5.42, 5.75, and 7.24 compared to 2.98, 3.07, and 3.55. The SNR is
calculated by taking the amplitude of the Gaussian fit to the band as the signal
and devide this by the noise observed between 350 and 450 cm™.

In figure 4.10, measurements on a second breast specimen with attached skin
are shown. In the upper panel, measurements through skin are shown, and in
the lower panel measurements through tissue. Through both sets the
characteristic Raman bands of breast tissue are shown although it should be
noted that in the measurements without skin a higher SNR was obtained; 5.78,
6.20, and 6.31 for the measurements through skin and 4.50, 9.82, and 12.58 for

the measurements through tissue only.
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Figure 4.10: Measurements through skin (n=3) and through tissue only (h=3) on a
fresh breast specimen.

Similar results were observed in the third specimen with skin attached. The two
measurements through skin had a SNR of 3.9 and 4.0, while the measurements
through tissue on the same sample had a SNR of 3.4, 6.3, 7.6, 8.8, and 9.7
(figure 4.11).
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Figure 4.11: Measurements through skin (n=2) and through tissue only (n-4) on a
fresh human breast specimen.

The last specimen had skin over the whole of the top and measurements

comparing the signal with and without skin could not be performed.
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5 Deep Raman spectroscopy on breast calcifications

and tissue

In this chapter the use of the deep Raman system is tested on breast
calcification standards and fresh human breast tissue. The feasibility of using a
pseudo marker for the amount of carbonate substitution is tested with bare
samples and samples buried in breast models. Furthermore, a proof of principle
study is presented in which transmission Raman is applied on freshly excised

human breast specimens.

5.1 Use of a pseudo marker to estimate the amount of

carbonate substitution

The amount of CO3 substitution in the lattice can be deduced from the relative
intensities of the corresponding bands. Unfortunately, the CO3; band at 1074
cm™ is relatively weak and often obscured by photon shot-noise (predominantly
from fluorescence) which makes it difficult to characterise, especially by non
invasive means. Haka et al. (2002) found a linear relationship between the
FWHM of the 960 cm™ phosphate stretching mode and the calcium carbonate
content. In dentin samples a shift was observed (Xu et al., 2009). If a shift or
broadening of this peak was correlated to the carbonate concentration too it
would make the development of a diagnostic tool substantially easier since this
peak is much stronger than the features around 1042 and 1074 cm™. The goal
of this study was to investigate if the 960 cm™ band could be used as a pseudo

marker for the amount of carbonate substitution.
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5.1.1 Position of the 960 cm™ band

Calcifications standards with different amounts of carbonate substitution were
measured on the transmission Raman setup. A Gaussian band was fitted to the
960 cm™ phosphate band of the apatite, as shown in figure 5.1. The

interpolated data is shown in blue and the fitted Gaussian in red.
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Figure 5.1: Gaussian fit on calcification standard with 2.3% carbonate
substitution.

The width and position of the Gaussian fit was then examined for
measurements (n=5) on each of the samples. The mean peak position for each
of the bare standard samples (n=5) was plotted against the calcification

substitution percentage (figure 5.2 in green).
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Figure 5.2: Relation of the carbonate substitution and the position of the 960 cm™
band.

A logarithmic function was fit to these points (Figure 5.2):
y=—02511n(x) + 959.79

Equation 5: Fit of the relationship between the carbonate concentration (x) of the
calcification standard and the location of the 960 cm™ band (y).

The samples were buried in porcine soft tissue (tissue thickness = 3.6 mm,
overall thickness 5.6 mm) and again a Gaussian was fitted to the data. The
mean values for the buried calcifications (n=3) are depicted in the figure 5.2 in
red. Equation 4 was used to provide a prediction for amount of carbonate
substitution for the samples based on the peak positions of the 960 cm™ band.
It can be seen that the buried calcification standards have peak positions within
a standard deviation of each other (shown with error bars). The actual versus
the predicted carbonate substitution was plotted in Figure 5.3. Table 5.1 shows

the root-mean-square-error of these predictions.
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Figure 5.3: Actual versus predicted carbonate substitution based upon the
position of the 960 cm™ band.

Carbonate Mean predicted carbonate Root mean square error
substitution percentage through tissue of prediction
according to supplier (z std) (% carbonate)
(quoted as * 1%)

0.5% 0.51 £0.04 0.03

1.4% 1.79 £0.23 0.43

2.0% 2.91 +0.37 0.96

2.3% 2.80 £0.46 0.63

3.5% 3.61 £0.05 0.12

6.0% 6.77 £1.23 1.26

11.0% 14.88 +£3.85 4.99

Table 5.1: Prediction of the percentage carbonate substitution based on the
location of the peak.

There is some subtle variability in the position of the phosphate peak
between measurements from different areas of the same sample. It is
thought to be due to the heterogeneous nature of the apatite standards used.
Also, a systematic difference in width between bare and buried samples can
be observed which is believed to be caused by the SNR of the buried
samples. When signal was acquired for a longer period of time these
differences were not observed. The region of interest (clinically relevant

area) is between 0.5% and 2.5% and is based on work of Baker (2010) which
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indicated that calcifications corresponding to benign pathology have an
average carbonate substitution around 2%. This percentage is lower for
calcifications corresponding to in situ and invasive pathology; where the
amount of carbonate substitution is ~1.7% and ~1.4% on average,
respectively. The data of these three pathology groups show a spread from
0.5 to 2.5% carbonate substitution and in this clinically relevant area the
relationship between the carbonate substitution and the band position of the

phosphate band is semi-exponentional.

Additional samples were kindly provided by Prof. Tecklenburg’s group
(Central Michigan University, Michigan, USA). The samples had a range of
B-type carbonate substitution, and some which exhibited both A- and B-type
subsitution. Raman spectra measured on the Raman microscope system
(Renishaw 1000 system, 60s accumualation time, n=5) are shown in figure
5.4. The phosphate band shifts to a higher wavenumber depending on the
relative amount of A- and B-type substitution and not with the total amount of
carbonate substitution. Therefore, the band position of the phosphate band
can only be used if the relative amount of A- and B-type carbonate
substitution are marker for disease and not to measure the total amount of

carbonate substitution.
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Figure 5.4: Band position of the phosphate band depends on the relative amount
of A- and B-type carbonate substitution and not on the amount of carbonate
substitution.

5.1.2 Width of the 960 cm™ band

The mean peak width for the fitted Gaussian of each of the bare standard
samples (n=5) was plotted against the calcification substitution percentage in
figure 5.5 in green. The width of the phosphate band increases with
carbonate inclusion due to reduction of the crystallinity. Error bars show the
uncertainty in the carbonate substitution value provided by the manufacturer
(x axis) and the standard deviation of the replicate values of the spectral

peak width (y axis).
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Figure 5.5: Peak with 960 cm™ band versus carbonate substitution.
A linear function was fit to the width of the bare standards:

0 =0.2752x +4.9634

Equation 6: Fit of the relationship between the carbonate concentration (x) of the
calcification standard and the width of the 960 cm™ band (o).

The mean values for the buried calcifications (n=3) are also depicted in red
in figure 5.5. The buried calcification standards have peak widths within a
standard deviation of each other (shown with error bars). Equation 5 was
used to provide a prediction of the carbonate substitution percentage of the
buried standards (tissue thickness = 3.6 mm, overall thickness 5.6 mm mm).
Figure 5.6 shows the results plotted against actual concentration determined
by the manufacturer with FTIR, the root-mean-square-error of the prediction
is depicted in Table 5.2. Similar results were obtained for sample with an

overall thickness of 16 mm (data not shown).
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Figure 5.6: Predicted versus actual carbonate substitution of the buried material
based on the width of the 960 cm™ band.

Mean predicted
carbonate percentage

Root mean square error
of prediction (%

(quoted as * 1%) through tissue (+ std carbonate)
dev)
0.5% 1.22 +0.14 0.75
1.4% 1.83 +0.39 0.54
2.0% 2.55 +0.33 0.61
2.3% 2.51 +0.07 0.22
3.5% 3.78 £0.53 0.52
6.0% 5.51 +0.17 0.50
11.0% 11.68 +0.50 0.79

Table 5.2: Prediction of the percentage carbonate substitution based on the

width of the peak.

In a later stage of the project, apatite standards were available from Prof. Mary

Tecklenburg. When comparing the new samples to the other batches (figure

5.7, samples Tecklenburg lab in blue, Clarkson Chromatography in red, and

Rogers lab in green) it can be seen the same trend in the width of the Gaussian

band is followed.
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Figure 5.7: Gaussian fit on 960 cm™ phosphate band on batches of apatites from
different suppliers (Tecklenburg lab, Clarkson Chromatography, Rogers lab).

5.2 SNR limits for using the pseudo marker

In order to understand the limitations of this model, the signal to noise ratio is
evaluated to understand what level of SNR is needed to predict a correct

amount of carbonate substitution.

In figure 5.8, a measurement is shown in which a block of tissue with two
buried calcification standards. When translating the specimen, apatite bands will

appear and disappear when a calcification standard is measured.

The Gaussian fitting routine will try to fit a Gaussian to every single
measurement. As can be seen in figure 5.8, this will not yield a valid answer in
every case. For example, the measurement at 8mm does not show a peak in
the spectrum to which a Gaussian can be fitted. A fit to this data will result to an

answer with a high error bar.
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Figure 5.8: Spatial resolution experiment. The sample contains two calcification
standards and is translated in steps of 1 mm (60 seconds accumulation time).
Spectra of the 960 cm™ band (850-1000 cm™ region depicted) are shown for each
step.

For every measurement the SNR was calculated and displayed against the grid
position (Figure 5.9). By selecting data with a sufficient SNR, Gaussian fits will
be a better representation of the spectrum and error bars will be smaller.
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Figure 5.9: Mean SNR of measurements (n=5) versus the position.
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The figure indicates that two regions of interest are passed (the maxima) and it
can be seen that pixel 8, in which spectrum the 960 cm™ band was not readily
identified, shows a local minimum. The two maxima correspond to the cuvettes
(high amount of apatite) and the minimum to the walls of the cuvettes and the

area between them (low amount of apatite).

The carbonate substitution was evaluated based on the width of the 960 cm™
band. Measurements of the bare standards were used to create a model. When
the mean of steps 2-4, which have the highest SNR of the first feature, was
evaluated a carbonate substitution of 1.4% was found, the same value was
supplied by the manufacturer. The average of steps 14-17, the highest SNR for
the second feature, indicated a carbonate substitution of 2.1%. The carbonate

substitution quoted by the supplier was 2%.

To investigate the SNR limitation for using the pseudo marker calcifications
standards were measured in front of a tissue block with a short accumulation
time. By combining different spectra, as described in section 2.3.3.2, the SNR
will increase. In table 5.3, the mean SNR is shown with the mean carbonate

substitution and the predicted range in carbonate substitution for each amount

of spectra averaged.

# of # of Predicted CO3; mean (std) Mean SNR (std)
spectra combinations COgjrange

1 12 0-16.1% 6.5% (6.3) 3.43 (0.69)
2 66 0-15.6% 6.4 % (4.0) 4.20 (1.14)
3 220 0-14.4% 6.3% (3.1) 4.72 (1.16)
4 495 0.1-13.2% 6.3% (2.5) 5.15 (1.21)
5 792 0.7-12.2% 6.3% (2.1) 5.52 (1.28)
6 924 1.3-11.2% 6.3% (1.7) 5.83(1.29)
7 792 2.0-10.2% 6.2% (1.5) 6.10 (1.30)
8 495 2.8-9.2% 6.2% (1.2) 6.32 (1.24)
9 220 3.7-8.5% 6.2% (1.0) 6.51 (1.14)
10 66 4.6-7.7% 6.2% (0.8) 6.66 (0.98)
11 12 5.4-7.1% 6.2% (0.5) 6.74 (0.67)
12 1 6.2% 6.2 % 6.81

Table 5.3: The predicted carbonate range, mean carbonate substitution and SNR

for each combination of spectra.
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In general, the higher the SNR value the closer the value found for carbonate
substitution is to the 6% quoted by the supplier. This is more readily displayed
in figure 5.10, in which the calculate amount of carbonate substitution is plotted
versus the SNR. The extreme values in carbonate substitution are found with
the lowest SNR value and the highest SNR values indicate a carbonate
substitution level closest to what the supplier quoted. The value quoted by the

supplier is indicated by a red line and the range quoted by dotted red lines.
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Figure 5.10: Predicted amount of carbonate substitution versus the SNR.
When nine measurements are averaged, the calculated carbonate substitution
has a standard deviation equal to the range quoted by the supplier. Averaging

nine measurements gives a SNR of 6.5.
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5.3 Theatre project deep Raman spectroscopy on breast

As a proof of principle study for detection of calcifications in breast, breast
tissue that was excised during (wire guided) local excisions was measured with
the transmission Raman setup. X-ray images of the specimens (appendix E3)
were used as a golden standard for the presence of calcifications.

Due to the nature of the samples, a range of different properties are observed
such as thickness, and the presence of skin or blue dye within the sample
group.

From all these measurements transmission spectra could still be measured. In

figure 5.12, the mean spectra of the specimens with and without blue dye are

plotted.
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Figure 5.11: Mean spectra of specimens with (blue) and without blue dye (green).

Both mean spectra show the same spectral features.

The mean spectra of both groups are shown in figure 5.13. No 960 cm™ band
was detected in the calcification rich (red) spectrum which could be due to

several limitations of the study.
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Figure 5.12: Mean spectra of calcification rich (red) and calcification poor (blue)
specimens.

Due to the thickness of the samples, the intensity of the calcification bands will
be limited. PCA was performed on the dataset in an attempt to pick up small
variations between the calcification rich and calcification poor group. In figure
5.14 below, the loads of principal component one to twelve are displayed.
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Figure 5.13: Loads of principal component one to twelve.
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The scores of each principal component are then plotted versus the next

principal component for both specimens with (red) and without (blue)

calcifications. A minimal

component one versus principal component two.

05

0.4
0.z O
||
02
-0.
-40.5 ]
n.z2
0.1
n
-0
-0.
-n.z2 a
0.3
n.z2
0.1
n

iz 0 0

0.6
0.4

n.2
] L]

75 s

01 P

0.05

-0.05 ol

-0.
n.2 -0.2

0.15
01
0.05

0

S 0 o
5 j—

separation was found when plotting principal

0.5

Figure 5.14: Principal component 1, 2, and PC scores of PC1 and PC2 of
calcification rich (red) and calcification poor (blue) specimens.

It was then attempted to further improve the separation by increasing the

amount of groups the data is split in to four: a group with no calcifications, a

‘unknown’ group in which it is unsure from the X-ray images whether or not the

specimens do contain calcifications, a group in which calcifications are present,

and a group in which the calcification density is high. Mean spectra of all four

groups are displayed in figure 5.16 below.
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Figure 5.15: Mean spectra of specimens without calcifications (blue), specimens
of which it is unsure whether they contain calcification (green), specimens with
calcifications present (red) and specimens with a high amount of calcifications

(cyan).
For each group (no calcifications in green, unknown in blue, calcifications in
yellow and a high amount of calcifications in red) the scores for each PC were

plotted versus the next PC. Examples are shown in figure 5.16 below.
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Figure 5.16: PC score versus the PC score for the next principal component for
specimens without calcifications (green), unknown (blue), calcifications (yellow)
and high amounts of calcifications (red).
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The group without calcifications (in green) can be separated from the group with
a high amount of calcification (in red) when plotting principal component 1

versus principal component 2 which is more readily displayed in figure 5.18.
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Figure 5.17: Plot of principal component 1 versus principal component 2 for
specimens without calcifications (green) and specimens with a high amount of
calcifications (red).

When feeding the PCA information into linear discriminant analysis (LDA) a
linear combination of PCA features is used to discriminate both groups. The
PCA-LDA result of the group without calcifications (displayed in green) and the
group with a high amount of calcifications present (red) is shown in figure 5.19.
Transmission Raman spectroscopy can pick up calcifications in the breast when

measuring through a considerable amount of tissue (3-25 mm).
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Figure 5.18: PCA LDA separation of specimens without calcifications (green) and
specimens with a high amount of calcifications (red).
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6 Discussion

6.1 Study of breast calcifications

6.1.1 Study of calcification standards

The FTIR and Raman measurements of the calcification standards were in
agreement with existing literature. The position of the band in the 870 cm™ - 880
cm™ region is different for both types of carbonate inclusion, type A and B.
Curve-fitting procedures are sometimes used on bands in this region to
estimate the relative proportion of the carbonate species, but the accuracy of
such a method can be questioned. According to Rey et al. (2007), these
techniques have not been verified by other types of analyses. Fleet and Liu
(2007) state that the 873 cm™, characteristic for B-type substitution, is not
proportional to the content of B-type substituted carbonate in all apatites. In
their study the samples were measured with both X-ray diffraction and FTIR. In
all FTIR spectra the B-type substituted carbonate was dominant; while X-ray
structures showed that in some samples the A-type substitution was more

abundant than B-type substitution.

Transmission FTIR measurements of calcified materials are easily saturated
which is not always obvious. ATR FTIR and Raman measurements do not show
this saturation due to the limited thickness probed (ATR FTIR) and much
weaker Raman effect (Raman measurements). When plotting the position and
area under the curve of the phosphate band over a line scan across a
calcification standard, a band shift is observed relating to the position on the
calcification. This indicates the observed shift could be an artefact since the
composition of the standard is expected to be similar over a grain of sample
prepared in laboratory. Although band shifts were observed between different
samples with similar levels but different types of carbonate substitution it is
unsure whether this can be used to distinguish between samples with different

types of carbonate substitution.
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6.1.2 Comparison of spectroscopic techniques with staining

Most of the breast calcifications observed in the investigated samples were
found in the ducts of the breast, although calcifications were distributed over the
whole of the specimen in the invasive samples. In general, samples with
invasive pathology contained most calcifications, followed by in situ and benign
pathology (invasive>in situ> benign). However, making clinical decisions based
on clustering (the amount of calcifications per unit area), or numbers of
calcifications remains controversial. Park et al. (2000) indicated that the
significance of clustering is lower than 50%, which means that clustering alone
does not necessarily suggest malignancy.

In the benign samples FTIR imaging identified more calcification than both the
AR and the VK staining. The finding of additional calcifications by FTIR analysis
could be due to a higher sensitivity of the technique for calcifications that are
forming or due to the small size of the calcifications which may result in them
not being present in each of the slices of the samples. However, if differences
between staining and FTIR were due to physical size of the calcifications
resulting in the presence or absence in a certain slide, then it would be
expected that also the reverse would be observed: i.e. positive staining by AR

and/or VK and no spectroscopic sign of calcifications being present.

The location of AR and VK staining matched for the majority of the samples
although AR stains a more extended area than VK and thus more readily
visible. The area stained by VK matches the FTIR imaging and is thus thought
to give a better indication of the size of the calcifications than AR staining. This
size is important since it is thought to correlate to disease (Buchbinder et al.,
2002). However, VK staining alone is not sufficient to identify and/or quantify
bone like materials in cell cultures (Bonewald et al., 2003). It is proposed that
techniques such as X-ray diffraction, electron microscopy or FTIR spectroscopy
be applied. Furthermore it is suggested that in cases where there is no access
to these techniques, both Alizarin Red and von Kossa staining should be used

(Bonewald et al., 2003).
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From the in vitro mineralisation time course study it becomes clear that the VK
stain consistently lags the AR staining in the calcification formation process,
which means that although calcium is present, hydroxyapatite has not
crystallised. This means that caution should be exercised, when only employing
one stain. For example, in many hospitals AR is used to show the presence of
calcification in cartilage, whereas it is actually showing just the calcium
distribution. Regions stained with AR appear to cover larger areas than the
calcifications measured in this study and sometimes in early phases of
calcification formation appear to stain when there are no calcifications apparent.
When using stains, the use of at least two specific stains is therefore necessary.
Raman and FTIR maps yield similar results so either one of these techniques
would be sufficient to identify the presence of microcalcifications or to provide
more detailed compositional information relating to the pathology, such as the
amount of carbonate substitution. In pathology samples, FTIR will be preferable
since the paraffin signal can be a problem when using Raman (Faolain et al.,
2005). However, in vivo measurements of breast calcification compositions will
most likely require the use of Raman spectroscopy. Deep Raman developments
show the most promise as an in vivo clinical tool for probing breast
calcifications. Since the target for deep Raman measurements are
mammographic calcifications, it should be noted that the resolution of histology
for calcification detection is much higher than that of mammography. However,
the spatial resolution of deep Raman spectroscopy is low and depends strongly
on the thickness of the interrogated tissue.

6.1.3 Synchrotron FTIR imaging of breast calcifications

Previously, synchrotron FTIR measurements on breast calcifications were only
described by Baker (2009) who included a study of three maps on frozen tissue
in her PhD thesis. Baker observed a lower amide concentration in the
calcification than in the surrounding tissue, which is under scribed by the

studies presented in this thesis. This indicates that the features observed by
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Baker et al. are genuinely caused by the chemical composition of the
calcifications and rules out higher amide concentrations in the surrounding
tissue and pixel crosstalk. In the benign specimens amide bands were not
observed at all. An interesting finding presented here is that in the benign
specimens bands were observed relating to A-type substitution and no bands
related with B-type substitution, while both types were found in the samples with
in situ pathology. This probably has to do with the formation and maturation
processes of the calcifications and may be related to the tumour acidifying its
surroundings. Carbonate is known to act as a buffer when the pH changes. The
decreasing amount of carbonate substitution in the apatite lattice could then be
explained by the carbonate being used to stabilise pH and the differences in
substitution type by the preferential carbonate substitution (formation) or
dissolving at that pH. The ratio of A- and B-type substitution should be further
studied to find out if this feature can be used as a marker for disease.

In one of the specimens with invasive pathology a band was observed at 990
cm™. This band position is characteristic for whitlockite which can be observed
in vitro together with apatite depending on the experimental variables and is
observed in for example urinary calculi, prostatic deposits, cartilage and bone
(Lagier and Baud, 2003) and might act as a seed for calcification. It would
therefore be interesting to work backwards from the finding to the breast
calcification environment. The amount of specimens and calcifications
presented here is not enough for a quantitative study (although a qualitative
study still fills a hole in literature), but the data obtained at the IRENI beamline

will fill this gap.

6.1.4 ATR imaging of breast calcifications

During the ATR measurements a lower amount of amide was found in the
calcification than in the surrounding tissue which is in agreement with the

synchrotron measurements performed by Baker (2009). However, this could be
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due to height differences caused by the slicing (the calcifications being higher
than the surrounding tissue) which may cause a lack of tissue signal. The ATR
FTIR measurements need more attention in order to understand the limitations
and to understand which findings are genuinely caused by the chemical
differences within the specimens and which by limitations of the system and
specimens. The observed band shift between samples with different amounts of
A- and B-type substitution could be due to the location of the measurements.
When measuring at the middle of a grain calcification standard, a lower wave
number position was found compared to measurements at the edge of a grain
calcification standard. However, this is a really exciting proof of principle study
for ATR FTIR measurements of breast calcifications. In other breast tissue ATR
FTIR studies calcifications were not measured (Rehman et al., 2010; Walsh et
al.,, 2012) and ATR FTIR might be an interesting technique to understand more
of the environment of the calcifications and the formation and maturation

processes.

6.1.5 Raman imaging of breast calcifications

In the past, Raman mapping on pathology samples has always been limited by
the presence of paraffin. However, the paraffin removal protocol applied in this
study was sufficient and no paraffin bands or fluorescence was observed. This
gives way to more extensive studies. Raman mapping can be done in 1 pum
steps with the Streamline software, which is similar to the ATR FTIR
measurements performed and a huge improvement compared to the benchtop
transmission FTIR system. Raman spectroscopy is less prone to artefacts
observed with FTIR such as band shifts and therefore an interesting avenue to
explore. An interesting study would be to measure maps over calcifications with
a higher exposure time (thus improving the SNR) and evaluating the amount of
carbonate over the calcifications and investigate if the amount of carbonate

substitution is equally distributed over the calcifications or not.
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6.2 Deep Raman system evaluation

6.2.1 Comparison porcine soft tissue and human mammary

During the system construction and evaluation, porcine soft tissue was used as
a model for human mammary tissue. Porcine soft tissue is a valid model since

the properties are similar, as is the Raman spectra of both types of tissue.

6.2.2 Sample thickness limits when using transmission Raman

setup

During the theatre project 41 samples were measured on the transmission
Raman setup which were compressed between 3 and 25 mm. The SNR
decreases exponentially with increasing thickness. The calcification bands
might not be visible when a low SNR is obtained and measurements with
insufficient SNR could therefore give incorrect feedback on the composition of
the specimens. Caution should be practised when basing judgements on

measurements with a low SNR.

To achieve a SNR high enough to correctly assign the amount of carbonate
substitution, a maximum thickness of 10 mm can be used with the current
setup. The average thickness for compressed breast during the horizontal view
is 54.1 mm £ 0.2 mm and 56.8 mm = 0.2 mm for the oblique view (Robinson
and Kotre, 2008). The SNR can be improved by employing a higher laser power
and increasing the accumulation time of the measurements. In case the beam is
defocused on the surface, the power is spread over a larger area and the laser
power could be enhanced significantly without health risks. Furthermore, it
should be noted that the breast can be compressed locally instead of the whole

of the breast which would yield a lower sample thickness and thus higher SNR.

Deep Raman measurements were performed through a tissue block of 45-50

mm thickness by using a combination of SERS and SORS. The combination of
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SERS and SORS opens up an interesting parallel avenue for probing organs
with nanoparticles conjugated to specific antibodies to detect disease,
ultimately, nanoparticles with different antibodies and reporter molecules (e.g.
each disease is coded with a specific reporter molecule). Detection of several
reporter molecules (the Raman label) simultaneously and separation of the
signals makes it possible to indicate the origin of the signal;, both in disease
nature and its location. This capability would permit the use of the technique in
a variety of medical fields such as cancer detection and the monitoring of
treatments. In order to do this the target molecules needs to be known in order
to tag the correct antibodies to the nanopatrticles. To date, no studies have been
performed on the excretion and toxicity of the nanoparticles used in this
technigue which can therefore not be used in vivo. It would however be possible
to inject nanoparticles in excised tissue with tags to test for example the
oestrogen and progesterone receptor status and HER2 expression. The whole
of the specimen can be tested in this way instead of a few levels. Deep Raman
techniques could in general be used to do an overall measurement of a
specimen and used to warn a pathologist more levels of the specimen should
be evaluated if one does not show abnormalities.

6.2.3 Lateral spreading in transmission Raman measurements

Due to lateral spreading of the photons, calcification signals will not only be
measured right behind the calcification when aiming the beam right at the
calcification, but also when the beam of the laser is placed slightly next to the
calcification area. Lateral spreading might be utilised during interrogation of the
breast by decreasing the amount of measurements in a grid and thus speeding

up the procedure.
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6.2.4 The originating depth and spatial resolution of transmission

Raman signal

Transmission Raman spectroscopy does not make a distinction between
signals originating from different depths. Other deep Raman techniques such as
spatially offset Raman spectroscopy (SORS) do have this capability but have a
more limited range of sample thicknesses for which they can be used. However,
when using transmission Raman as an adjunct to mammography, the
mammography will give spatial information whilst the transmission Raman

measurements can be used for chemical information.

6.2.5 Measurements through skin

Measurements through skin were performed on human mammary tissue with
attached skin. Although measurements through tissue and skin show a lower
SNR than measurements through tissue only, it can be concluded that
transmission Raman measurements can be done through skin. This is an

important requirement for a non-invasive technique.

The measurements performed in this study are the first performed on mammary
tissue with skin. In previous studies within the group (Baker et al., 2007,
Matousek and Stone, 2007; Stone and Matousek, 2008; Stone et al., 2007)
porcine soft tissue models were used and in other groups (Dingari et al., 2012;
Saha et al., 2011) core biopsies without skin which also are much thinner than

bulk tissue.
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6.3 Deep Raman spectroscopy on breast calcifications and

tissue

6.3.1 Use of a pseudo marker to estimate the amount of carbonate

substitution

In this study, the use of the 960 cm™ phosphate band as a pseudo marker for
the amount of carbonate substitution was evaluated. The position of the band is
not related to the amount of carbonate phosphate since this did not hold up
when introducing new samples from different origin. The position is however
related to the type of carbonate substitution. In contrast, the width of the
phosphate band which is a marker for the amount of carbonate substitution.
This 960 cm™ phosphate band is the strongest in the apatite spectrum and not
as easily obscured by shot noise as the other bands with which the carbonate
content can be evaluated. Earlier studies (Haka et al., 2002) postulated a higher
amount of carbonate within calcifications surrounded by tissue with benign
pathology which was confirmed by Baker et al. (2010). This feature of the
calcifications can now be exploited when measuring them through tissue.
Measuring the amount of carbonate substitution through tissue gives way to a
monitoring use of the deep Raman system. In certain cases monitoring would
be preferable to invasive surgery, for example in older women where breast
cancer may not advance in their lifetime. It might be interesting to study the type
of carbonate substitution in a new study to investigate if there is a link with this
feature and pathology grade. Another interesting possibility would be to study
the calcifications change in time to shine light upon the formation and

maturation process which is yet unknown.

6.3.2 SNR limits for using the pseudo marker

In this study it was evaluated that the measurement should have a SNR of 6.5

before applying the Gaussian fitting routine to correctly establish the amount of
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carbonate substitution. This is an important study since a wrongly estimated
amount of carbonate substitution, relating to the pathology of the surrounding
tissue (Baker et al., 2010), might in the future lead to inappropriate judgements
regarding treatment versus monitoring. It should be noted that for evaluation of
the calcification type (i.e. type | or type 1l) a lower SNR could be used since the
spectra are more distinct than type Il calcifications with different amounts of

carbonate substitution.

6.3.3 Theatre project deep Raman spectroscopy on breast

During the theatre studies, transmission Raman spectra were measured on
fresh human breast tissue. Breast calcification signals could be picked up
during these studies, which is an important step forward. Previous studies within
the group were all based on porcine soft tissue models with mock up
calcifications. Studies recently published by other groups (Dingari et al., 2012;
Saha et al., 2011) were done on core biopsies and although they target natural
human breast calcifications, lack the thickness component of the studies
described in this writing. In order to move towards non-invasive screening
techniques based around Raman spectroscopy, which would give chemical
information in contrast to the commonly used mammography, measuring
through several centimetres of human tissue and skin is of paramount
importance. Hence, this study is the first in its kind to detect human breast
calcifications within tissue. As stated before, this technique could be used as an
adjunct to mammography before taking biopsies or to interrogate bulk
specimens and in case abnormalities are detected this could be flagged up to
the pathology department. More levels of the specimen should then be
evaluated by the pathologist if one does not show abnormalities. Another
application might be to use a deep Raman probe in the cavity left after a biopsy,

to interrogate the margins.
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7 Conclusion

7.1 Study of breast calcifications

Known calcification standards were studied with FTIR and Raman to
understand the relationship between chemical differences and spectral
differences. The observed spectral differences were in agreement with the
literature. Vibrational spectroscopy was then compared to routine staining
procedures. From the time series experiments it is evident calcium builds up
before the apatite is formed. Calcification formation was detected by FTIR (both
synchrotron and benchtop instruments) at the same formation stage as Raman
mapping and in a similar size area. VK staining gives a better indication of the
calcification size than AR staining. The staining experiments also indicated that
most of the calcifications were located in the ducts of the breast and it is

plausible that formation takes place there.

During the synchrotron experiments it transpired that amide is present in the
centre of calcifications. Furthermore, a band shift was observed in the 1400-
1500 cm™ region, depending on the pathology grade, which is related to the
type of carbonate substitution. It is therefore hypothesised that not only the
amount of carbonate substitution can act as a marker for disease, but also the

type of carbonate substitution within the breast calcifications.

Also, evidence for maturation was found in the shape and position of the
phosphate band. In one of the calcifications a whitlockite core was observed
which might act as a seed for the calcification.

Both ATR FTIR and Raman imaging are worth pursuing, since the phosphate
bands are not as easily saturated and the spatial resolution much higher than
that achieved with benchtop FTIR. Raman mapping seems more promising than
ATR FTIR since larger areas could be interrogated, the specimen was not

disrupted and information from higher wavenumbers could be obtained.
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7.2 Deep Raman system evaluation

A deep Raman system was built which could be used in both SORS and
transmission mode. Initial measurements were performed on porcine soft tissue
to investigate the performance and limitations of the developed system. The
amount of light coming through fresh human breast tissue decreases
exponentially with thickness. An additional approach such as mammography
should be used in parallel to complement the chemical information derived from
deep Raman spectroscopy with spatial information. The presence of skin
introduces an extra source of photon scattering which results in signal spread
and diminishment. Although the SNR was lower for samples with skin than for
samples without, satisfactory measurements could be performed on all

specimens.

7.3 Deep Raman spectroscopy on breast calcifications and

tissue

The performance of the 960 cm™ phosphate band as a pseudo marker for the
amount of carbonate substitution was tested. The width of the band changes
linearly with increasing carbonate substitution. In contrast, the observed shift in
position is not related to the amount but to the type of carbonate substitution.
This band shift might be another marker for disease. Measurements were
performed on calcification standards buried in both a porcine soft tissue model
and human breast tissue. For an accurate estimation of carbonate substitution a
SNR of at least 6.5 should be obtained.

Furthermore, a proof of principle study using 41 fresh human breast tissue
specimens was presented. Measurements could also be performed on
specimens with blue dye and/or attached skin. Specimens with many
calcifications could be separated from specimens without any calcifications

using a PCA-LDA model. This finding is an important step towards transmission
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Raman spectroscopy as a non-invasive tool to probe the calcifications within the
breast.

7.4 Recommendations for further work

The sample thickness used in the Diamond experiments resulted in saturation
of the calcification bands in the FTIR spectra. Similar features were seen at the
IRENI beamline, although the saturation problems were less significant. For
future work, a lower sample thickness is suggested for Diamond experiments (<
3 micrometers). Originally, it was feared that slicing thinner sections would force
out calcifications and therefore thicker sections were used. However, a
pathology sample with a thickness of one micron was tested subsequently on
the benchtop systems and it was observed that is still contained calcifications. It
should be noted that the signals of the surrounding tissue will decrease

significantly when doing transmission measurements on thinner samples.

Raman mapping showed great potential after removing the paraffin on the
pathology samples. Part of the calcification patches were removed by applying
the protocol so it would be useful to test the effect of different paraffin removal
procedures. The protocol which removes the paraffin sufficiently and damages
pathology samples the least should then be used to set up a Raman mapping
study. In this thesis, only a proof of principle study is shown and in future
studies it would be desirable to increase the sample numbers. Also it would be
interesting to pay attention to the location of the carbonate inclusions in the
calcifications since in the proof of principle study the amount of carbonate at the
centre of the calcification was found to be higher than in the rest of the
calcification.

The deep Raman study of fresh human specimens was limited by time and a
more extensive study would be beneficial. To improve the detection of
calcifications it is suggested that larger areas are interrogated using higher laser

powers with defocused beam (maintaining the same power density).
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Chapter 7

Furthermore it would be beneficial to have a direct access to X-ray images
instead of receiving these afterwards because the time each sample can be
taken out of the clinical pathway is limited and insufficient to map the entire
sample. When X-ray images are taken when the specimens are already
compressed the resolution of the image will increase and would it be easier to
target specific locations during the deep Raman measurements. A translation
system in the xy- plane would save time and it could also be used for additional
measurements. Furthermore, it would be easier to position samples on a
horizontal platform (i.e. laying them down and pointing the laser down through
the sample) than mounting them upright as in our experiments. The sample
holder can compress samples down to 10 mm and an extension of the range to
lower thicknesses would be helpful for the sample study although not necessary

for thicker samples such as whole breast.
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APPENDICES

Appendix A FTIR band assignments calcified

Band

Tissue/ material

materials (750-4000 cm™)

Reference

assignment

770 Urates (Estepa and Daudon,
1997)
780 Water COM and COD (Maurice-Estepa et al.,
2000)
852 HPO,* Octacalcium phosphate (Dekker et al., 2005)
856 COs3 HAP (Antonakos et al., 2007)
866 CO3 Labile carbonated (Fleet, 2009), (Rey et al.,
apatite 2007)
866 HPO,~ Carbonated apatite (Apfelbaum et al., 1992)
871 CO3 Type B carbonated (Fleet, 2009)
apatite
873 CO3 Type B carbonated (Rey et al., 2007)
apatite
875 CO3 (B) Carbonated apatite (Apfelbaum et al., 1992)
877 COs HAP (Rehman and Bonfield,
1997)
878 CO3 Type A carbonated (Fleet, 2009)
apatite
878 CO3 (A) Carbonated apatite (Apfelbaum et al., 1992)
880 CO3 Type A carbonated (Rey et al., 2007)
apatite
906 HPO,* Octacalcium phosphate (Dekker et al., 2005)
912 COD (Maurice-Estepa et al.,
2000)
947 TCP* Biphasic calcium (Victor and Kumar, 2007)
phosphate
948 COM (Maurice-Estepa et al.,
2000)
948 COs3 Type A carbonated (Antonakos et al., 2007)
apatite
961 PO, Carbonated apatite (Rehman and Bonfield,
1997)
962 PO, HAP (Antonakos et al., 2007)
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986 TCP* Biphasic calcium (Victor and Kumar, 2007)
phosphate
987 Brushite (Rey et al., 1991b)
1000 Urates (Estepa and Daudon,
1997)
1004 Sodium Calcification in kidney (Dessombz et al., 2011)
hydrogen tissue
monohydrate
1004 Brushite (Rey et al., 1991b)
1006 Type B carbonated (Rey et al., 1991b)
apatite
1015 AB carbonated apatite  (Antonakos et al., 2007)
1018 PO, Poorly crystalline non-  (Chiou et al., 2010)
stoichiometric apatites
1023 Type B carbonated (Rey et al., 1991b)
apatite
1023 PO Octacalcium phosphate (Dekker et al., 2005)
1025 Whitlockite Calcification in kidney (Dessombz et al., 2011)
tissue
1028 PO, Resting phase (Chiou et al., 2010)
1029 PO, Type B carbonated (Antonakos et al., 2007)
apatite
1029 PO, HAP (Antonakos et al., 2007)
1031 PO, Matured crystalline (Chiou et al., 2010)
stoiciometric apatite,
resorptive phase
1041 PO, Carbonated apatite (Rehman and Bonfield,
1997)
1042 PO, HAP (Rehman and Bonfield,
1997)
1044 Type B carbonated (Rey et al., 1991b)
apatite
1045 AB carbonated apatite  (Antonakos et al., 2007)
1058 Brushite (Rey et al., 1991b)
1060 POy Type B carbonated (Antonakos et al., 2007)
apatite
1065 POy Brushite (Estepa and Daudon,
1997)
1070 PO Octacalcium phosphate (Dekker et al., 2005)
1072 Type B carbonated (Rey et al., 1991b)
apatite
1079 Brushite (Rey et al., 1991b)
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1080 Whitlockite Calcification in kidney (Dessombz et al., 2011)
tissue
1091 PO, HAP (Rehman and Bonfield,
1997)
1092 PO, AB carbonated apatite  (Antonakos et al., 2007)
1100 PO Octacalcium phosphate (Dekker et al., 2005)
1102 Amorphous Calcification in kidney (Dessombz et al., 2011)
silica tissue
1104 Type B carbonated (Rey et al., 1991b)
apatite
1108 Brushite (Rey et al., 1991b)
1110 Newly precipitated (Rey et al., 1991b)
apatite
1119 Octacalcium  Calcification in kidney (Dessombz et al., 2011)
and carbatite  tissue
1122 TCP* Biphasic calcium (Victor and Kumar, 2007)
phosphate
1124 Brushite (Rey et al., 1991b)
1125 Newly precipitated (Rey et al., 1991b)
apatite
1133 Brushite (Rey et al., 1991b)
1135 POy Brushite (Estepa and Daudon,
1997)
1140 Urates (Estepa and Daudon,
1997)
1145 Acid Bone (Miller et al., 2001)
phosphate
1225- Amide Ill, B-  Tissue (Socrates, 2001)
1235 sheet
structure
1240- Amide lI, Tissue (Socrates, 2001)
1255 random chain
1270- Amide lll, a-  Tissue (Socrates, 2001)
1300 helix
1316 CC stretch Urinary stone (Wilson et al., 2010)
1316 CO stretch COM (Maurice-Estepa et al.,
2000)
1324 CO stretch COD (Maurice-Estepa et al.,
2000)
1321 COs3 Carbonated apatite (Rehman and Bonfield,
1997)
1324 COM (Maurice-Estepa et al.,

2000)
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1345 Ammonium hydrogen (Estepa and Daudon,
urate 1997)

1410 CO3 Type B carbonated (Fleet, 2009)
apatite

1417 COs3 Carbonated apatite and (Rehman and Bonfield,
HAP 1997)

1420 COs3 (B) Carbonated apatite (Apfelbaum et al., 1992)

1420 COs A+B carbonated apatite (Apfelbaum et al., 1992)

1427 Type B carbonated (Antonakos et al., 2007)
apatite

1435 Struvite (Estepa and Daudon,

1997)

1444 Type A carbonated (Antonakos et al., 2007)
apatite

1450 Type A carbonated (Fleet, 2009)
apatite

1450 Type B carbonated (Antonakos et al., 2007)
apatite

1454 COs3 Carbonated apatite and (Rehman and Bonfield,
HAP 1997)

1455 Type B carbonated (Fleet, 2009)
apatite

1460 COs3 (B) Carbonated apatite (Apfelbaum et al., 1992)

1460 CO3 (A) Carbonated apatite (Apfelbaum et al., 1992)

1460 CO3 A+B carbonated apatite (Apfelbaum et al., 1992)

1472 COs Type B carbonated (Antonakos et al., 2007)
apatite

1495 Type A carbonated (Antonakos et al., 2007)
apatite

1520- Amide I Proteins and peptides  (Socrates, 2001)

1525 (extended

chain)

1525 Type A carbonated (Antonakos et al., 2007)

(sh) apatite

1540- Amide Il Proteins and peptides  (Socrates, 2001)

1550 (folded)

1545 Type A carbonated (Fleet, 2009)

(sh) apatite

1550 CO3 (A) Carbonated apatite (Apfelbaum et al., 1992)

1550 COs3 A+B carbonated apatite (Apfelbaum et al., 1992)

1620 CO stretch COM (Maurice-Estepa et al.,

2000)
1620 o OH Urinary stone (Wilson et al., 2010)
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1640 CO stretch COD (Maurice-Estepa et al.,
2000)
1645- Amide |, a- Tissue (Socrates, 2001)
1655 helix
1648 CO3 HAP (Rehman and Bonfield,
1997)
1649 Brushite (Estepa and Daudon,
1997)
1650 COs3 Carbonated apatite (Rehman and Bonfield,
1997)
1660- Amide |, Tissue (Socrates, 2001)
1670 random chain
1665- Amide I, B- Tissue (Socrates, 2001)
1675 sheet
structure
2345 OH + NH4" Struvite (Estepa and Daudon,
(sh) 1997)
3485 water COM and COD (Maurice-Estepa et al.,
2000)
3570 OH HAP (Rehman and Bonfield,
1997)
3571 OH Carbonated apatite (Rehman and Bonfield,
1997)
3600 OH Sodium hydrogen urate (Estepa and Daudon,
1997)
3600 Sodium Calcification in kidney (Dessombz et al., 2011)
hydrogen tissue
urate
monohydrate
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Appendix B Raman band assignments calcified
materials (400 — 2000 cm™)

Reference

Band assignment Tissue/ material

427 PO, Enamel (Nishino et al., 1981)

430 PO, Bone (Penel et al., 2005)

432 POy Type B carbonated (Penel et al., 1998)
apatite

432 PO, Dentine and bone (Penel et al., 1998)

433 PO, HAP (Penel et al., 1998)

433 POy Enamel (Penel et al., 1998)

440 PO, Type A carbonated (Penel et al., 1998)
apatite

442 PO, Enamel (Nishino et al., 1981)

445 PO, Type B carbonated (Penel et al., 1998)
apatite

448 POy HAP (Penel et al., 1998)

450 POy Dentine and enamel (Penel et al., 1998)

450 PO, Bone (Penel et al., 2005)

452 PO, Bone (Penel et al., 1998)

502 OCO bend COM (Kontoyannis et al.,

1997)
508 OCO bend COD (Kontoyannis et al.,
1997)

572 PO, Enamel (Nishino et al., 1981)

579 PO, Type A carbonated (Penel et al., 1998)
apatite

579 PO, Type B carbonated (Penel et al., 1998)
apatite

579 POy Enamel (Penel et al., 1998)

580 POy HAP (Penel et al., 1998)

580 PO, Dentine (Penel et al., 1998)

584 PO, Bone (Penel et al., 1998)

587 PO, Bone (Penel et al., 2005)

588 POy Enamel (Nishino et al., 1981)

589 PO, Type A carbonated (Penel et al., 1998)
apatite

590 PO4 Type B carbonated (Penel et al., 1998)
apatite
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590 PO4 Dentine and bone (Penel et al., 1998)
591 PO4 HAP (Penel et al., 1998)
604 PO, Bone (Penel et al., 2005)
605 POy Enamel (Nishino et al., 1981)
607 PO, HAP (Penel et al., 1998)
608 PO, Type A carbonated (Penel et al., 1998)
apatite
608 PO, Enamel (Penel et al., 1998)
609 PO, Type B carbonated (Penel et al., 1998)
apatite
610 PO, Dentine (Penel et al., 1998)
611 POy Bone (Penel et al., 1998)
614 POy HAP (Penel et al., 1998)
630 Type A carbonated (Penel et al., 1998)
apatite
665 C-S Bone (Penel et al., 2005)
675 COs3 Type A carbonated (Penel et al., 1998)
apatite
686 COs Enamel (Nishino et al., 1981)
708 COs3 Enamel (Nishino et al., 1981)
720 Bone (Penel et al., 2005)
727 CH Breast tissue (Frank et al., 1994)
750 COs Enamel (Nishino et al., 1981)
756 CO3 (B) Bone (Penel et al., 2005)
765 COs3 Type A carbonated (Penel et al., 1998)
apatite
782 C-C-O Bone (Penel et al., 2005)
813 C-C, C-0-C Bone (Penel et al., 2005)
849 Breast tissue (Frank et al., 1994)
853 C-C-H (aromatic) Bone (Penel et al., 2005)
870 Breast tissue (Frank et al., 1994)
873 P-OH stretch Dentine and bone (Penel et al., 1998)
874 CC (amino acids) Bone (Penel et al., 2005)
890 Breast tissue (Frank et al., 1994)
892 Bone (Penel et al., 2005)
896 CC stretch COM (Kontoyannis et al.,
1997)
912 CC stretch COD (Kontoyannis et al.,
1997)
920 Dentine (Penel et al., 1998)
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920 P-OH Bone (Penel et al., 2005)
924 Bone (Penel et al., 1998)
947 PO4 Type A carbonated (Penel et al., 1998)
apatite
956 PO, Enamel (Nishino et al., 1981)
957 PO4 Type A carbonated (Penel et al., 1998)
apatite
959 PO4 Enamel and dentine (Penel et al., 1998)
960 PO4 Type B carbonated (Penel et al., 1998)
apatite
961 POy Bone (Penel et al., 1998)
964 PO, HAP (Penel et al., 1998)
972 =CH Breast tissue (Frank et al., 1994)
1002 HPO,* Enamel (Penel et al., 1998)
1003  HPO/~ Dentine (Penel et al., 1998)
1003  HPO,“, Phe Bone (Penel et al., 2005)
1005 HPO/” Bone (Penel et al., 1998)
1018 POy Type A carbonated (Penel et al., 1998)
apatite
1021  COj3, POy Enamel (Nishino et al., 1981)
1026 POy Enamel (Penel et al., 1998)
1029 PO, HAP (Penel et al., 1998)
1030 POy Type B carbonated (Penel et al., 1998)
apatite
1031 POy Type A carbonated (Penel et al., 1998)
apatite
1031 PO, Dentine (Penel et al., 1998)
1032 PO, Bone (Penel et al., 1998)
1034 POy HAP (Penel et al., 1998)
1035 POy Bone (Penel et al., 2005)
1040 COg3, POy Enamel (Nishino et al., 1981)
1041 PO, HAP (Penel et al., 1998)
1043 POy Enamel (Penel et al., 1998)
1044 POy Bone (Penel et al., 1998)
1045 POy Type B carbonated (Penel et al., 1998)
apatite
1046 POy Dentine (Penel et al., 1998)
1048 POy HAP (Penel et al., 1998)
1057 PO, HAP (Penel et al., 1998)
1059 POy Type A carbonated (Penel et al., 1998)
apatite
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1064 POy HAP (Penel et al., 1998)
1066  COgs, POy Enamel (Nishino et al., 1981)
1066  C-C stretch Breast tissue (Frank et al., 1994)
1069 PO, Dentine (Penel et al., 1998)
1069 COs3(B) Dentine (Penel et al., 1998)
1070 COs Type B carbonated (Penel et al., 1998)
apatite
1071 PO, Enamel and bone (Penel et al., 1998)
1071  CO;3(B) Enamel and bone (Penel et al., 1998)
1073  POy4, CO3 (B) Bone (Penel et al., 2005)
1077 POy HAP (Penel et al., 1998)
1079  C-C stretch Breast tissue (Frank et al., 1994)
1100 Enamel (Nishino et al., 1981)
1102 CO3(A) Dentine (Penel et al., 1998)
1103 CO3(A) Enamel and bone (Penel et al., 1998)
1107 COs Type A carbonated (Penel et al., 1998)
apatite
1119  C-C stretch Breast tissue (Frank et al., 1994)
1176  COC, Tyr, Phe, Bone (Penel et al., 2005)
1204  Tyr Bone (Penel et al., 2005)
1242  Amide llI Bone (Penel et al., 2005)
1243  Amide Il Bone (Penel et al., 1998)
1245  Amide llI Dentine (Penel et al., 1998)
1260 Dentine (Penel et al., 1998)
1262 Bone (Penel et al., 1998)
1265 =CH Breast tissue (Frank et al., 1994)
1303 CH; Breast tissue (Frank et al., 1994)
1340  Amide llI Bone (Penel et al., 2005)
1398 Heme Bone (Penel et al., 2005)
1439 CH; Breast tissue (Frank et al., 1994)
1449 Bone (Penel et al., 1998)
1450  CHy/CH3 Bone (Penel et al., 2005)
1450 Dentine (Penel et al., 1998)
1455 CH; Breast tissue (Frank et al., 1994)
1462  CO stretch COD (Kontoyannis et al.,
1997)
1477  CO stretch COM (Kontoyannis et al.,
1997)
1489  CO stretch COD (Kontoyannis et al.,

1997)
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1585  CCH aromatic ring Bone (Penel et al., 2005)

1629  CO stretch COM (Kontoyannis et al.,
1997)

1632  CO stretch COD (Kontoyannis et al.,
1997)

1654  C=C stretch Breast tissue (Frank et al., 1994)

1660  Amide | Dentine (Penel et al., 1998)

1662  Amide | Bone (Penel et al., 1998)

1743  C=0O stretch Breast tissue (Frank et al., 1994)
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Appendix C Additional images FTIR imaging

compared to staining

C.1 Benign specimens

Figure C-1: A) White light image of benign sample with overlaid the intensity fit
of the hydroxyapatite; B) Alizarin Red staining of adjacent slide; C) H&E staining
of adjacent slide; D) von Kossa staining of adjacent slide.
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Figure C-2. A) White light image of benign sample with overlaid intensity of
apatite fit; B) Alizarin Red staining adjacent slide; C) H&E staining adjacent slide;
D) von Kossa staining adjacent slide, calcification highlighted by circle.
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C.2 In situ specimens

Figure C-3: A) Sample with in situ pathology; A) White light image with overlaid
apatite fit; B) Alizarin Red stain on adjacent slide; C) H&E stain on adjacent slide;
D) von Kossa staining adjacent slide.
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Figure C-4: A) Sample with in situ pathology; A) Apatite fit, each pixel is 6.25 um;
B) Alizarin Red staining on adjacent slide; C) H&E staining on adjacent slide; D)
Von Kossa staining on adjacent slide.
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C.3 Invasive specimens

Figure C-5: A) White light image with biochemical fit apatite overlaid; B) Alizarin
Red staining on adjacent slide; C) H&E staining on adjacent slice; D) von Kossa
staining (counterstain van Gieson) on adjacent slide.

Figure C-6: A) White light image with overlaid the apatite fit; B) Alizarin Red stain
on adjacent slide; C) H&E staining on adjacent slide; D) Von Kossa staining on
adjacent slide with van Gieson as counterstain.
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Figure C-7: A) White light image with overlaid the apatite fit; B) Alizarin Red
staining on adjacent slide; C) H&E staining adjacent slide; D) Von Kossa staining
adjacent slide with counterstain van Gieson.
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Appendix D Paraffin removal

In order to perform Raman imaging on tissue sections from blocks in storage,
the paraffin has to be removed as it generates excessive interfering
fluorescence. In this section the chemical removal of paraffin with paraffin oil
and hexane is evaluated by FTIR measurements before and after applying the

de-paraffin protocol described in section 2.1.4.

Pathology samples are normally stored in paraffin blocks. When these are
sectioned and measured a paraffin signal will be present in addition to the
signal of the specimen itself. In FTIR spectroscopy the paraffin signal contains
of one strong band ~1472 cm™ and a weaker band ~1463 cm™. This obscures
some of the carbonate bands of the apatite, but measurements are still
valuable. The Raman spectrum of paraffin is however more disruptive. In figure
D-1 the Raman spectrum of paraffin is shown. Also, the paraffin induces a

strong fluorescence background on the Raman measurements.

-1
1 _ 1296cm
1133cm CH, deformation
CC stretch §
= 1441cm’
CH2 deformation
1063cm”
—_ CC skeletal
:E stretch
8 1418cm™!
> CH,
= -
a deform 1463cm 1‘
£ \ [\~ cH, bending
2 and rocking
=
1172em’!
1 CC stretch
L} 1 1 ] Ll I L}
400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm'1)

Figure D-1: Raman spectrum of paraffin wax (Faolain et al., 2005).
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Paraffin can be removed by chemical treatments, such as xylene or hexane
dewaxing, or commercial products such as histoclear and trilogy (Faolain et al.,
2005). Another possibility is ‘digital dewaxing’ in which paraffin signals are
removed during the data analysis (Tfayli et al., 2009). Faolain et al (2005) report
that from all chemical removal protocols tested, hexane removes most of the
paraffin. Therefore, it was decided to use a hexane based protocol to remove

paraffin of a pathology sample for a proof of concept Raman mapping study.

In figure D-2, a sample is shown before applying the protocol. In panel A, the
white light image is shown with in red the area (2000x300 pum) measured with
FTIR. In panel B, the biochemical fit of apatite is shown with three distinct areas
of calcifications which are visible in the white light image (panel A) as dark
patches. The same fit is shown in panel C with a threshold of 1 applied. The
spectra corresponding to the white pixels in panel C are shown in panel D. The
spectra show the characteristic phosphate band (~1030 cm™), amide bands in
the 1500-1700 cm™, and paraffin bands.
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Figure D-2: Sample before de-paraffin protocol A) White light image; B)
Biochemical fit for apatite on area highlighted in panel A; C) Biochemical fit for
apatite with threshold 2; D) Spectra correlated to white pixels in panel C.

After applying the de-paraffin protocol the structure of the tissue changes
dramatically, which can be seen in the white light image shown in panel A of
figure D-3. The calcifications previously visible as darker patches are less
distinctive after the protocol has been applied. In panel B and C the biochemical
fit for apatite is shown for the same region as the data shown in figure D-2. In
panel C, a threshold on 1 is applied. The spectra corresponding to the white

pixels in panel C are displayed in panel D.
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Figure D-3: Sample after de-paraffin protocol A) White light image; B)
Biochemical fit for apatite on area highlighted in panel A; C) Biochemical fit for
apatite with threshold 2; D) Spectra correlated to white pixels in panel C

Compared to the measurement done before applying the de-paraffin protocol,
less and smaller areas of calcification were found. In panel D, less of the
characteristic paraffin bands can be seen, which is more readily displayed in
figure D-4, in which the mean spectrum of the spectra shown in panel D of both

figure D-2 and D-3 are displayed.

Characteristic paraffin bands in FTIR are found ~1378, 1463, and 1472 cm™. In
figure D-4, these positions are highlighted by dotted lines. After the de-paraffin
protocol (depicted in green) these bands disappear and the 1450 cm™ band

characteristic for carbonate become visible.

204



Appendix D

— before

Lel —after

r
W
T
|

Intensity (arb units)

0 L | L L L
800 1000 1200 1400 1600 1800 2000

Wavenumber (1/cm)

Figure D-4: Mean spectra of the spectra showed in panel D of figure 4.23 and 4.24
(relating to white pixels in panels C). Locations of the characteristic paraffin
bands are highlighted with dotted lines.

In figure D-5, the chemical fit for paraffin is showed for both FTIR
measurements. While paraffin is abundant before applying the de-paraffin

protocol, the chemical fit scores close to zero in the map measured after the de-

07
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<0 100 120 200 250 300 30 400 0

Figure D-5: Chemical fit of paraffin in panel A) Before de-paraffin protocol; B)
After de-paraffin protocol

paraffin protocol.
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Appendix E Deep Raman on theatre samples

E.1l Consent form
Gloucestershire Hospita m
CONFIDENTIAL
CONSENT FORM
Version 2.0 April 2008

Applications of Raman spectroscopy in Breast cancer
DONATION OF TISSUE SAMPLES TO ADVANCE THE DIAGNOSIS OF
EREAST CANCER USING OPTICAL ANWD MOLECULAE EIOLOGY
TECHNIQUES

Lead Researchers: Dr C Kendall, Dr IV Stone.

Please initial each box
1. I confirm that I have read and undsrstand the patisnt information leaflst
dated April J00E (versiom 1.0, for the sbove stedy and have had the
opportunity to ask guastions.

b

I reguest that any tizspe samples tshen during the courss of my swrsical
procadure at Glovcestershiss Hospital: WHS Trest may be mads availabla
for additional resasrch tests a: part of the abowve study.

L

I understand that my patticipation iz voluntary and that I am fi=s to
wiflsitaw, &t any time without giving any eason, without my medical cars
of legal right: being affactsd. In the svent that I wizsh to withdraw fom
thiz study, data collaction will cezss immedistsly snd I can reguest that sll
data collacted iz confidentislly dastrowad.

4. T understand that sactions of any of my madicsl notes may be lookad at by
the resaschers of by regulatory suthorities where it iz relsvant to my
taking part in research. I give permizsion for thess individeal: to hava
aopess to my reconds.

5. T.azreato take part in the above study.

Kams of parzon tsking conssnt Diat= Bignatura
{if diffsremt from rezasrcher)

Nams of Fesaarcher Diat= Bignatura
" ha
D (iaie P TV e T
e el S ~ -

Figure E 1: Consent form used in the deep Raman study.
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E.2 Patient information leaflet

Gloucestershire Hospitals m

[

&im
al

-
ol u

PATIENT INFORMATION LEAFLET
Version 1.0 April 2008

Applications of Raman spectroscopy in Breast cancer
Lead Bezsearchers: Dy C Eendall, Dr W Stone.

You ae invited to take part in a ressarch study being camied out at Glowcesterzhits
Hoepitsl: WHE Trust. Esfors vou decide whether vou would liks to participats it iz
important for you to understand why the rszasrch iz being doms, and what it will
imwvolva, Plsass taka tims to read the following information casfilly and disoess it
with otherz if you wizh. Pleasa sk us if thers iz anything unclasr of if vou would liks
further infoqrmation. Pleaza tske tims to decids whather of not vou wizh to take part.
Thank wou for reading thiz information.

Background

A team st Glouwcsstershire Hospitals WHS Trust together with scientistz at Cranfisld
University a2 working to impiove clinical manassment of bfeast cancer. Using
afvancad techmigues of tizsue idsntification we hops to identify abnommal tizsue
during swEsy more aoouratsly apd mors guickly. Thiz could result in 3 shorter
duration of swrEsy and possibly a decressed likslibood of firthsr swreary for peopls
with beeast cancers in the fuhwe Befogs zafe and offsctive use with patisnts, it i=
negesiay to assass thess tachnigue: on hemam tizsuve in the labosatory.

D I meed to take part?

WO, IT I8 EWNTIRELY WVOLUNWTARY. You can s=fisa to provids a sampls at any
time and vou do not mesd to give ressons and vour fofurs teatment will pot ba
affactad.

If vou dio dacide to take part wou will be given thiz information shest to kesp and ba
atkad to zigm 3 conzamt form. If vou decide to tske pert youw ae still e to withdraw
at amy tims and without giving a ressom. A decizion to withdrow at any tima o1 a
dacizion not to taks part, will not affect the standard of care you 12ceiva

What will happen to me if I take part?

Your sugzical tasm haz axplained that wou nesd ap opsrstion of biopsy as a part of
vouf treatment. Bpacialist staff within the hospital will swamine this tiszus and vour
carz will be guided by what they find. If vou a2 willing to allow us, we can =2 a
imall number of additionsl zampls: to bhelp uwes develop new dissnostic tsstz. Mo
additional procadures will be undsrtaksn a: a result of vouwr consant. In addition thars
iz no nesd for aoy lifsstyle restrictions to participate in thiz stody. Thiz rsgoest dos:
not masn that your dissmosis iz umenre.

Figure E 2: Patient information leaflet used in the deep Raman study (page 1).
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Gloucestershire Hospitals m

el stie
oUNaato

ol

Will these additional tests change my diagnosis?

Mo, All the usual testz would ba porformed to provide vour swgmical tesm with
information to plan any fisthsr treatment. The additional tests would not affect vour
treatment of changs your diasmosis.

Will these additonal tests change the care offered to me?
Further trestment of procsdures offsrsd to yvou will not be changsd by thess tests.
Your care will not ba sltared by wour decizion to allow s to wz= your tizsus of Dot

What are the possible divadvantages and risls of taking pari?
Mo additionsl procedurs: to your routine care will be undertskan a= part of thiz study,
thersfors there a2 no associsted additional rizks.

What are the possible benefits of taling part?

If vou decide to participats vou ame unlikely to bonsfit dissctly fom thiz stody.
Howeear if thiz study iz swoosssful, thiz study might help ue to trest fisture patisnts
maode sfactivaly.

Will myy talking part in this sfudy be kept confidential?

All information that iz collacted sbowt you during the courze of the ressarch will ba
kept ztrictly confidentisl. If vou comsant to tsking part in thiz stedy vou will give
pemmizzion for the resssrcherz from the Biophotonice Foessarch Group to have aoosss
to vour medical notes, whats it iz melovant to your taking part in ressarch.

What will bappen to the results of the research study?
"Wa bops that the results will ba publizhed in scisntific and medical joumsls. You will
ot ba identified in any way in such a publication.

Who has reviewed the study?
The Glovcestarshirs Local Fessarch Ethice Committas hee sevjswad the stedy,

Conzumars for Ethics in Fessarch (CEF.ER) publizh a lasflst entitlad “hladical
Fiazsarch and You'. This leaflst mives mode information on madical fesssch. A copy
can be obtained fom

Thank vou for your help and co-operafion. If you have any guestions please
contact one of the following researchers:
Dy Mick Stone, Tal. Mo: 08454 225488

Figure E 3: Patient information leaflet used in the deep Raman study (page 2).
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E.3 Raw deep Raman data and X-ray images of the
specimens

An overview of the deep Raman measurements on the theatre specimens is
shown and compared to the X-ray images obtained in theatre. Deep Raman
measurements were done in transmission mode, 3x60s, with the cosmic ray
removal function on. On each specimen five measurements were performed on

different locations.

Transmission Raman X-ray image specimen
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Table E 1: Raw deep Raman data and X-ray images of fresh human breast
specimens used in the study.
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Appendix F  Scientific output

F.1

F.1.1

F.1.2

Publications

Peer reviewed journals

Nicholas Stone, Marleen Kerssens, Gavin Rhys Lloyd, Karen Faulds,
Duncan Graham, and Pavel Matousek, 2011. Surface enhanced spatially
offset Raman spectroscopic (SESORS) imaging- the next dimension.
Chemical Science, 2, pp.776-780. DOI: 10.1039/c0sc00570c *

Marleen M. Kerssens, Pavel Matousek, Keith Rogers, and Nicholas
Stone. 2010. Towards a safe non-invasive method for evaluating the
carbonate substitution levels of hydroxyapatite (HAP) in micro-
calcifications found in breast tissue. Analyst, 135, pp. 6156-6161. DOI:
10.1039/C0an005659g

Other

M. Kerssens, R. Fullerton, P. Matousek, K. Rogers, N. Stone, 2011.
Detecting breast cancer by probing micro calcifications with deep-
Raman. Lasers in Medical Science, 26, pp. 721 (published abstract).
DOI: 10.1007/s10103-011-0967-1

Marleen M. Kerssens, Rachel F. Cox, Pavel Matousek, Keith D. Rogers,
Maria P. Morgan and Nicholas Stone. New methodologies for
identification of breast calcifications. Breast cancer research,
(submitted)

Marleen M. Kerssens, Pavel Matousek, Nick Stone. Detecting breast

microcalcifications in theatre: transmission Raman spectroscopy

! This paper was accompanied by a press release: ‘Raman imaging gives new hope for
cancer diagnosis’, RSC website, February 10, 2011
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F.2

measurements on freshly excised surgical breast specimens. (in
preparation)

Marleen M. Kerssens, Robert Scott, Pavel Matousek, Keith D. Rogers,
Nick Stone. FTIR synchrotron studies on human breast calcifications. (in
preparation)

Marleen M. Kerssens, Alina B. Zoladek, Pavel Matousek, Keith D.
Rogers, Sergei Kazarian, Nick Stone. ATR FTIR studies on human

breast calcifications, a proof of principle. (in preparation)

Conference contributions (oral presentations)

‘Transmission Raman spectroscopy on freshly excised breast pathology
specimens’, SciX 2012, Kansas City, Missouri, USA, September 30 —
October 5

‘High resolution imaging of breast calcification’, SciX 2012, Kansas City,
Missouri, USA, September 30 — October 5

‘Study of calcification formation and disease diagnostics utilising
advanced vibrational spectroscopy’, Cranfield Health Postgraduate
Conference, September 19 2012

‘Non invasive breast cancer detection using Raman spectroscopy’,
RCaH (Research Complex at Harwell) PhD Symposium Day,
September 7 2012

‘Exploring deep Raman spectroscopy for real-time non-invasive
diagnosis of breast cancer’, Lasers for Science Facility User Meeting,
Abingdon, April 24-26 2012

‘Spectroscopic evaluation of breast calcifications’, Translational
Medicine Day, Cranfield University, March 29 2012
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F.3

‘Towards in vivo application of Deep-Raman to detect breast cancer:
capability vs. clinical requirements’, FACSS 2011, Reno, Nevada, USA,
October 2-7 (invited)

‘Detecting breast cancer by probing micro calcifications with Deep-
Raman’, British Medical Laser Association (BMLA) Annual
Conference, Woburn, April 19-20 2011

‘Detecting breast cancer by probing microcalcifications’, Translational
Medicine day, Cranfield University, March 4 2011

‘Non invasive pathology the ‘Raman style’: detecting breast cancer by
probing micro calcifications’, FACSS 2010, Raleigh, North Carolina, USA
October 17 — 21

Conference contributions (poster presentations)

‘Transmission Raman spectroscopy on freshly excised breast pathology
specimens’, SciX 2012, Kansas City, Missouri, USA, September 30 —
October 5

‘Comparison of breast calcification staining versus FTIR and Raman
spectroscopy’, ICORS, Bangalore, India, August 12-17 2012 (presented
by Prof Nick Stone)

‘The use of deep Raman spectroscopy in the NHS breast screening
programme’, SET for Britain 2012, London, March 12 and RCaH PhD
Symposium Day September 7 20122

‘Elucidating the relationship between breast calcifications and breast
disease’, FACSS 2011, Reno, Nevada, USA, October 2-7 (poster prize)
and Cranfield postgraduate conference September 23

% This poster was accompanied by a press release: ‘Taking science to parliament’, Outline (staff
newsletter GRH), March 2012, pp 20.
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¢ ‘Non-invasive pathology with Raman spectroscopy: a potential technique
for biopsy reduction in the breast screening programme’, Infrared and
Raman discussion group meeting Christmas 2010, London,
December 16

e ‘Shining light on pathology: Towards a simple non-invasive method for
evaluating the carbonate substitution levels of HAP’, SPEC 2010,
Manchester, June 26-July 1

e ‘Breast screening with Raman spectroscopy’, Public engagement

symposium, Rutherford Appleton Laboratory, May 19 2010

F.4 Prizes and awards

e Coblentz Society Student Award, 2012>

e FACSS Student Poster Prize (3" place), 2011

e British Medical Laser Association Educational Award, 2011

e Science and Technology Facility Council Science in society small award,
2010 (£4k)

e Finalist Biotechnology YES (Young Entrepreneur Scheme) 2009

e Smith Nephew prize ‘Best medical technology’ Biotechnology YES
(Young entrepreneur Scheme) 2009

F.5 Public Engagement

¢ Cheltenham Science Festival 2012 Optical Diagnostics session
e Rainbow project, Chestnuts day nursery, May 2012
e SET for Britain, 2012

® This award was accompanied by a press release: ‘International prize for ‘no needles’ breast
cancer diagnosis technique’, www.stfc.ac.uk, October 1, 2012.
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e Cheltenham Science Festival 2011 Optical Diagnostics session®

e Volunteer Cheltenham Science Festival 2010

* This was publicised in the following article: ‘Hands-on in Cheltenham’, Fascination (STFC
newsletter), issue 7, pp. 6-7, August 2011
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SESORS - Surface enhanced spatially offset Raman spectroscopy-imaging is explored for the first time
in this study. Multiplexed surface enhanced Raman scattering (SERS) signals have been recovered non-
invasively from a depth of 20 mm in tissues for the first time and reconstructed to produce a false colour
image. Four unique ‘flavours’ of SERS nanoparticles (NPs) were injected into a 20 x 50 x 50 mm
porcine tissue block at the corners of a 10 mm square. A transmission Raman data cube was acquired
overan 11 x 11 pixel grid made up of 2 mm steps. The signals were reconstructed using the unique peak
intensities of each of the nanoparticles. A false colour image of the relative signal levels was produced,
demonstrating the capability of multiplexed imaging of SERS nanoparticles using deep Raman
spectroscopy. A secondary but no less significant achievement was to demonstrate that Raman signals

from SERS nanoparticles can be recovered non-invasively from samples of the order of 45-50 mm
thick. This is a significant step forward in the ability to detect and identify vibrational fingerprints
within tissue and offers the opportunity to adapt these particles and this approach into a clinical setting

for disease diagnosis.

Introduction

Numerous advances in deep Raman techniques have led to the
possibility of combining both surface enhanced Raman scat-
tering (SERS) and deep Raman techniques together."* The
combination of SERS and spatially offset Raman spectroscopy
(SORS) techniques, referred to as SESORS, opens the way for
sampling a number of disease conditions in the same organ at the
same time, thus potentially leading to a new methodology for
enhanced personalised treatment plans to be developed in real-
time. Here we explore the possibility of using this method to
provide multiplexed imaging for the first time at depths of greater
than 20 mm in tissues.

SERS can provide molecularly specific enhancement of Raman
signals,™* when the target molecule and a roughened (nanometre
scale) noble metal surface are brought in close proximity to one
another. Enhancement factors on the order of 10” are possible and
single molecule detection has been reported.®” A lack of

“Biophotonics Research Unit, Gloucestershire Hospitals NHS Foundation
Trust, Great Western Road, Gloucester, GLI 3NN, UK. E-mail:
n.stone@medical-research-centre.com; Fax: +44 8454 225485; Tel: +44
8454 225486

"Centre for Molecular Nanometrology, WestCHEM, Department of Pure
and Applied Chemistry, University of Strathclyde, 295 Cathedral Street,
Glasgow, GI1 1XL, UK

“Central Laser Facility, Research Complex at Harwell, Science and
Technology Facilities Council, Rutherford Appleton Laboratory, Didcot,
Oxfordshire, OX11 00X, UK

reproducibility of signals has limited uptake in a clinical envi-
ronment. However, recent developments of novel substrates, such
as encapsulated nanoparticles® and photonic crystals™'® show
great promise in overcoming these difficulties.

Further developments have included the use of surface
enhanced resonance Raman scattering (SERRS), a resonance
SERS technique pioneered by Stacy and Van Duyne'' and
developed for use as a clinical tool by Graham et al.,'* which is
able to provide equivalent detection limits to fluorescence
labelled dyes."® It has become routine to tag SERS nanoparticles
(NPs) with antibodies for molecules of interest and numerous
groups are exploring the clinical application of this approach. In
the cancer environment, tagged nanoparticles enhancing specific
signals from malignant markers, are either being used in vivo'*'®
or as molecular specific stains for histopathology;'”"* with the
possibility of numerous multiplexed SERS/SERRS stains
providing hyperspectral images of the locations of molecules of
interest from the same spectral acquisition and tissue slice.*”

Until very recently it was only considered possible to measure
signals from these NPs at maximum depths of around 5 mm.'*
The majority of the work performed to date has explored SERS
use ex vivo with the recent advances into in vivo animal based
studies. However, these have generally been measuring SERS
nanoparticles injected or accumulating at the surface of the
animal.'*'¢

An in vivo study demonstrating the use of multiplexed tags
within a mouse model was able to demonstrate the detection of
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1.6 x 107 nanoparticles subcutaneously and 3.1 x 107 nano-
particles following intravenous injection.' Furthermore this
study demonstrated the maximum penetration depth achieved to
date with SERS and traditional Raman microscopy was of the
order of 5.5 mm with a bolus of 1.6 x 10" nanoparticles.

Rather than rely upon confocal techniques able to probe
depths of up to around 200 um in turbid media with conventional
non-SERS samples, deep Raman techniques have been able to
distinguish chemical composition of samples through around 2.5
cm thick or 100 times deeper.?' The limits have theoretically been
extrapolated to 4-5 cm of tissue thickness with proposed opti-
misation of instrumentation.? This rapidly expanding field is
leading towards many novel potential applications for in vivo
medical diagnostics from probing bone composition through the
skin to disease specific breast calcifications and soft tissue lesions
for cancer diagnostics.**?” A further possibility includes in vivo
monitoring of drug delivery and identification of the location of
the drug interactions.

Our recent paper introducing the concept of SESORS, reached
a key milestone in deep Raman spectroscopy by demonstrating
the possibility of probing signals from SERS nanoparticles
buried, or injected into tissues from depths significantly deeper
(25 mm) than that previously achieved in epi-Raman
approaches.? In this work we used transmission Raman spec-
troscopy to demonstrate the concept of deep Raman spectros-
copy. This method can be considered a special form of spatially
offset Raman spectroscopy (SORS) where the collection and
laser delivery areas are displaced to the extreme, i.e. being on the
opposite sides of the sample. In this study it was possible to
detect 1.1 x 10 NPs through 25 mm of porcine tissue. This was
achieved at a depth of around five times that achieved by Keren
et al."® and around 100 times less SERS NPs.

A recent paper by Van Duyne’s group® expands on the
proposed SESORS approach by exploring the potential of
sensing glucose concentration subcutaneously in tissue fluid.
They use a similar configuration to the one that we have
described for signal collection coupled to an implanted silver film
over a nanosphere substrate. They found that it was possible to
achieve mean absolute relative difference values for calibration
of 16.6% and validation 34.6%. Higher error RMSEC of 58.11
mg dL~' (3.23 mM) and RMSEP of 96.35 mg dL~' (5.35 mM)
was seen than in previous in vivo results by the same group. This
is not unexpected considering the added optical dispersion of the
skin and the displacement of the sensor during the experiment.

In this paper, we take a significant step by adding not only the
capability to probe nanoparticles at depth in tissues, but to image
multiple ‘flavours’ in the same sample. This demonstrates the
potential for multiplexed sensing capability to distinguish both
spatially and spectrally between several different nanoparticles.

The postulated depth limit for recovery of signals with trans-
mission Raman (as outlined in previous publications) was
around 4-5 cm.?? An additional experiment described here has
explored the maximum depth in tissues through which a recog-
nisable signal from the SERS NPs could be obtained at a depth
of around 5 cm.

Encapsulated SERS active nanoparticles produced by Cabot
(formerly Oxonica) (Boston, Massachusetts) were used in this
study.® In contrast to our previous study, these SERS active
nanoparticles consisted of gold particles coated with Raman

reporters which were optimised for use with 785 or 830 nm
excitation and were encapsulated in a silica shell. One of the
benefits of the use of encapsulated SERS nanoparticles is that the
signals are obtained only from the reporter molecule, rather than
for the target molecule of interest. This allows us to demonstrate
the performance of the technology using NPs which would
produce the same signals when conjugated directly with mole-
cules of diagnostic interest. They could be labelled for numerous
targets, such as PSA, p53 proteins, DNA-fragments and cell
specific proteins. This reveals the prospects for numerous clinical
applications such as early cancer detection and staging, meta-
static detection, treatment monitoring and chemo-sensitivity,
provided that the disease specific target molecule is known.>

Results and discussions

Nanoparticle signals from four distinct flavours were identified
using the peak intensities unique (within this set) to each of the
four nanoparticles flavours. These were 1385, 1300, 928, and
1645 cm~' for the Cabot NPs flavours 403, 421, 422, 440
respectively (see experimental section for SERS reporter identi-
ties). Fig. 1 shows spectra measured from the NP suspensions air
dried and measured at 830 nm on a calcium fluoride slide.

Injecting the four flavours into a large porcine tissue block (20
x 50 x 50 mm) enabled the spatial distribution of the spectral
signals to be measured and visualised. The signal level for each
pixel using the distinct NP identity peaks relative to the quiet
spectral region intensity at 800 cm~' was calculated. This
produced a four-layered matrix, where each layer corresponded
to the relative signal from each NP flavour. False colour map
images of the relative signal levels were constructed. Fig. 2 shows
the distribution of the signals from each individual nanoparticle
flavour (right) and a combined image with all flavours displayed
together. This clearly demonstrates the capability of multiplexed
imaging of SERS nanoparticles using SESORS.

The images shown were reconstructed from peak intensities of
the most distinct SERS bands from each NP flavour. Other
multivariate approaches were also explored, such as principal
component analysis and least squares fitting of the pure spectra
to the SESORS spectra, but produced similar results (not
shown). If more flavours of NPs were used, it is expected that
these approaches may become more important.

Fig. 1 Spectra at 830 nm of Cabot NPs. Red is x403, green is x420, blue
is x421, yellow is x440. The Xs signify the identity peaks used to measure
the NP flavour signal in the SESORS spectrum.

This journal is © The Royal Society of Chemistry 2011
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Fig.2 False colour images of the SERS NP signals, measured ina 11 x
11 grid, pixel size 2 mm. Left image shows all signals plotted together
(with pixel colour mix showing combined signals) with the approximate
injection points marked, right image shows each “flavour’ separately. Red
is x403, green is x420, blue is x421, yellow is x440.

It should be noted that the maximum injected volume was 13
uL for each flavour which is equivalent to around a 2 mm
diameter droplet, the same as a single pixel in the image. Each
droplet contained a maximum of 1.8 x 10” NPs. It is clear from
the images in Fig. 2, that the diffuse scattering of the Raman
photons produced by the NPs has the effect of increasing the
apparent spot sizes, ie. the spot areas that the signals are
collected from at the surface of the tissue, when measured
through the tissue. The lateral spatial resolution in transmission
Raman spectroscopy deteriorates linearly with sample thickness
and could be typically expected to be approximately equal to
a half of the sample thickness.**> To investigate this a Gaussian
peak shape was fitted to each of the NP layers used to generate
the pseudo-colour image. This was achieved using a simplex
search method to minimise the residual error between the fitted
peak and the raw data using five peak parameters: the intensity of
the maximum, the position of the maximum (both x and y
coordinates), the width (¢) and an offset. The full width at half
maximum (FWHM) was then calculated from o as follows:
FWHM = 2y/2In2¢ using a standard Gaussian function.*® The
FWHM for NPs 403, 421, 422, 440 were calculated to be
7.6, 13.6, 12 and 18 mm respectively. Although these values are
subject to various sources of error, such as assuming that
a Gaussian is a suitable shape to fit the data, they are within the
expected range for this experiment. Other potential errors may
come from accidental variation of the depth of injection and
diffusion of the NPs across natural voids in heterogeneous tissue.
Further to the deterioration in localisation of the source scat-
terers with sample thickness, there is significant signal mixing in
deeper tissues due to the high turbidity of tissues at NIR wave-
lengths. However, by using the approach outlined it was a trivial
process to separate the spectral signals of the SERS NPs.

The particle numbers used in both this and our previous
SESORS study?* were very similar, although the signal to noise
achieved with these NPs was significantly greater. Raman spectra
measured in transmission mode for particles injected into around
20 mm and 47 (45-50) mm thick blocks are shown in Fig. 3. It can
be seen from the raw spectra that SERS signals can be identified
clearly at both thicknesses, although the 47 mm specimen required
more particles (around 20 times more) and a longer collection time
(5 x 60 s) to achieve this effect. Signals recovered show an order of
magnitude increase in depth with an order of magnitude less NPs
than shown in previous state-of-the-art results.'®

]
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Fig. 3 Raw spectra of NP flavour x403 with 3 x 10" particles in 50 pL.
for 47 mm (range 45-50 mm) x 50 x 50 mm tissue block (top frame) and
1.8 x 10” particles in 3 pL for 20 mm thick x 50 x 50 mm tissue block
(bottom frame).

One feature of the results to note is that the SESORS spectra
measured through 47 mm of tissue show significant signal loss,
particularly above 1250 cm~', which we had not previously
observed with tissue. We propose the following mechanism; at
these wavelengths both water and myoglobin contribute to the
absorption. The 1250 to 1600 cm™' Stokes-shifted range with an
830 nm excitation equates to around 925 to 957 nm, which covers
the range where a strong lipid absorption band (~930nm)* and
water absorption band (max ~970nm) are located.* In addition
a more subtle contribution also comes from a rising absorption in
this wavelength region from myoglobin.*

Experimental
Apparatus

The deep Raman system utilised for this study was constructed at
Gloucestershire Royal Hospital using the same configuration as
outlined in previous papers.?”?? This includes an Innovative
Photonics Solutions 830 nm laser as the source which was filtered
with two 830 nm laser line filters (Thorlabs), leaving a collimated
spot of 4 mm diameter and 219 mW at the sample surface.

The transmitted Raman light was collected using a standard 50
mm diameter fused silica lens with a focal length of 60 mm. The
scattered light was collimated and passed through a 50 mm
diameter holographic notch filter (830 nm, Kaiser Optical
Systems, Inc.) to suppress the elastically scattered component of
light. The second lens, identical to the first, was then used to
image, with magnification 1 : 1, the sample interaction zone onto
the front face of a fibre bundle. The laser incident spot was
positioned in such a way so that it coincided with the centre of
the fibre probe axis projected through the imaging system on the
sample.

The fibre bundle collecting the Raman light consisted of 22
active fibres made of silica with a core diameter of 220 pum,
a doped silica cladding diameter of 240 um and a polyimide
coating of 265 pm diameter. The fibre numerical aperture was
0.37. The bundle was custom made by CeramOptec Industries,
Inc. The Raman scattered light was propagated through the fibre
bundle of length ~2 m to the end with the fibres mounted in
a linear array, which was oriented vertically and placed in the
input image plane of a Kaiser Optical Technologies Holospec
1.8i NIR spectrograph. Raman spectra were collected using

778 | Chem. Sci., 2011, 2, 776-780
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a NIR back-illuminated deep-depletion TE cooled (—80 °C)
CCD camera (Andor Technology, DU420A-BR-DD, 1024 x
256 pixels) by binning the entire chip vertically.

Samples

Tissue preparation involved collection of fresh porcine samples
from the local abattoir and dissecting them to the required
dimensions. Muscle tissue was chosen to represent dense human
tissues as discussed elsewhere.?> A demonstration of signal
obtained through increasing depth was achieved by cutting
samples from pork muscle to thicknesses of around 20 and 50
mm (other dimensions 50 x 50 mm) and mounted in the exper-
imental apparatus. All dimensions were measured approximately
using a basic ruler at a number of points and mean thicknesses
were calculated.

SESORS multiplexing

Four flavours of NPs (Cabot x403 (5-(4-pyridyl)-1,3.4-oxadia-
zole-2-thiol - POT), x420 (4,4'-dipyridyl - DIPY), x421 (d8-4.4'-
dipyridyl - d8DIPY) and x440 (Trans-1,2-Bis(4-pyridyl)-
ethylene - BPE) were used in this multiplexing experiment. Their
construction is described in detail elsewhere:® briefly, they include
a gold core of around 100 nm diameter surrounded by a reporter
molecule, the whole encapsulated in a thin silica layer. The
particles were delivered suspended in water.

The suspension was shaken for one minute prior to pipetting
the required volume into a syringe for injection into the tissue.
Both 3 pL of NP stock solution plus 10 pL pestanal water
(Sigma) (1.8 x 10” NPs) were pipetted into a 10 mL syringe with
a 21G needle of inner diameter 0.51 mm (other needles of finer
bore were initially tested and they were found to prevent the
majority of the NPs from passing through). Each NP suspension
was injected into points at the corners of a 10 mm square, to
approximately 50% of the depth of the tissue. It was not possible
to be certain that some NPs did not remain in the syringe so the
number of NPs pipetted into the syringe prior to injection should
be taken as a maximum value. Fig. 4 shows the template grid
used. The tissue block (and the NP grid square) was then
centered in the sample compartment. The template was then
removed, prior to taking SESORS measurements.

Translational x-y stages with a range of 20 mm were used to
translate the sample in steps of 2 mm to construct animage of 11 x
11 pixels. Time of collection was 10 s at each point. Fig. 4 also
shows the tissue mounting, laser fibre (400 um core), 2 laser line
filters and the laser spot and laser back-scattering at the surface of
the tissue, which was mounted in a hollow anodised metal bracket.

Extended depth SESORS measurements

For this experiment a single SERS NP flavour (x403) was
selected and a large number of particles (3 x 10'°) were injected
into the approximate centre of a porcine muscle tissue block of
45-50 mm (mean 47 mm) thick by 50 x 50 mm. Fig. 5 shows the
side projection of the 47 mm tissue block in the experimental
position, the illumination provided on one side and the collection
at the other side of the tissue block. The signal was measured in 5
% 60 s and compared with that achieved using the imaging block
(20 mm thick) with 1.8 x 10" particles.

11x11 map

Fig. 4 Left: 20 x 50 x 50 mm porcine block with grid used to align
injection points for NPs. The image grid was acquired over the 20 x 20
mm square shown by the template (removed for measurements). Right
tissue mounting, laser fibre (400 um core), 2 laser line filters and the laser
spot and scattering on the surface of the tissue mounted in the hollow
anodised metal bracket.

Fig.5 47(45-50) x 50 x 50 mm tissue block used for the extended depth
SESORS experiment.

Conclusions

Multiplexed SERS signals have been recovered from 20 mm in
tissues for the first time and reconstructed to produce a false
colour image. The signals were reconstructed using the unique
peak intensities of each of the nanoparticle flavours. A false
colour map image of the relative signal levels was constructed,
demonstrating the capability of multiplexed SESORS imaging of
SERS nanoparticles using transmission Raman spectroscopy. A
secondary but no less significant achievement was to demon-
strate that Raman signals from SERS nanoparticles can be
recovered from samples of the order of 50 mm thick. This is
double that achieved in the first demonstration of this method
(although with around 20-30 times as many particles).

The prospects for SESORS as a medical tool are significant.
There are numerous applications where this approach would
have a major impact on rapid specific diagnosis, patient specific

This journal is © The Royal Society of Chemistry 2011
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treatment selection and treatment monitoring. However, in
addition to further developments in disease specific SERS
particles and read out methodologies; the greatest hurdle will be
the issue of introducing nanoparticles into the body without yet
a full understanding of their excretion mechanism or long term
accumulation sites and whether this is likely to have any detri-
mental effects.
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Towards a safe non-invasive method for evaluating the carbonate substitution
levels of hydroxyapatite (HAP) in micro-calcifications found in breast tissuet
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A new diagnostic concept based on deep Raman spectroscopy is proposed permitting the non-invasive
determination of the level of carbonate substitution in type II calcifications (HAP). The carbonate

substitution has shown to be directly associated with the pathology of the surrounding breast tissue and
different pathology groups can therefore be separated using specific features in the Raman spectra of the
calcifications. This study explores the principle of distinguishing between type II calcifications, found in
proliferating lesions, by using the strongest Raman peak from calcium hydroxyapatites (the phosphate
peak at 960 cm™') to act as a surrogate marker for carbonate substitution levels. It is believed that

carbonate ion substitution leads to a perturbation of the hydroxyapatite lattice which in turn affects the
phosphate vibrational modes. By studying calcifications, with known carbonate content, buried in

porcine tissue it has been possible to evaluate the feasibility of using the proposed approach to probe the
composition of the calcifications in vivo and hence provide pathology specific information non-invasively,
in real time. Using the proposed concept we were able to determine the level of carbonate substitutions
through soft tissue phantom samples (total thickness of 5.6 mm). As the level of carbonate substitution
has been previously correlated with mid-FTIR to the lesion type, i.e. whether benign or invasive or in situ

carcinoma, the new findings provide a major step forward towards establishing a new capability for
diagnosing benign and malignant lesions in breast tissue in a safe and non-invasive manner in vivo.

Introduction

The accurate and safe diagnosis of breast cancer is a significant
issue, with annual incidence of 44 000 women and around 300
men in the UK. Early diagnosis of the disease allows more
conservative treatments and better patient outcomes."
Microcalcifications in the breast are an important indicator for
cancer, and often the only sign of its presence. Several studies have
suggested that the type of calcification formed may act as a marker
for malignancy, that its presence may be of biological significance,
and that the chemical composition can indicate disease state.>
In the breast, two types of microcalcifications are commonly
found. Type I consists of calcium oxalate dihydrate (COD) and is
mostly associated with benign lesions.>® Type 1l consists of
calcium phosphate, mostly hydroxyapatite (HAP), and is asso-
ciated with both benign and malignant pathologies.>*
Although mammography can, to some extent, detect the
presence of calcifications in tissue, it is unable to yield any
information on their chemical composition and thus cannot
provide a definitive marker for classifying benign and malignant
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lesions. This is currently a significant health issue as only 10-25%
of mammographically detected lesions are found to be malig-
nant”™® by subsequent needle biopsy.

Our earlier studies have established that the distinctly different
types I and 11 can be detected and separated non-invasively using
transmission Raman spectroscopy through up to 27 mm of soft
tissue®!! (Fig. 1) providing a basic building block for a non-
invasive diagnostic tool based around Raman spectroscopy. As
stated above the detection of type I calcifications in such a method
would signal the presence of benign lesion. However, if type 11
calcifications were identified the diagnosis would be ambiguous as
both benign or malignant lesion could be present. A study of Haka
et al.* has shown that there are significant differences in the level of
carbonate substitution in type II calcifications and these can be
related to the pathology too; benign proliferative lesions have type
IT calcifications with higher carbonate levels than those of the
HAP found in malignant lesions. Recent work of Baker er al.'?
showed that pathology groups could be separated even further to
include both invasive and in situ breast lesions. This is based on the
amide : phosphate ratio and the percentage of carbonate substi-
tution measured with FTIR spectroscopy (Fourier Transform
(mid-)Infrared). However, FTIR cannot easily be used in vivo
because IR light is strongly absorbed by water. Since Raman
spectroscopy has been shown to have a considerable potential for
being used non-invasively in vivo,'™!""'*'7 accurate analysis of the
carbonate levels in type II calcifications with Raman spectroscopy
would enable the removal of any ambiguity at mammography in
separating the benign and malignant lesions with type II calcifi-
cations. By doing this non-invasively through the breast this would
eliminate the need for biopsies and thus reduce patient trauma,
costs and time delays.
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Fig. 1 Raman spectrum of calcium oxalate (type I) and 0.5 and 6.0% carbonate substituted hydroxyapatite (COHAP, type II calcification). As can be
seen the carbonate features of the COHAP samples are relatively weak (~1042 and ~1070 cm™') compared with the intensity of the phosphate peak

(~960 cm™').

Normally, the relative intensities of the intense phosphate
band at ~960 cm~' and a much weaker carbonate band at ~1070
cm~' in Raman experiments are used to quantify the relative
amount of carbonate substitution (see Fig. 1). Unfortunately, the
carbonate peak has a relatively low intensity and therefore could
be hard to measure in vivo. This is in contrast with the band at
~960 cm~' that has a very high relative intensity. Previous work
has demonstrated that the width (full width half maximum-—
FWHM) of many vibrational bands increases in carbonated
phases with the level of carbonate content and therefore the
FWHM of the most intense peak at 960 em™' could be a better
quantitative marker for the level of carbonate substitution in
deep subsurface studies.'"®2* A higher FWHM indicates a reduc-
tion in crystallinity (i.e. an increase in disorder) caused by higher
carbonate content. Furthermore, small peak shifts of the same
band also indicated in literature*"* appear related to the degree
of crystallinity and hence carbonate ion substitution.

The aim of this study is to assess the feasibility of evaluating
the amount of carbonate substitution based on properties of the
most intense peak at ~960 cm~' (width and position) through
a layer of tissue, an issue of high clinical relevance.

Materials and methods
Samples

There are three different types of substitution mechanisms
possible for the incorporation of carbonate within the lattice for
type II calcifications. In A-type substitutions CO;*~ replaces the
OH™ lattice ions. in B-type substitutions the CO5*~ takes the
position of the PO4*~, and in L-type (labile) the CO;*~ is within
the surface hydration layer of the apatite crystals. Since the
carbonate has a charge different from the ions it replaces, the
charge has to be compensated by other exchanges, for example
Ca®* by Na*. It is thought that most, if not all, carbonate
substitutions in breast calcifications are B-type.?* Therefore we
have obtained B-type carbonate apatite from Clarkson Chro-
matography (South Williamsport, PA, USA) to use as standards.

The standards had a carbonate substitution percentage of 0.5,
1.4, 2.0, 2.3, and 3.5, 6.0, and 11.0%, as defined by the manu-
facturer (=1%) using FTIR and validated by us using X-ray
diffraction. The powders were used without further sample pre-
treatment and placed in quartz cuvettes with a path length of
2 mm (Starna) for the experiments described.

Experimental setup

A scheme of the experimental setup is shown in Fig. 2. The
emission from a frequency stabilized laser module (830 nm,

Cuvette filled with

calcificatonstandard  Collection
Fibre l fibre bundie
110
Pl TV
IPS 830 nm - gy g pectrometer CCD
33
FC = Fibreport collimator Tissue

LLF = Laserline filter
HSNF = holographic super notch filter

Fig. 2 Illustration of the used setup.

Cuvette filled with
calcification standard

Towards

Laser ight collection optics
—_—

1.8 mm porcine soft
tissue on each side of
the cuvette

Fig. 3 Details of the experimental setup. Left panel: porcine tissue
wrapped around an optical cell was used in the non-invasive experiments.
Right panel: schematic representation.
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Innovative Photonics Solutions) is sent from a fibre (Ceram-
Optec, ‘spot to slit line” type bundle assembly, active area spot
approximately 2.21 mm, slit line approximately 0.25 mm x 14.95
mm) to a fibre export collimator (Thorlabs) and passed through
a laser line filter (FL830-10, Thorlabs) to suppress off-centre
spectral emission from the laser line. The sample was illuminated
with 130 mW of light in a 4 mm spot. The generated Raman
signal was collected in transmission mode using an AR coated
lens (f = 60 mm, dia. = 50 mm, INGCRYS Laser systems). The
collimated scattered light was passed through a holographic

super notch filter (HSPF-830.0 AR-2.0, Kaiser Optical Systems)
to remove the elastically scattered light and imaged onto a fibre
probe bundle by a second lens of the identical parameters to the
collection lens. The output end of the fibre probe was placed at
the entrance port of a Holospec VPH system spectrograph
(Kaiser Optical systems Inc, HSG-917.4 custom). Spectra of the
standards were collected with an accumulation time of 20
seconds using a CCD camera cooled to —70 °C (Andor Tech-
nology, DU420A-BR-DD, 1024 x 255 pixels). The samples were
each measured five times in random order. In a non-invasive

9
o 8w y=0.2752x + 4.9634
®: Dewp R*=0.9846
85 ——LUinear (Bare)
8 /
75
o
o 7
=
3
z 6.5 !
3
'8
8
55
S
o 2 4 6 8 10 12

Carbonate substitution / %

Fig.4 Peak width versus carbonate substitution; the bare calcification standards are plotted as green diamonds (mean values) and a linear function was
fit to provide a calibration function for the standards buried in 3.6 mm of porcine tissue (mean values shown in red squares). Error bars show the
uncertainty in the carbonate substitution values provided by the manufacturer and the standard deviation of the replicate values of the spectral peak

width.

o=

e

Predicted carbonate substitution / %

6 8 10

Actual carbonate substitution / %

Fig. 5 Predicted versus actual carbonate substitution of the buried material based on the width of the 960 cm~' phosphate peak.
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Table 1 Prediction of the percentage carbonate substitution based on
the width of the peak

Carbonate Mean predicted

substitution carbonate Root mean
according to percentage square error
supplier (quoted through of prediction
as +1%) tissue (+1 std) (% carbonate)
0.5% 1.22+0.14 0.75

1.4% 1.83 +0.39 0.54

2.0% 255+0.33 0.61

2.3% 2.51 +0.07 0.22

3.5% 3.78 +0.53 0.52

6.0% 5.51+0.17 0.50

11.0% 11.68 + 0.50 0.79

proof-of-principle feasibility study the cuvettes were wrapped in
porcine tissue (shown in Fig. 3) to evaluate the carbonate
substitution through a layer of tissue. Tissue with a mix of fat and
protein was chosen to mimic bulk human breast tissue. The
thickness of the porcine tissue was 1.8 mm for the proof of
principle experiments on both sides of the cuvettes (overall
thickness of porcine tissue 3.6 mm + 2 mm cuvette = 5.6 mm). In
this study the signal was accumulated over 5 x 60 seconds and
the cosmic ray removal option of the detector software was used.
The system was calibrated using Raman bands of an aspirin
tablet (acetylsalicylic acid) and had a spectral resolution of 5.8
em.

Data analysis

All data were loaded into Matlab7 (The Mathworks) in which an
in-house written tool fitted a Gaussian to the band located at 960
cm~' and its bandwidth ¢ (where the FWHM = 2.35¢) and
position were evaluated.

960.2

Results and discussion

The mean peak width (o) for each of the bare standard samples
(five replicate measurements) was plotted against the calcifica-
tion substitution percentage. A linear function was fit to these
points, shown in Fig. 4, and the mean values for the buried
calcifications were also plotted (three replicates). It can be seen
that the buried calcification standards have peak widths within
a standard deviation of each other (shown with error bars). The
equation of the line calculated from the spectra of bare standards
was used to provide a prediction of the carbonate substitution
percentage of the buried standards. Fig. 5 shows the results
plotted against actual concentration determined by the manu-
facturer with FTIR. Table 1 shows the root-mean-square-error
of these predictions.

The mean peak position for each of the bare standard samples
(five replicate measurements) was plotted against the calcifica-
tion substitution percentage. A logarithmic function was fit to
these points, shown in Fig. 6, and the mean values for the buried
calcifications were also plotted (three replicates). It can be seen
that the buried calcification standards have peak positions within
a standard deviation of each other (shown with error bars). The
logarithmic function was used to provide a prediction of the
carbonate substitution percentage of the buried standards. Fig. 7
shows the results plotted against actual concentration. Table 2
shows the root-mean-square-error of these predictions.

As can be seen in Fig. 4 and 6, the width of the peak increases
with a higher carbonate substitution, while the position of the
phosphate peak moves to lower Raman wavenumber with higher
carbonate substitution. There is some subtle variability in the
width and position of the phosphate peak between measurements
from different areas of the same sample. It is thought to be due to
the heterogeneous nature of the apatite standards used. Also,
a systematic difference in width between bare and buried samples
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- og (Bare)
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ie
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Fig. 6 Peak position versus carbonate substitution: the bare calcification standards are plotted as green diamonds (mean values) and a logarithmic
function was fit to provide a calibration function for the standards buried in 3.6 mm of porcine tissue, total thickness 5.6 mm (mean values shown in red
squares). Error bars show the uncertainty in the carbonate substitution values provided by the manufacturer and the standard deviation of the replicate

values of the spectral peak position.
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Predicted carbonate substitution/ %

6 8 10

Actual carbonate substitution/ %

Fig. 7 Predicted versus actual carbonate substitution of the buried material based on the position of the 960 cm™~' phosphate peak.

Table 2 Prediction of the carbonate substitution based on the peak
position

Carbonate Mean predicted

substitution carbonate Root mean
according to percentage square error
supplier through tissue of prediction
(quoted as +1%) (+1 std) (% carbonate)
0.5% 0.51 +0.04 0.03

1.4% 1.79 + 0.23 0.43

2.0% 291 +0.37 0.96

2.3% 2.80 + 0.46 0.63

3.5% 3.61 + 0.05 0.12

6.0% 6.77 +1.23 1.26

11.0% 14.88 + 3.85 4.99

can be observed which is believed to be caused by the S/N ratio of
the buried samples. When signal was acquired for a longer period
of time these differences were not observed. The region of interest
(clinically relevant area) is between 0.5% and 2.5% and is based
on work of Baker er al'? which indicated that calcifications
corresponding to benign pathology have an average carbonate
substitution around 2%. This percentage is lower for calcifica-
tions corresponding to in situ and invasive pathology; where the
amount of carbonate substitution is ~1.7% and ~1.4% on
average, respectively. The data of these three pathology groups
show a spread from 0.5 to 2.5% carbonate substitution.

The relationship between the carbonate substitution and the
width in the relevant area seems to be approximately linear. In
contrast, the relationship between the carbonate substitution and
the position in the clinically relevant area shows a semi-expo-
nential trend. In agreement to the work presented here, it has
been reported previously that the width of the 960 cm™' band is
linearly correlated to the carbonate concentration in breast
calcifications.? It should be noted that the carbonate substitution
can be most accurately predicted using the peak width, although
in samples with relatively low carbonate content between 0.5 and
3.5% (the clinically important range for this proposed

application) the peak position has a slightly lower sum of root-
mean-squared prediction errors. This is reversed for buried
standards with greater than 3.5% carbonate substitution.

In order to use the level of carbonate substitution as a clinical
diagnostic tool, more knowledge must be obtained concerning
the different types of carbonate substitution in type 1l breast
calcifications and the relationship between this and the width and
position of the Raman band at ~960 cm™', as well as other
potential sources of broadening. It must be noted that we are not
directly measuring the carbonate within the breast calcification
standards and are therefore making the assumption that the
change in features of the 960 cm™' peak is attributable to the
carbonate. This is not unreasonable, and certainly correlates
well, however, there are other structural changes that may occur
that could also modify the peak—in fact any disordering mech-
anism could do this.

Conclusions

Samples with different amounts of carbonate substitution can be
separated both with the position and the width of the Raman
peak located at 960 cm~'. It has also been shown that indication
of the carbonate substitution based on the peak located at 960
cm™! is feasible when measured through biological tissue, where
porcine tissue was used as a human breast tissue phantom in this
study. As part of this feasibility study we also explored the limits
under which this method could be used with the described
experimental configuration. Peak characteristics were also
measured from spectra measured from an overall tissue depth of
16 mm of porcine soft tissue (not shown), with minimal data
analysis. Further analysis with chemometric tools such as PCA
would be likely to enable greater signal recovery.

This study paves the way towards a new generation of non-
invasive breast screening methods based around transmission
Raman and spatially offset Raman spectroscopy (SORS). Since
the proposed method of pathological discrimination is based
upon measuring only the strongest calcification peak, signals
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from deeper in the tissue can be used or measurements can be
performed in shorter timescales than if the analysis required
a conventional calculation of the direct intensity ratio of the
weak carbonate and strong phosphate Raman bands.
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Raman spectroscopy has attained much interest as an
optical diagnostic technique since high-resolution molec-
ular images can be attained without the need for
staining. Application of multivariate analyses and soft
modeling methods can allow interpretation of particular
structural components from molecular images, represen-
tative of the tissue architecture.

Objective: To assess the resolution capabilities of multivar-
iate curve resolution—alternating least squares (MCR-ALS)
as a soft modeling method on Raman images of endometrial
tissue compared to those of principal component analysis
(PCA).

Methods: Snap-frozen tissues for benign and cancer
endometrial tissues were obtained. Image maps were
acquired using a 785-nm Renishaw Raman spectrometer
with spectral pre-processing occurring in the biochemical
region (1,800-500 cm™). PCA and MCR-ALS analysis of
image maps was carried out using Renishaw chemometrics
software 3.2.

Results: Both analyses identified endometrial glandular
epithelia, stroma, glandular lumen, and myometrium.
Empty modeling using MCR-ALS alone was able to resolve
individual cells and adjacent cellular adhesions. Molecular
contrast images of MCR-ALS also demonstrated a superior
resolution representative of the unstained tissue architecture
in comparison to PCA.

Conclusions: Soft modeling of Raman images using MCR-
ALS constructs high-resolution contrast images making
tissue architecture interpretation possible without the need
for histopathological staining.

Detecting breast cancer by probing micro-calcifications
with deep-Raman

Kerssens, M.", Fullerton, R.', Matousek, P2, Rogers, K2,
Stone, N.12

'Biophotonics Research Unit, Gloucestershire Hospitals
NHS Foundation Trust, “Cranfield University, 3Central
Laser Facility, Rutherford Appleton Laboratory

Background: The accurate and safe diagnosis of breast
cancer is a significant issue. Early diagnosis results in more
conservative treatments and better patient outcomes. One of
the features screened for in the breast screening program is
the presence of microcalcifications in the breast. Type I
calcifications are mostly associated with benign disease, and
type II calcifications are most often present in proliferative
lesions.

Objective: Mammography cannot distinguish the two
types of calcifications or the chemical differences between

type II calcifications which relate to the state of the
disease. Raman spectroscopy has such inherent capability
but could, until recently, only be applied to the surface
or near-surface of the specimen of interest. Therefore,
the disease-specific composition of calcifications is in-
vestigated and the ultimate goal is to turn this knowledge
into a clinical tool based on deep-Raman spectroscopy,
which was recently developed in this context by our
team.

Methods: The composition of breast calcifications and the
tissue interface from specimens with ‘benign’, “in situ’, and
‘invasive’ breast disease (diagnosed by pathologists) were
studied with vibrational spectroscopy. The enhanced knowl-
edge was then used to improve deep-Raman techniques for
the use of breast screening.

Results: Samples from different pathology groups can be
separated based on the chemical differences picked up by
vibrational spectroscopy.

Conclusions: Although much work remains to be done, the
potential of deep-Raman spectroscopy for breast cancer
diagnosis has been successfully demonstrated.

In vitro fluorescent behavior and location of porphyrins
in cell lines

Barron, G.A., Woods, J.A., Moseley, H.

University of Dundee, Photobiology Unit, Ninewells Hos-
pital and Medical School, Dundee

Background: The principle of photodynamic therapy
(PDT) involves a photosensitizer (PS) which, when com-
bined with visible light and oxygen, produces reactive
oxygen species (ROS), thus leading to cell death. The
administration of porphyrin prodrugs, such as 5-
aminolevulinic acid (ALA) or its methyl ester (MAL),
which bypass the negative feedback mechanism of haem
biosynthetic pathway, result in the accumulation of proto-
porphyrin IX (PpIX); the penultimate molecule in the
pathway. PpIX is a highly fluorescent and phototoxic
PS that has significantly higher fluorescence intensity in
tumor cells than surrounding normal tissue. Consequently,
PpIX can also be utilized in photodynamic diagnosis
(PDD), which can be used to improve the early detection
of cancer.

Objective: These studies aim to determine the fundamental
factors influencing the fluorescent behavior and location of
porphyrins in normal and cancerous cell lines.

Methods: Cell lines from the epidermis (HaCaT), bladder
(HT 1,197), esophagus (OE19), and brain (SH-SYS5Y)
were incubated with ALA or MAL (1 mM; 4 and 24 h)
to induce porphyrin synthesis. Porphyrin fluorescence
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International prize for 'no needles’ breast cancer diagnosis technique

A PhD student co-funded by STFC has won a prestigious award for demonstrating that a technique
developed originally at STFC's Central Laser Facility could take away the need for a needle biopsy in
breast cancer diagnosis. Marleen Kerssens, also funded by the Gloucestershire Hospitals NHS
Foundation Trust has shown that SORS (spatially offset Raman spectroscopy), a method using a laser
to see inside objects without making an incision, is viable for detecting if abnormalities found through
mammograms are malignant or benign. Currently a needle biopsy is the only way to confirm this.
Marleen received the Coblentz Society Student Award, an intemational prize to recognise young
scientists in the area of vibrational spectroscopy, at a conference in Kansas City, USA last night
(Sunday 30 September 2012).

The team Marleen is working in at the Gloucestershire Hospitals NHS Foundation Trust has used the
SORS method to look at the molecular fingerprints of breast calcifications. The technique involves

Marleen Kerssens in frontof the  bouncing light off of the tiny grains of breast tissue and measuring the light scattered at different colours
poster that she was presenting on  to pick up their molecular signatures which indicate if a cancer is present. This research has shown a

Sunday evening in Kansas City.  correlation between the signature and the type of cancer present and Marleen’s work is also looking at
how these calcifications form. Currently the abnormalities are seen on mammograms in the form of dots and shadows but can only be
identified as malignant or benign through a needle biopsy - the next step. This involves a cut through the skin and tissue and an anxious wait
by patients for their results, and in 70-90 percent of cases the calcifications tum out to be benign. Work by Marleen and her team at the
Gloucestershire Hospitals NHS Foundation Trust could lead in the next decade, to the biopsy being replaced by a non-invasive screening
with instantaneous results. The technique, however, still needs a lot of refinement.

Cancer surgeon at the Gloucestershire Hospitals NHS Foundation Trust, Professor Hugh Barr, said: “Marleen is an outstanding translational
scientist who has been able to bring vibrational spectroscopy from the laboratory to a potential invaluable clinical diagnostic instrument for
patients with breast disease. As a result of her work we now have the prospect of real-time non-invasive diagnosis. She is truly deserving of
this great honour and will bring nothing but credit to the Coblentz Society”.

Marleen added: "I am honoured to receive this award and for the recognition given by the Coblentz Society for my work. It is a great
opportunity to bring this research, with potential for future clinical impact for breast cancer diagnostics, into the spotlight.”

Pavel Matousek from STFC's Central Laser Facility based in the Research Complex at Harwell who originally developed the SORS
technique will also be given an award this week in Kansas City — he is being awarded a fellowship of the Society for Applied Spectroscopy in
recognition of his outstanding service to the field of spectroscopy.

He says:

“This is a well deserved international recognition for Marleen - she put great effort into her research and studies over the last three years that
laid firm foundations for the development of a novel non-invasive breast cancer diagnostic tool. For myself, | am just delighted to be part of
this exciting field of research that has so much potential in so many different areas of society”.

The team is currently working with real samples of excised breast tissue but it is expected to be a decade before this technique could be
used routinely in hospitals.

Notes to editors

The purpose of the Coblentz Society, a technical affiliate of the Society for Applied Spectroscopy, is to foster the understanding and
application of vibrational spectroscopy.

Marleen is jointly supervised by Professor. Nicholas Stone (Gloucestershire Hospitals NHS Foundation Trust & University of Exeter),
Professor Keith Rogers (Cranfield University) and Professor Pavel Matousek (Central Laser Facility, STFC). She is funded by STFC's
BioMedical Network and Gloucestershire Hospitals NHS Foundation Trust.

Media contacts:

Lucy Stone
STFC Press Officer

Email: lucy.stone@stfc.ac.uk
Tel:+44 (0)1235 445627/07920 870125
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Outline Octonar 2072

Staff survey

Throughout October, 850
randomly chosen people across
the Trust were sent a Staff Survey
asking what it is like to work at
our Trust.

& great deal of work has been taking place
across the Trust to make things better for staff
and we want to find out mere about where we
are doing well and where we could improve: If
you receive a survey this year, please fill it in.

This is our opportunity to make a genuine
difference to the way we work and with your
help we can find out how much has changed
for staff over the last year and where we nead
to focus our efforts next year.

The surveys are completely anonymous. Mo
individual filling in the guesticnnaire can
be identified by the Trust as an external
company (Quality Health) will send out the

n:"vv
bds-

guestionnaires and gather the responses.

The form has been simplified this year and
reduced by four pages so it won't take long to
complete. We encourage all staff who receive
the form to fill it in and return it as soon as
possible.

Find out more by visiting the Staff Survey
Fages on the Staff Intranet or contact Emma
Dempsey in the Leadership and Organisational
Development Department on 08454 226066.

Marleen’s international award

A PHD student co-funded by
the Trust has won a prestigious
award for demonstrating that a
technique that could take away
the need for a needle biopsy in
breast cancer diagnosis.

Marleen Kerssens has shown that SORS
[spatially offset Raman spectroscopy), a
method using a laser to see inside objects
without making an incision, is viable for
detecting whether abnomalities found
through mammograms are malignant or

benign. Currently a needle biopsy is the only
way to confirm this.

Marleen received the Coblentz Society Student
Award, an international prize to recognise
young scientists in the area of vibrational
spectroscopy, at a conference in Kansas City,
USA on 30 September 2012,

Marleen previously presented her work to
the prestigious Parliamentary and Scientific
Committee in Westminster earlier this year.

240



Appendix G

20 NEWS IN BRIEF

Outline March 2012

Taking science to parliament

Marleen Kerssens, a PhD student
at GRH, attended Parliament to
present her science to a range of
politicians and a panel of expert
judges, as part of SET for Britain
this month.

Marleen's poster on research about non-
invasive Raman measurements of the
calcifications found in breast tissue will be
judged against dozens of other scientists’
research in the only national competition of
its kind. She was short listed from hundreds of
applicants to appear in Parliament on the day.

On presenting her science in Parliament,
Marleen said: "It is a great opportunity
to let people know about the research
being undertaken in the UK and its
importance to the general public, in my
case especially the women involved in the
NHS breast screening programme.”

Andrew Miller MP, Chairman of the

Parliamentary and Scientific Committee, said:
"This annual competition is an important date
in the parliamentary calendar because it gives

MPs an opportunity to speak to a wide range
of the country's best young researchers.

These early career scientists are the architects
of our future and SET for Britain is politicians’
best opportunity to meet them and understand
their work."

Marleen's research has been entered into

the Physics session of the competition, which
will end in a gold, silver and bronze prize-
giving ceremony.
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Hands-on in
Cheltenham

Light is well-established as a tool to help in the
diagnosis and treatment of disease. Some of the

greatest advances in this field can be found in

applications for the areas of oncology, dermatology,
ophthalmology, surgery and cardiology. Biophotonics
is the development and application of photon (light)
based technology to biology and medicine.
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So how did the Biophotonics Research Unit participate in
hands-on workshops at this year’s Cheltenham Science Festival?
“The festival was the perfect opportunity to showcase ongoing
STFC collaborative research exploiting the potential of light

as a diagnostic tool in the early identification of disease

The Biophotonics Research Unit undertakes translational
research, knowledge from bench top to bedside, to improve
the healthcare of patients within the NHS and enable

more successful treatment outcomes.” explained Marleen
Kerssens from the Biophotonics Research Unit, Gloucester.
Gloucestershire Hospitals NHS Foundation Trust hosted the
day of workshops giving members of the public a chance to try
their hand at various clinical procedures using manikins and
simulators.

The Optical Diagnosis session was focussed on a new
generation of non-invasive screening with Raman spectroscopy,
and specifically Marleen Kerssens’ PhD research investigating
the use of Deep-Raman spectroscopy in the diagnosis of breast
cancer. This is an ongoing project within the Biophotonics
Research Unit under the supervision of Professor Nick Stone
and in collaboration with Professor Pavel Matousek at STFC's
Central Laser Facility. Funding for the session was made
available by a small award from STFC's Science in Society
programme.

Microcalcifications in the breast are an important indicator
for breast cancer and can be separated into two types, apatite
and oxalate, of which only apatites are related to disease.
Mammography cannot distinguish the different types of
microcalcifications, so further tests (including biopsies) have
to be done. By incorporating Raman spectroscopy into the
diagnostic process it is envisaged that the time delay between
screening and diagnosis can be minimised and the number of
normal biopsies can be reduced.

In order to get the concept of the research across, several
hands-on experiments were available during the Science
Festival such as: building a cardboard box spectrometer,
investigating the penetration of light with different
wavelengths through tissue, and a consensus pathology
quiz where groups of visitors examined spectra of different
samples and decided whether the patient was healthy or if
further tests needed to be done. Furthermore the concept of
Raman spectroscopy and the current screening and diagnosis

STFC run a number of funding schemes for projects aimed at
promoting STFC Science and Technology to a wider audience.

The Small Awards Scheme provides funds from
£500-£10,000 for small, local or 'pilot’ projects promoting
STFC science and technoloagy. Anyone can apply, including
grant-funded research groups, STFC research facility users,
schools, museums, science centres etc.

The Large Awards Scheme provides funds for projects which

are expected to have a significant regional or national impact.

We offer awards from £10,000 up to £100,000. Almost anyone
can apply but project teams must have strong links with STFC's

scientific research community.

techniques used were explained with the help of radiologists
from the Cheltenham Imaging Centre and the Cobalt Charity.
The other sessions at the ‘Medical School on for Dummies’
workshop, sponsored by Olympus, included hands-on
endoscopy training, a virtual reality simulator to train visitors
in diagnosing eye conditions and eye surgery, and a manikin
simulator which is used within the Trust for training medical
students and doctors in the management of acutely ill patients.

Students enjoying the hands-on demonstrations

For more experienced researchers who have a strong track
record in both research and outreach, we run the SiS
Fellowships scheme where fellows act as champions or
ambassadors for STFC's science, technology, engineering and
mathematics and work with schools the media and/or public
audiences.

For schools wishing to apply for funds up to £500 we
operate a scheme with the Institute of Physics which is for
projects or events linked to the teaching or promotion of
physics and other STFC science areas such as Astronomy,
Space Science and the work done at our laboratories.

Further information can be found on the STFC Science in
Society webpage. http://www.stfc.ac.uk/1286.aspx
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Raman imaging gives new hope for cancer diagnosis
10 February 2011

Combining two Raman spectroscopic imaging techniques could offer a valuable tool for future
disease diagnosis, say UK scientists.

Surface enhanced Raman scattering (SERS) works by detecting spectroscopic signals of molecules
such as cancer antibodies that are in close proximity to metals injected into tissue such as gold or
silver nanoparticles.

Nicholas Stone from Gloucester Royal Hospital and colleagues have combined SERS with deep
Raman spectroscopy to enable non-invasive analysis of multiple antibodies for different diseases
tagged to nanoparticles. The combination allows for the first time antibody detection to a depth of
50mm in tissue samples.

Current methods using SERS and Raman spectroscopy are only able to detect nanoparticles at a
maximum depth of 5mm. 'Light doesn't travel too deeply into tissues so it's hard to measure signals
from deeper within the body,' explains Sanjiv Sam Gambhir, director of the Molecular Imaging
Program at Stanford University, US.

This limits the use of SERS in measuring breast tissue, for example, as mammography screening
protocols generally measure signals through a tissue depth of 20 to 50mm. '[Stone's] work solves a
limitation of Raman imaging by developing strategies to go from about 5 to 50mm depth
penetration,' adds Gambhir.

False colour images of the SERS nanoparticle signals. The left image
shows the signals plotted together (with pixel colour mix showing
combined signals) with the injection points marked. The right image
shows each 'flavour’ separately

To demonstrate their method, Stone's team coated gold nanoparticles with four different Raman
reporter molecules - molecules that give signals at specific wavelengths - and encapsulated them in
a silica shell. They suspended them in water and injected them into a porcine tissue block
measuring 20x50x50mm. The signals from each different nanoparticle were then used to produce a
false colour image of their locations in the tissue.

Being able to distinguish between different molecules like this means that the technique could be
used to detect cancer, monitor treatment and chemosensitivity, provided that the target molecule is
known. 'Cancer and other diseases of interest are complex and there is not a single marker which
can be used to identify cancer or its susceptibility to treatment,' explains Stone.

Stone now hopes to label the nanoparticles with a wider range of antibodies for use in practical
applications. Provided that the nanoparticles' excretion mechanism is found to be safe when
injected, Stone thinks that his approach could open up a window to more of the human body.

Erica Wise
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