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Introduzione in Italiano

Il cancro al seno ¢ una delle tipologie di tumore pi diagnosticata tra le donne e
rappresenta la seconda causa di morte per cancro. Di conseguenza, il cancro al seno
e la sua diagnosi precoce sono diventati un problema cruciale per la salute pubblica.
Per tale ragione, si e diffuso un crescente interesse verso lo sviluppo di nuovi
mezzi e tecniche di imaging che possano supportare o sostituire la mammografia
convenzionale (note per la sua limitata specificita), col fine ultimo di migliorare
I'efficienza dei programmi di screening. In questo contesto, nell’'ultimo decennio,
a mostrare risultati promettenti nel perfezionamento della diagnosi del cancro al
seno, sono state le tecniche a contrasto di fase, le quali sfruttano la rifrazione dei
raggi x anziché il loro assorbimento. E stato dimostrato che le variazioni di fase
del fascio di raggi x che passa attraverso i tessuti molli, possono essere due o tre
ordini di grandezza piu elevate rispetto alle variazioni di assorbimento, ottenendo
dunque un pi elevato contrasto sulle immagini. Inoltre, le tecniche a contrasto
di fase permetterebbero di ridurre la dose di radiazione rilasciata alla paziente
durante ’esame. Esistono diversi approcci di metodi a contrasto di fase, tuttavia,
nel presente lavoro di tesi, ci si soffermera sulla cosidetta tecnica "propagation-based"
(PB-CT), che & quella caratterizzata dalla pit semplice implementazione, in quanto
non necessita di elementi ottici addizionali. Fino ad oggi, la sua applicazione,
dato ’alto livello richiesto di coerenza spaziale del fascio di raggi x, e limitata
ai sincrotroni. Tuttavia, I'ottimizzazione presentata in questo lavoro, puo essere
estesa non solo alle altre tecniche a contrasto di fase ma anche ai setup con sorgenti
compatte. Lo scopo di questo lavoro di tesi e quello di ottimizzare il protocollo
sperimentale e l'analisi dei dati per 'imaging in-vivo del seno con tomografia
a contrasto di fase. Verranno dunque descritti i risultati di molteplici studi di

fattibilita condotti ad Elettra e all’Australian Synchrotron. Con diversi setup
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TVl 0. Introduzione in Italiano

sperimentali e a diverse scale di risoluzione, sono stati studiati vari campioni di
tessuto mammario umano e un fantoccio test appositamente progettato e realizzato.
Le immagini, poi sono state ricostruite seguendo diverse strategie di pre-processing,
algoritmo di ricostruzione e post-processing. Una particolare attenzione ¢ stata
posta nei confronti del "phase retrieval", ovvero I'algoritmo che permette di sfruttare
I'informazione proveniente dall’effetto di contrasto di fase, e del suo effetto sul valore
diagnostico delle immagini ricostruite. Le immagini sono state, infine, valutate in
maniera quantitativa utilizzando indici di qualita oggettivi e in maniera qualitativa
sfruttando la valutazione soggettiva di radiologi esperti. Una volta stabilito il
protocollo corretto, una seconda serie di campioni ¢ stata acquisita seguendo la
strategia scelta e con un sistema dedicato di breast-CT, per mettere in risalto le
potenzialita della tecnica a contrasto di fase rispetto alla tomografia in assorbimento.
Infine un é stato studiato e proposto un ulteriore potenziale utilizzo della PB-CT,
ovvero l'istologia virtuale. Questa volta i campioni sono stati acquisiti ad una piu
alta risoluzione e sono stati confrontati con immagini istologiche.

In sintesi, il presente lavoro di tesi ¢ suddiviso come segue:

Capitolo 1. Breve descrizione dell’anatomia del seno, delle tipologie di cancro e
delle tecniche convenzionali e innovative attualmente impiegate per la diagnosi del
cancro al seno.

Capitolo 2. Teoria dell'imaging a contrasto di fase e descrizione delle tecniche piu
utilizzate con particolare attenzione verso la cosiddetta "propagation-based".
Capitolo 3. Principio di funzionamento di un sincrotrone e descrizione dettagliata
delle linee di luce SYRMEP e IMBL.

Capitolo 4. Descrizione dei metodi di elaborazione dell’immagine: dalla trasformata
di Radon alla renderizzazione tridimensionale.

Capitolo 5. Risultati sperimentali ottenuti applicando la tecnica a contrasto di fase
alla diagnosi del cancro al seno: studio riguardante 1’ottimizzazione dei parametri
sperimentali e di ricostruzione.

Capitolo 6. Risultati sperimentali ottenuti applicando la tecnica a contrasto di fase

alla diagnosi del cancro al seno: confronto con i sistemi dedicati di tomografia al
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0. Introduzione in Italiano TVl

seno basati sull’assorbimento.
Capitolo 7. Risultati sperimentali ottenuti applicando la tecnica a contrasto di
fase alla diagnosi del cancro al seno: studio di fattibilita riguardante la potenziale

utilita dell’istologia virtuale.
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Introduction

Breast cancer is one of the most frequently diagnosed cancer types among women
and it is the second leading cause of cancer related death (Siegel et al. (2016))).
Therefore, breast cancer has become a critical public health concern and its detection
at an early stage is crucial (Shah et al. (2016)). For this reason, to improve
the effectiveness of breast cancer screening, there is an increasing interest in the
development of novel tools and imaging techniques that may supplement or replace
mammography which is known for its limited specificity (Sprague et al.| (2017))).
In this context, in recent years, the development of x-ray phase-contrast imaging
techniques, which exploit x-rays refraction in the body, have shown promising results
for refining breast cancer diagnosis (Coan et al. (2013)). It has been demonstrated
that for x-rays passing through soft tissues, phase variations can be two to three
orders of magnitude larger than absorption, and therefore an increased image
contrast can be achieved with phase sensitive techniques (Beltran et al.| (2011))).
In addition, phase-contrast techniques hold the potential to reduce the radiation
dose delivered to the patient (Diemoz et al.| (2012); Keyrildinen et al.| (2011)); [Pagot
et al.| (2005); Sztrokay et al.| (2012))). Several approaches for phase-contrast CT
techniques have been reported (Coan et al.| (2013); Gureyev et al.| (2014); Keyrildinen
et al.| (2010); |Olivo et al.| (2013)). In this work, the focus is on propagation-based
phase-contrast CT (PB-CT) as it does not re quire additional optical elements
which makes it very dose efficient and easy to implement (Gureyev et al.| (2013)).
Up to now the required level of spatial coherence of the incident x-ray beam
used in PB-CT has practically limited its application to synchrotron facilities,
however, the optimisation scheme for PB-CT breast imaging presented here can
be generalised to novel generator-based phase-contrast imaging setups (including

analyser-based imaging, edge-illumination, and grating-based imaging) or compact
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TT 0. Introduction

sources. The aim of this thesis work was to optimise the experimental protocol and
data analysis for in-vivo three-dimensional phase-contrast breast imaging. Results
are presented of feasibility studies carried out at Elettra and Australian Synchrotron
using the propagation-based phase-contrast tomography method. Several breast
tissue samples, of a size corresponding to a full human breast, and a custom designed
plastic phantom have been studied at different resolution scales and experimental
conditions. Several computed tomography reconstruction algorithms with different
pre-processing and post-processing steps have been considered. Special attention
was paid to the effect of phase retrieval on the diagnostic value of the reconstructed
images. The images were quantitatively evaluated using objective quality indices
and subjective assessments performed by experienced radiologists and pathologists.
Once the protocol has been established, a second series of samples has been acquired
with both synchrotron (following the chosen strategy) and a dedicated breast-CT
system, in order to assess the advantages of phase-contrast technique with respect
to absorption based tomographic technique. Finally, an innovative use of 3D phase-
contrast micro-computed tomography (micro-CT) has been studied and presented,
i.e. the virtual histology. This time the specimens have been acquired at higher
spatial resolution and compared with the conventional histological microscopy
images.

In summary, the Thesis is organised as follows:

Chapter 1. Brief description of the breast anatomy and breast cancer types and of
the conventional and innovative techniques used to detect breast cancer.

Chapter 2. Theory of the phase-contrast imaging and description of the most used
phase sensitive technique with particular attention to the propagation-based.
Chapter 3. Working principle of a synchrotron facility and detailed description of
the set-up at SYRMEP and IMBL beamlines.

Chapter 4. Description of the image processing methods: from the Radon transform
to the 3D rendering.

Chapter 5. FExperimental results obtained by applying the propagation-based

imaging technique to the breast cancer detection - study on the optimisation of
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experimental and reconstruction parameters.

Chapter 6. Experimental results obtained by applying the propagation-based
imaging technique to the breast cancer detection - comparison with dedicated
absorption-based breast-CT system.

Chapter 7. Experimental results obtained by applying the propagation-based
imaging technique to the breast cancer detection - feasibility study on the potential

usefulness of virtual histology.
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2 1. Breast anatomy and Imaging techniques

1.1  Introduction

Breast cancer is the most common malignancy among women in developed countries,
next to lung and bronchus cancer (Siegel et al. (2016)). It is the most frequent
cancer among women, with an estimated 1.67 million new cases diagnosed in
2012, constantly increasing in numbers around the world (Ferlay et al. (2015))).
According to statistics, the 5-year survival rates in women diagnosed of breast
cancers has considerably improved in the last years, with 75% survival rate in
1975, 79% survival rate in 1985 and 89% survival rate in 2003 registered in USA
(Jemal et al.| (2004)). Likely explanations for these reductions are early detection
by mammography screening and advances in treatment. There is in fact evidence,
that the early diagnosis of breast cancer can improve the prognosis. It is estimated
that an early detected tumour (less than 10 mm in size), which has not invaded the
mammary glands, can be successfully treated in about 90% of cases, whereas this
value drops to about 55% if glandular invasion has occurred and to 18% in the case
of metastases (Sant et al.| (2003)). Mammography has been the frontline screening
tool for breast cancer for decades with over 1.3 million women being examined each
year, yet high rates of error have persisted despite the most recent technological
improvements. Radiologists miss between 30% and 40% of early breast cancers
and only 10% of women recalled for further examinations have cancer. (Poplack
et al.| (2005)); Rawashdeh et al.| (2013)). Many countries have implemented regular
breast screening of women after the age of 40 or 50 with 2D x-ray mammography
being the main screening and diagnostic technique. Despite important recent
advances in mammographic examination, such as the introduction of digital breast
tomosynthesis, limitations remain around diagnostic efficacy, radiation dose and
patient discomfort/pain. The limitations of mammography and digital breast

tomosynthesis can be summarised as follows:

o Diagnostic efficacy: Sensitivity of 2D digital mammography varies from
approximately 50% to 80%. About 20% of breast cancers are not detectable

at all. Specificity also varies due to overlap between the appearances of benign
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and malignant breast tissue characteristics, requiring biopsy to distinguish

between the two.

o Radiation dose: A significant amount of radiation is delivered each time a
woman undergoes mammography. Also, a significant variation in the dose
delivered can exist due to equipment used and location of examination. The
breast is the most radiosensitive organ in the body and since the risk of cancer
induction from x-ray exposures is directly related to the level of radiation

dose, novel methods that minimise radiation exposures need to be sought.

« Patient discomfort/pain: Forcible compression of the breast is needed to create
a more uniform breast thickness in 2D mammography and tomosynthesis,
however this compression can result in a substantial amount of pain or

discomfort for a large majority of women.

In the light of these considerations, there is a strong need for improvements of

currently available methods for breast imaging.

Draft Printed on February 23, 2018
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1.2 Breast anatomy and types of breast cancer

The breast is composed of mammary glands surrounded by a connective tissue
stroma. The mammary glands are modified sweat glands, they consist of a series of
ducts and secretory lobules (15-20), each lobule consists of many alveoli drained
by a single lactiferous duct. These ducts converge at the nipple like spokes of a
wheel. The connective tissue stroma is a supporting structure which surrounds
the mammary glands. It has a fibrous and a fatty component. The fibrous stroma
condenses to form suspensory ligaments (of Cooper), these ligaments have two main
functions: attach and secure the breast to the dermis and underlying pectoral fascia
and separate the secretory lobules of the breast. The base of the breast lies on
the pectoral fascia - a flat sheet of connective tissue associated with the pectoralis
major muscle. It acts as an attachment point for the suspensory ligaments. The
layer of loose connective tissue between the breast and pectoral fascia is known
as retro-mammary space. Arterial supply to the medial aspect of the breast is
via the internal thoracic artery, a branch of the subclavian artery. The lateral

part of the breast receives blood from four vessels:

» Lateral thoracic and thoracoacromial branches - originate from the axillary

artery.

o Lateral mammary branches - originate from the posterior intercostal arteries
(derived from the aorta). They supply the lateral aspect of the breast in the
2nd 3rd and 4th intercostal spaces.

o Mammary branch - originates from the anterior intercostal artery.

The veins of the breast correspond with the arteries, draining into the axillary and
internal thoracic veins. The lymphatic drainage of the breast is of great clinical
importance due to its role in the metastasis of breast cancer cells. There are
three groups of lymph nodes that receive lymph from breast tissue: the axillary
nodes (75%), parasternal nodes (20%) and posterior intercostal nodes (5%). The

skin of the breast also receives lymphatic drainage: skin drains to the axillary,
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inferior deep cervical and infraclavicular nodes; nipple and areola drains to the
subareolar lymphatic plexus. The breast is innervated by the anterior and lateral
cutaneous branches of the 4th to 6th intercostal nerves. These nerves contain both
sensory and autonomic nerve fibres (the autonomic fibres regulate smooth muscle
and blood vessel tone). It should be noted that the nerves do not control the
secretion of milk. This is regulated by the hormone prolactin, which is secreted

from the anterior pituitary gland.

— < Anatomy of the Female Breast

Figure 1.1: Drawing of female breast anatomy showing the lymph nodes, nipple, areola,
chest wall, ribs, muscle, fatty tissue, lobe, ducts, and lobules.

Breast cancers can be divided into two main overarching groups: the carcinomas
and the sarcomas. Carcinomas are cancers that arise from the epithelial component
of the breast. The epithelial component consists of the cells that line the lobules
and terminal ducts; under normal conditions, these epithelial cells are responsible
for making milk. Carcinomas comprise the clear majority of all breast cancers,

and will be further discussed below. Sarcomas are rare cancers that arise from the
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6 1. Breast anatomy and Imaging techniques

stromal (connective tissue) components of the breast. These stromal component
cells include myofibroblasts and blood vessel cells, and cancers arising from these
"supportive" cells include phyllodes tumors (PT) and angiosarcoma (AS). Sarcomas
account for less than 1% of primary breast cancers. Within the large group of
carcinomas, there are many different types of breast cancer. The first major division
is between in situ and invasive carcinoma. In situ carcinoma is "pre-invasive"
carcinoma that has not yet invaded the breast tissue. These in situ cancer cells
grow inside of the pre-exisiting normal lobules or ducts (LCIS and DCIS). In situ
carcinoma has significant potential to become invasive cancer, and that is why it
must be adequately treated to prevent the patient from developing invasive cancer.
Invasive cancers have cancer cells that infiltrate outside of the normal breast lobules
and ducts to grow into the breast connective tissue. Invasive carcinomas have
the potential to spread to other sites of the body, such as lymph nodes or other
organs, in the form of metastases. Approximately 80% of breast carcinomas are
invasive ductal carcinoma (IDC), followed by invasive lobular carcinomas (ILC)
which account for approximately 10-15% of cases. Invasive ductal carcinomas and
invasive lobular carcinomas have distinct pathologic features. Specifically, lobular
carcinomas grow as single cells arranged individually, in single file, or in sheets, and
they have different molecular and genetic aberrations that distinguish them from
ductal carcinomas. Ductal and lobular carcinomas may have different prognoses
and treatment options, depending upon all the other features of the particular
cancer. The remaining cases of invasive carcinoma are comprised of other special
types of breast cancer that are characterized by unique pathologic findings. These
special types include colloid (mucinous), medullary, micropapillary, papillary, and
tubular. It is important to distinguish between these various subtypes, because

they can have different prognoses and treatment implications.

1.3 Breast imaging methods

The effectiveness of cancer treatment in breast are strongly dependent on the stage

at which the pathology is detected. An early detection could significantly lower the
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Figure 1.2: Histologic examples of in situ and invasive carcinomas of the breast. On
the left side, a high grade ductal carcinoma in situ, in the middle an invasive ductal
carcinoma and on the right an invasive lobular carcinoma.

morbidity and the mortality rate, accordingly, different complementary imaging

techniques are nowadays available and used in the clinical practice.

1.3.1 Conventional imaging techniques and related limita-
tions

Mammography - Among all the currently available imaging techniques, conventional
mammography (classical 2D x-ray absorption based imaging), is still the gold
standard employed for breast cancer screening. So far, it is also the method that
achieves the highest spatial resolution, (about 20 (Ip/mm)) (7). However, as the
different tissues within the breast have only minor differences in x-ray absorption and
moreover their 3D distribution is projected onto a planar image causing overlapping
of structures, the specificity and sensitivity of mammography is rather poor. In
addition, since the differences in x-ray absorption become smaller with increasing
x-ray energy, mammography exams are performed at relatively low energies thus
increasing the radiation dose. At the same time, because of the high radio-sensitivity
of the breast, the dose delivered to the patient during a mammography examination
must be limited to minimise its radio-toxicity. This of course, leads the achievable
absorption contrast to be lower, and affects the visualisation of malignancies in the
mammograms. Besides, the image contrast is further decreased by the scattered
radiation, which fogs to a certain extent the image signal despite the anti-scatter

grids that are typically employed to reduce this effect.

Draft Printed on February 23, 2018
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Ultrasound - Breast ultrasound, as opposed to x-ray mammography, has not been
considered for breast cancer screening. It is more used as a complementary analysis
tool because of the significant overlap in characteristics of benign tissues and
malignant lesions. Ultrasound is useful for looking at some breast changes, such as
those that can be felt but not seen on a mammogram or changes in women with
dense breast tissue. It also can be used to look at a change that may have been seen
on a mammogram or to tell the difference between fluid-filled cysts and solid masses.
This kind of examination can be used to help guide a biopsy needle into an area of
change so cells can be taken out and tested for cancer. It can also be used to look
for and guide a biopsy needle into swollen lymph nodes under the arm. Moreover,
its main disadvantage resides in its poor ability to detect micro-calcifications, which

are frequently linked to breast cancer.

Magnetic resonance imaging (MRI) - A breast MRI examination is mainly used
for women who have already been diagnosed with breast cancer. It is applied to
measure the size of the cancer, look for other tumours in the breast, and to check
for tumours in the opposite breast. For certain women at high risk for breast
cancer, a screening MRI is recommended along with a yearly mammogram. MRI
is not recommended as a screening tool by itself because it can miss some cancers
that a mammogram would find. Although MRI can find some cancers not seen on
a mammogram, it?s also more likely to find something that turns out not to be
cancer (high rates of false positive cases). False-positive findings have to be checked
out to know that cancer isn”t present. This means more tests and/or biopsies.
Therefore, MRI is not recommended as a screening test for women at average risk
of breast cancer, because it would mean unneeded biopsies and other tests for many
of these women. High costs, bulkiness of the equipment and the large acquisition
times (between 45 and 60 minutes) are also other disadvantages related to MRI.
Furthermore, breast MRI is not sensitive to micro-calcifications, which can be an

early indication of breast disease and represent a frequent finding on mammography.
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Digital breast tomosynthesis (DBT) - In this technique, multiple projection images
are reconstructed allowing visual review of thin breast sections offering the potential
to unmask cancers obscured by normal tissue located above and below the lesion.
DBT involves the acquisition of multiple projection exposures by a digital detector
from a mammographic x-ray source which moves over a limited arc angle. These
projection image data sets are reconstructed using specific algorithms. The clinical
reader is presented with a series of images (slices) through the entire breast; because
each reconstructed slice may be as thin as 0.5 mm, masses and mass margins that
may otherwise be superimposed with out of plane structures should be more visible
in the reconstructed slice. This allows the visualisation (detection) and better
characterisation of the lesions. However, it is not possible to focus on areas between
two adjacent slices and the presence of micro-calcifications can, in some case, cause
artefacts on images. Additionally the small difference in x-ray attenuation, in
particular between the glandular and tumour tissues, still constitutes a problem for

this method.

Dedicated breast CT (DBCT) - This method represents a new technology which
may allow true three-dimensional imaging of the breast using the same fundamental
x-ray contrast mechanism with which breast imagers are already familiar. The
breast to be imaged is positioned in a hole in the centre of the breast CT table, as
then women lies prone with her breast in the pendant position. This allows the
CT scanner hardware to rotate in the horizontal plane and acquire the projection
data necessary for cone beam CT reconstruction. As for the tomosynthesis, even if
the overlapping tissue problem is solved, the small differences in x-ray absorption
coefficient between soft-tissue are still representing a problem in this method. This,
together with the poor visualisation of micro-calcifications on un-enhanced DBCT
and the high level of radiation dose delivered to the patient, poses a significant
barrier to the use of this modality for breast cancer screening since many cases of
DCIS might not be visualised. For this reason, the use of contrast enhancement

is now being diffused (Uhlig et al. (2017))).
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1.3.2 Experimental breast imaging techniques

To overcome the limitation of the conventional images technique, some newer tests
are now being studied for breast imaging. These new methods are in the earliest
stages of research. It will probably take time to see if any of them are as good as or

better than those we use today.

Optical imaging - This method uses visible light passing into the breast and then
measures the light that returns or passes through the tissue. The technique does
not use ionising radiation and does not require breast compression. Studies going
on now are looking at combining optical imaging with other tests like MRI or 3D

mammography to help diagnose breast cancer.

Molecular breast imaging (MBI) - This test is being studied as a way to follow up
breast problems (such as a lump or an abnormal mammogram). It7s also being
studied as a test that can be used along with mammograms for women with dense

breasts.

Positron Emission Mammography (PEM) - PEM technique uses sugar attached to
a radioactive particle to detect cancer cells. The PEM scanner is approved by the
Food and Drug Administration (FDA). Working much like a PET scan, a PEM
scan may be better able to detect small clusters of cancer cells within the breast.
Right now, it?s being studied in women with breast cancer or other breast problems

to see if it can show which lumps are cancer.

FElectrical impedance imaging (EIT) - This kind of examination scans the breast
for electrical conductivity. It?s based on the idea that breast cancer cells conduct
electricity differently from normal cells. The test passes a very small electrical
current through the breast and then detects it on the skin of the breast. This is
done using small electrodes that are taped to the skin. EIT does not use radiation or

compress the breasts. This test is approved by the Food and Drug Administration
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(FDA) to help classify tumours found on mammograms. However, today there

hasn’t had enough clinical testing to use it in breast cancer screening.

Whole breast ultrasound tomography (UST) - In contrast to conventional ultrasound,
an ultrasound tomography system surrounds the entire breast with a ring of sensors,
allowing for detection of the ultrasound signal scatter field from all angles of
transmission. A variety of processing techniques are then used to combine and fuse
the images into one image. For cancer imaging, pixels are examined in the three
sets of ultrasound tomography images (reflection, sound speed, and attenuation).
Thresholds are then assigned based on prior evidence showing that cancer tends to
be highly stiff and dense; therefore, cancer should have high sound speed and high
attenuation. Only pixels that exceed both thresholds simultaneously are displayed,
allowing for the isolation of regions that are biomechanically different. Though its
resolution isn’t quite as good as MRI, the ultrasound tomography system overall

offers similar sensitivity for different tissue types.

Another important class of experimental techniques, which have been investigated
in recent years, is represented by the so-called phase-contrast imaging methods.
These techniques hold the potential to give a significant improvement with respect
to conventional absorption imaging and to overcome the limitation of the intrinsic
low contrast of soft tissue in conventional radiology. It has been proved on both
in-vitro and clinical studies (that will be better described later on) that phase-
contrast mammography could provide greatly increased contrast for soft tissues
and at lower radiation doses. Based on this results, it is reasonable to think that
the application of phase-contrast principle on computed tomography could have an
important role in the diagnosis process of breast cancer, overcoming any gains seen
with recent technologies such as full field digital mammography or digital breast
tomosynthesis (DBT). In the next chapter, an overview on the physical principles
of phase-contrast will be given and the most used and promising phase-contrast

techniques will be described.
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16 2. Phase-Contrast Imaging

2.1 Introduction

In conventional x-ray absorption based imaging techniques, the contrast between
different materials is generated by the differences in density, thickness of the sample
and x-ray absorption coefficient. In the energy range of hard x-rays, however,
these latter differences can be very tiny (in the order of 0.1 - 0.3 em™! for energies
between 10 and 60 kel’) when dealing with elements with low atomic number Z,
as biological soft tissues. In medical imaging field, these conditions could lead
to a wrong or incomplete characterization of the features defining the pathologic
state. To overcome these limitations, in the last 20 years, phase-contrast imaging
techniques have been extensively studied and applied to different medical and
biological purposes. Their application to the diagnostic x-rays range became
possible after the advent of the third-generation of synchrotrons facilities. The
fundamental difference between these methods and the "conventional" ones, is that
these techniques can exploit the refractions of x-rays rather than their absorption as
source of contrast. As it will be described in this chapter, the interaction between
x-ray and matter can be described in terms of the refraction index, whose real
part 0 , and imaginary part, (3, are related to the electromagnetic phase shifts and
to the x-ray attenuation in the object, respectively. For hard x-rays, § could be
orders of magnitude higher than the absorption component, allowing to increase the
contrast between different soft tissues and at the same time reduce the radiation
dose. Three main approaches to x-ray phase-contrast imaging currently attract the
most attention, these are: propagation-based, analyser-based and grating-based
imaging (Bravin et al.| (2013), [Wilkins et al.| (2014) ,Auweter et al.| (2014))). Recent
quantitative studies (Diemoz et al. (2012))) have shown that all these methods can
deliver comparable outcomes depending on the specific parameters of the experiment.
However, the propagation-based (PB) phase-contrast (PB-CT) (Wilkins et al.| (1996)),
Wilkins et al.| (2014))) is the simplest in its experimental implementation (as it does
not involve any optical elements), as well as in its theoretical underpinnings and

it is the one used for the experimental work of this thesis, for this reason, it will
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be more extensively described. The needed experimental requirements in terms of

spatial and temporal coherence of the beam will also be discussed.
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2.2 The complex refractive index

X-ray propagation through matter is usually described by mean of the complex

refractive index, expressed as:

n=1-56+ip (2.1)

0 represents the refractive index decrement, which is related to the phase shifts
of the electromagnetic wave in the matter and, therefore, its deviation from the
incident direction due to the scattering with electrons of the medium (Azaroff
(1968)). 5 is the absorption term which is linked to the absorption of x-rays into the
matter, mainly due to the photoelectric effect at low x-ray energies and Compton
scattering in the other cases. The free-electrons model can properly describe the
polarisation of the medium immersed in an electromagnetic field, for hard x-ray and
far from absorption edges. In this model the electric susceptibility x is proportional
to the electron density pgp. How the 6 and § terms are related to the real and

imaginary part of the susceptibility x, is described as follows (Zachariasen| (1945)):

1
5= (2.3)
- 2X01 .

this relation could be written also as (Jackson| (1975)):

Te)\QpE
6=~ (2.4)
Te)\ng ffy
b= "me 277 (25)
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where 7, is the electron radius, A the x-rays wavelength, f; is the number of electrons
per atom with damping constant +;, and Z is the atomic number that gives the
total number of electrons per atom; the sum is over all the electrons of the atom.
The terms pgp and p are linked by the relationship prp = % = % where V' is the

volume of reference, Ny is the Avogadro number and A is the atomic weight. The

decrement of the refractive index can also be expressed as:

T2

o N(Z+ ) (2.6)

J

5=

where f} is the real part of the wavelength-dependent dispersion correction of the

atomic scattering factor. The absorption term 3 can be written, in the same way, as:

T "
p= szj (2.7)

J

For an energy range, far from the absorption edges, f} tends to zero, while fjl-'
that is dominated by the absorption process, behaves with the energy as £F~™ with
m € [3,4]. The absorption index f is linked to the linear absorption coefficient u,

by means of the following relation (Raven et al. (1996))):
p=— (2.8)

Because of the local changes in the medium, the quantities S and ¢, are functions
of the spatial coordinates (z,y,2). In a pure crystalline medium, the scattering
properties of the incident radiation are usually described through the structure
factor. If the Bragg reflection condition is not satisfied, the wave propagation
cannot be influenced by the regular crystalline structure. In this latter case, the

refractive index can be expressed as follows:
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il (2.9)

When g and § are very small, n deviates slightly from 1. The quantity ¢ can be
three order of magnitude much bigger than S in the common diagnostic range,

as reported in the following figure:

2500 T T T T T T
Pha — — ~Breast fissue

Cortical bone

z000 / N 4

1500 F / ~~

6

wofp 7 1

soof [

. 1 ) .
10 20 30 40 50 80 70 80 30 100
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Figure 2.1: 0/f ratio for breast tissue and cortical bone. Values have been computed
using the EPDL97 database (Cullen et al.| (1997))). The compositions have been taken
from taken from NIST.

The main advantage of phase-contrast imaging with respect to absorption based
imaging techniques, comes from this big difference betweens and ¢. The term ¢ is
related to the phase of the x-ray incident beam by the relation ¢ = —2mdt/\ , where
t is the thickness of the material traversed by the beam, for this reason the energy
dependence of the phase and of the linear attenuation coefficient can be expressed as
o~ E7' and u ~ E73. It can be now considered an object described by n(z,y, 2),
irradiated by a monochromatic beam of a certain wavelength A\, propagating along

the z axis. The wave passing through the object can be defined as:

\Ilobj ((L‘, y) - T(I7 y)\Ijm(xu y) (210)

where U;,(z,y) is the incident wave on the object and W,;(x,y) is the wave that
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exit the sample surface. T'(x,y) is the complex transmission function that describe

the interaction between the wave and the object, and it can be expressed as:

T(z,y) = A(z,y)e?v) (2.11)

The amplitude modulation is given by the projection of g of refractive index

distribution along the x-ray direction z.
Az, y) = e B@) (2.12)
with
2m
Ble,y) = = [ Bla,y, 2)dz (2.13)
The phase modulation is provided by the projection along z of ¢:

Sry) = 2 [ @l = 6(ay ) = oo - [deblryz) (214

As a consequence of the distortion of the wavefront due to the phase shift caused
by the object, the x-ray beam passing through the sample is locally refracted by
an angle Aa defined as (Born et al.| (1999)):

Aa(z,y; \) ~ —Q;Tex,ycb(:v?y; A) (2.15)
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2.3 Spatial and temporal coherence

Coherence is a fundamental characteristic needed for any phase contrast imaging
system as it can describe the ability of the system to produce observable effects
of interference and diffraction. It can be defined a temporal (or longitudinal)
coherence, concerning the energy spectrum of the x-ray beam (the narrower is the
spectral bandwidth, the higher is the coherence) and a spatial (or lateral) coherence
regarding the source size and the geometry of the system (the smaller is the source
size and the larger is the source-to-sample distance, the higher the coherence). A
perfectly coherent system is a hypothetical monochromatic point-like source, a
real source has a low or high degree of coherence depending on how these two
requirements are satisfied. To better define the degree of coherence, for partial
coherent sources, coherence lengths can be used. The temporal one L; = \2/A\
(with AX equal to the spectral bandwidth) defines the length up to which the
beam can be considered as coherent along the propagation direction. The spatial
coherence length Ly = Az;/S (where z; is the source-to-sample distance and S
is the source size) defines a scale for the coherence on the object plane, which is
perpendicular to the beam propagation direction (Fig. .

A feature on the object plane with a size comparable to L, will see the beam

as spatially coherent (Cloetens et al.| (1996))).

2.4 Phase-based Techniques for x-ray Imaging

Phase-based x-ray techniques hold the potential to greatly improve the quality
of x-ray imaging, especially in the biomedical field. As mentioned before, the
difference between the refractive decrement ¢ and the absorption term S, in the
diagnostic x-ray energy range, is typically 1000 times big. As a consequence, the
phase shift effect induced by the object on the beam, can be much larger with
respect to the absorption effect, which is the base principle of the image formation
in conventional x-ray techniques. This implies that the sensitivity of the imaging

system can be enhanced, particularly when the contrast rising from the differences
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Figure 2.2: Sketch of model treating x-rays as waves. A parallel monochromatic x-ray
beam, represented by the plane wave ¢, impinges on a sample, characterised by the
refractive index n(z,y, z). The wave W, (z,y) leaving the object plane is locally affected
by the object, both in intensity and phase. k and k,,; are the wave vectors of ¥ and
Uout(x,y), respectively. z; is the source-to-sample distance, z; is the sample-to-detector
distance, and S is the source size.

in absorption coefficient is not sufficient to distinguish tiny details inserted in a
similar background, as for example for breast tumour embedded in healthy glandular
tissue. Moreover, since phase-based x-ray imaging methods could provide good
quality images even with low absorption in the body, energies higher than those
typically used in medical imaging could be exploited. The quantities § and d both
decrease with growing energy, but, as seen in the previous paragraph, while 3 goes
down with the third power of the energy, § decreases with the second power (eq.
2.4). This means that, by selecting a suitable energy, it is possible to ensure a low
radiation dose to the patient keeping low the imaginary part 3, and at the same
time obtain good phase-contrast images (with well discriminated features) being the
refractive index decrement sufficiently large. Different phase-based x-ray imaging
methods have been studied in the last 20 years and are nowadays in continuous
development. In the following paragraphs the most common approaches, which
have reached interesting results in the medical field and could possibly be applied
into clinical practice will be briefly described, namely: analyser-based imaging

(ABI), edge illumination (EI), Talbot (or grating) x-ray interferometry (GI). Several
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reviews partially or fully dedicated to these topics have appeared quite regularly in
the recent scientific literature: inspiring articles are due for instance to Fitzgerald,
Suortti and Thomlinson| (2003)), Lewis (2004)), Momose, (2005)), Zhou and Brahme
(2008)); moreover, (Olivo| (2010]) focused on the patents and intellectual property
issues related to phase-sensitive techniques; finally, very wide-ranging works have
been released by Nugent| (2010) and Bravin et al.| (2013)). Particular attention will
be paid on propagation-based phase contrast x-ray imaging method (PBI), as it

has been used for the scope of the present thesis work.

2.4.1 Propagation-based imaging technique

In PBI technique, an x-ray beam with a high degree of coherence irradiates the
sample, giving rise to a phase shift that is spatially varying. As the beam passes
through the object, parts of the wavefront, having done different deflections, interfere
producing a characteristic pattern that is after registered by a detector placed at
a suitable distance (Fig.3) (Snigirev et al. (1995]), Cloetens et al. (1996)). Due to
the Fresnel diffraction, the phase shifts are then converted into detectable intensity
variations (Born et al. (1999)).

As this technique doesn?t require optical elements between the sample and
the detector, its great advantage with respect to the other phase-contrast imaging
methods is the simplicity of the setup. This avoids the possibility of arising
aberration from the optical elements and implies a potentially high spatial resolution,
which depends mainly on the size of the source (Pogany et al.| (1997), Arhatari et al.
(2004), |Gureyev et al| (2008)). The propagation-based imaging modality can be
included in the differential phase-contrast imaging methods, as the image signal
depends on the spatial variation of the phase shift induced by the sample rather
than directly on it. The image contrast in this method is, at a first approximation,
proportional to the Laplacian of the phase shift in a plane perpendicular to the
optical axis. A crucial dependence of the phase-contrast signal on the effective
propagation distance can be defined as: D = dl/(d + [), where d and [ are the

sample-to-detector and the source-to-sample distances respectively. For [ > d
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Figure 2.3: Comparison between (a) conventional attenuation imaging, where the
detector is in contact with the sample, and (b) PBI, where the detector is placed at
a suitable distance to allow the detection of a typical edge-enhanced image profile.
(Reproduced from [Zhou and Brahme, (2008))

the effective distance is determined by the propagation distance, so D ~ d, and
this a usual condition found in synchrotron setups. When increasing the defocus
distance, taking into account a monochromatic plane wave and considering the

transverse characteristic length scale h of the sample, four different regimes may

be defined (Mayo et al| (2002), |Gureyev| (2003))):

o Absorption regime: the sample-to-detector distance is close to zero.

o Near-field diffraction regime: the effective propagation distance is relatively
small, such that r% = AD < h?. The term 7 is the radius in the sample plane
of the so-called Fresnel zone, and it determines the finite region in the object
that contributes to a point P in the image. In this conditions, the contrast is

formed locally around specific object features. The boundaries of the object
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are strongly enhanced and a distinct interference pattern corresponds to every
edge, giving reliable information on the geometry of the object. To express the
above condition for the near-field regime, a Fresnel number must be defined

as Np = h?/(AD) , so that Np > 1.

o Fresnel regime: here the defocus distance is r% = AD =~ h?, that is equivalent

tONF%]_

o Fraunhofer regime: the effective propagation distance is quite large and is
r% = AD > h?, and then Np < 1. In this conditions, the interference fringes
ca be well detected but they cannot be related to a specific edge of the sample,
so that the shape of the sample is difficult to be recognised.

Thus, based on the different experimental setups, the Fresnel diffraction pattern
highlights different features of the object. It can be demonstrated that the image
is most sensitive to a given frequencies range f of a particular phase feature at
a distance D defined as D ~ 1/(2\f?). At this distance, the phase contrast
contribution is maximised. In order to retrieve a quantitative information on the
absorption and on the phase shift caused by the object on the beam, a series of
algorithms have been studied. This inverse problem is usually solved by coupling a
set of Fresnel diffraction patterns recorded at different distances z. However, an
algorithm that calculates these two quantities by means of one single PB distance
has been also developed and widely diffused (Gureyev et al.| (1995)), Bronnikov
(1999), [Paganin et al.| (2002)), Gureyev et al. (2004), Beltran et al.| (2010)).

2.4.1.1 General Propagation-based Imaging formalism

The base theory of the propagation-based imaging technique is the Fresnel diffraction
formalism. As described before in eq. 2.10] in certain conditions where there is a
spatial coherent x-ray beam of a wavelength incident on a thin sample defined by a
complex refractive index distribution n(x,y, z), the wave exiting from the surface of
the sample can be computed multiplying the wave at the entrance of the object by the

object complex transmission function. Now, considering the wave going out from the
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object W, as paraxial, along the propagation distance D, before being recorded by
the detector, all the non-negligible plane-wave components of the field make a small

angle with the optical axis, then the wave after a certain path D can be expressed as:

\I/D(X) = PD(X> &® \Ijobj(X) (216)

where ® is the convolution symbol, x = (x,y) are the spatial coordinates in the
plane orthogonal to the propagation direction z and Pp(z) denotes the Fresnel

propagator, that can be described as (Born et al.| (1999)):

2w D
erp A LT

D “Pisg

Pp(x) = [xI) (2.17)

As known, a wave propagating in free space can be descripted in the Fourier domain.

Eq. in the Fourier domain becomes:

Pp(f) = exp(i2n D/ \)exp(—im AD|f|* (2.18)

with f = (fs, f,) indicating the spatial frequency coordinates. In the same

way, naming ‘ilobj and Up the Fourier transform of Yy, and Up respectively,

eq. will be:

Tp(£) = Pp(f) - Wy (F) (2.19)

After covering the propagation distance D, the effective intensity on the detec-

tor is given by:

Ip(x) = [¥p(x)|* = [Pp(x) ® Wop;(x)|* (2.20)
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In the Fourier domain, eq. can be expressed in the near-field diffraction

regime as (Guigay (1977)):

/T (x - W) T (X + >\12)‘f> exp(—i2nx - f)dx (2.21)

For small propagation distances, the transmission function 7' can be approximated

with a Taylor first order expansion (Turner et al.| (2004)):

T( +)?C> T(x )+ ADf VT (x) (2.22)

If this last expression for T is used into eq. [2.21] considering only the terms linear

with respect to D, the equation becomes:

Io(x) = Ir(x) = 52V In(x)V6(x)] (2.23)

Again, for small propagation distances eq. [2.23 is equal to:

ViIrx)Vex)] = ——-Ir(x) (2.24)

which represents the so-called transport of intensity equation (Teague (1982))).
Under the assumption that the non-propagated wave W,; is varying sufficiently
slowly in the plane perpendicular to the propagation direction, I can be computed

outside the gradient operator so that:

AD 1 (2.25)

Ip(x) = Ip(x) = [1 - —V P(x)

Accordingly, for small propagation distances and for slowly varying object absorption,

the contrast is proportional to the Laplacian of the phase of the object. Moreover,
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the contrast increases for growing propagation distances D, until the limit given by
the approximation given in eq. [2.22] In the next paragraph, it will be explained how,
under certain conditions, eq. can be used to retrieve the phase of the object
from the measurement of the intensity at a single propagation distance (Gureyev

et al.| (1995), Bronnikov| (1999), |[Paganin et al.| (2002), Beltran et al. (2010))).

2.4.1.2 Derivation of the TIE-Hom Phase retrieval algorithm

To derive the algorithm for quantitative phase extraction from a single distance
image, it is useful to firstly assume that the source-to-sample distance (z; in Fig. [2.3
is infinite, in order to have a collimated illumination and consider the magnification
as unit. A second important assumption that has to be done is the "homogeneity"
of the object, i.e. the sample has to be composed of a single material. When
considering a normally incident plane-wave radiation of constant intensity over the
sample area, the contact image, and so the intensity of the beam exiting from the

sample surface (z = 0), is well described by the Beer?s absorption law:

I(x,2=0) = I;ye "1 (2.26)

As in the previous paragraphs, 7'(x) is the transmission function, i.e. the projected
thickness of the homogeneous object into the detector plane, u is the linear absorption
coefficient, and Iy is the intensity of the incident wave. The phase of the irradiating
beam, ¢(x), exiting from the sample, if the sample can be considered sufficiently

thin, will be proportional to the transmission function:

d(x,2 =0) = ——0T(x) (2.27)

where 4 is the real part of the refractive index. Substituting eq. and eq.
into eq. [2.24] gives a resulting equation that is non-linear in 7'(x), however it is

possible to re-write it as a linear equation in e #7™):
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— Iy Ve él(x, z=0) (2.28)
using the following identity:
—uT(x) 0 2 _—uT(x)
OV - (e MTVT(x)) = —;v e (2.29)

Taking into account a second sample-to-detector distance (z9 in Fig. [2.3), the
right-hand term of eq. [2.2§ using the intensity measurements can be:
0 I(x, 2 = 2) — e #Ixliv

%I(X, z2=0)~ - (2.30)

Using this new expression and re-arranging terms, eq. can be written as:

(_zchVQ N 1) ot _ 1062 =25) (2.31)
ol IIN

At this point, to proceed, it is useful to represent the contact (z = 0) and the

phase contrast image (z = 29) as Fourier integrals:

—uT(x) _ Iin —uT(x) | ,ikx
{]uve W6 = I [ FlemnT6 ) eilexdi (232

I(x,2 = 2z) = 5= [[ F{I(x,2z = 2)} e**dk

with F{} indicating the Fourier transformation. These last two definitions can

be then substituted in eq. to have:

- F{I(x,2=2)} /Iin
Tx)| _ )
F{enT)] B (2.33)

It is possible then to solve eq. for T'(x), taking its inverse Fourier transform:
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JXX)—<—;kge(f'1{MI{IGQZ::Zﬁ}/hN}> (2.34)

22(5|k‘2 +u

To complete the derivation, it is necessary to remove the first assumption of infinite
distance between source and object. It is demonstrable, by means of the Fresnel
diffraction integral (Papoulis| (1981)), that the intensity of a weakly refracting
sample illuminated by a point source, at a certain distance z = z; from it, is
linked to the intensity /.. (x, z), which would result from normally incident collimate

illumination of the same sample, by (Pogany et al.| (1997)):

1 T z
[Zl (X, Z) = WIOO (M, M) (235)

where M = (21 + 22)/z1, represents the lignification of the image resulting from the
point-source illumination. This last equation can be used to transform eq.

into a form suitable for a point-source illumination that is the final result:

(2.36)

7o) = Lo, (71 [T AL 2= ) i)

220[k2/M + 4

This lead to the solution of the transport-of-intensity equation seen above (eq2.24)),
for the transmission function 7'(x) of a homogeneous object, using one single
propagation distance. This single image, using eq. and eq. [2.27] can easily
give information about the intensity and the phase of the radiation exiting the

sample surface.

2.4.2 Analyser-Based Imaging

Analyser-based technique is based on the use of an analyser crystal placed between
the object and the detector (Fig. , it has to be noticed that in the figure all the
crystals are used in Bragg geometry, but it is known that alternative arrangements

can also use the Laue diffraction (Chapman et al.| (1996), |[Kitchen et al. (2011))).
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As for the PBI, for its application, a mono-energetic and highly collimated x-ray
beam is fundamental. The crystal behaves as band-pass filter, modulating the

intensity of the beam after having crossed the sample.

Analyzer crystal

R(3)

Rocking curve

Double-crystal monochromator

Figure 2.4: Scheme of an ABI setup. The rocking curve is obtained with no sample
in the beam. When the sample is in the beam, the rocking curve acts as an angular
band-pass filter and the analyser crystal selectively diffracts photons according to their

deviation angle Afr(z,y) upon exiting the sample. (Reproduced from (2014))

This allows to exploit the phase effects as an additional source of contrast on
the image. The basic principle relies on the fact that, when the analyser crystal
reaches perfectly the peak of its reflectivity curve (known as rocking curve), it
can act as an anti-scattering grid, giving a well-defined pure absorption image.
When the crystal is positioned at different points of the rocking curve, it is possible
to obtain additional phase effects (such as refraction). ABI images, indeed, are
usually represented by a mixture of absorption, refraction, small and ultra-small
angle scattering effects. There is not a precise distinction of these effects, as they
have similar physical origin (1994)), however it is possible to outline the
differences among them as follows. Taking into account the spatial resolution of
the detector in use in a certain setup, refraction refers to the effect of an object

big with respect to the detector pixel size. In this conditions, a precise deviation
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angle a(x,y) can be related to each point of the sample plane corresponding to

each pixel on the detector. The refraction angle can be calculated as:

I

1|(d > (d 1
o A(aﬂ(x)) (5000 = 4176 (27

where k is the wave number, and it is usually a few microradians. Scattering effect,
contrariwise, refers internal structure smaller than the detector pixel size, so not
resolved by the detector (Rigon et al| (2003)). Small-angle scattering (SAXS),
deal with diffuse photon deviations in the range of milliradians, that come from
nano-scale internal structures. Lastly, ultra-small-angle x-ray scattering (USAXS),
applies on larger structure (from hundreds of nanometers to several micrometers)
giving deviation angles in the microradians range. This last distinction between
SAXS and USAXS is possible thanks to the angular selection of the crystal that acts
in the microradians range, accordingly, while SAXS is totally absorbed, USAXS is
comparable to the acceptance window of the analyser. This means that the width
of the rocking curve is in the same order of magnitude than the tiny deviations
experienced by the beam crossing the object. The basic idea is that, the beam,
after crossing the sample so after being deviated in the microradians range, arrives
onto the analyser crystal whit a certain misalignment angle with respect to the
un-deviated photons beam. Therefore, since the deviated photons have different
probability to reach the detector because of the extreme sensitivity of the rocking
curve to small angular displacement, it is possible to say that the analyser transforms
this angular deviation in a modulation of the beam intensity on the detector. The
simplest mathematical model to describe the ABI behaviour considers that the
photons exiting from the sample plane zy at a certain point (x,y) could be either
give a small angle x-ray scattering (SAXS) or refracted with a defined refraction
angle a(z,y), with respect to the propagation direction z. It has to be noticed that,
ABI imaging systems are sensitive just to the component of the wave that lies on
the diffraction plane of the crystal, yz in the reference system of Fig. [2.4] Thus,

the projection of the refraction angle a(z,y) on the plane yz will be:
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. 10 . ~ 7"0)\2 0
AbOg(z,y) = %a—ygb(x,y) =3 /5(m,y, z)dz = —%&y/pe(x,y,z)dz (2.38)

where 79 = 2.82 x 10715 m is the classical electron radius and p. is the electron
density (i.e. the number of electrons per unit volume). Eq. represents the
so-called refraction angle, that is actually the component of the refraction angle in
the crystal diffraction plane, as it is the one to which ABI system is sensitive. It
is, then, possible to define the actual intensity that reaches the detector when the

analyser crystal is set at a certain angular position 6 of the rocking curve R(f), as:

1(0;2,y) = Ir(z, y)R(0 + Abr(z,y)) (2.39)

where Ig(z,y) is the intensity accounting for absorption and extinction and is called
apparent absorption (Chapman et al.| (1997))). When the refraction angle is small,
eq. can be further approximated, by means of a first order Taylor expansion, to:

[(0;2,y) = In(z,y)[R(O) + R(O) - Ab(x,y)] (2.40)

with R(f) indicating the derivative of the rocking curve R(6) at the angular position
f. This last equation, highlights how images acquired with this technique, could
contain different amount of extinction and refraction dependently on the chosen

working point 6.

2.4.3 Edge Illumination Imaging

Edge Hlumination (EI) method is based, in a similar way to the ABI, on the
detection of the refraction angles suffered by photons when crossing the object.
Contrariwise to the ABI instead, there is no need for a second crystal between
the sample and the detector, thus leading to a simplified setup well-suited for

conventional x-ray tubes, as it doesn’t require an elevated degree of mechanical
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stability and beam coherence (Olivo and Speller| (2007a), |Olivo and Speller (2007h)).

However, to describe the working principle, it is useful to refer to the simplest
implementation of the technique, that is the one used in synchrotron setup, see Fig.

(Olivo et al.| (2011, 2012, [2013))). There is a first slit placed before the sample

called pre-sample slit, that is meant to collimate the beam and has an aperture
usually of a few micrometers. In front of the detector, there is then a second slit,

called detector slit, that is aligned with one pixel’s row of the detector.

(@) Line of (b) ©
Pre-sample slit Detector detector Photons are deviated g Photons are deviated
it ixels onto the detector pixels onto the slit
Sample P
/ Sample 40
! y
y
X Detector
L z it Sample Detector
2o | slit
s

Figure 2.5: Scheme of a typical synchrotron EI setup based on the use of two slits (not
to scale). (a) No refraction from the object, (b) photons refracted onto the detector pixels
increase the detector signal, and (c) photons deviated out of the detector pixels decrease

the detector signal. (Reproduced from (2017)))

There is a slight misalignment between the two slits, in such a way that the
beam exiting from the first slit, reaches the edge of the detector slit, thus the beam
is partially stopped by the second slit (partial illumination condition). If there is
a sample in the system, the beam will be refracted, thus the small portion of the
beam falling on the detector slit will be shifted by the quantity Ay = z,4 tan(A6,),
where z,4 represents the distance between the sample and the detector slit, and Af,
is the component of the refraction angle in the direction orthogonal to the slits. For
small refraction angles, in the order of microradians, the shift can be approximated
to Ay & 2,4 - (Ab,), the displacement is typically less than few micrometers for
propagation distances of about 1 m. If the beam is shifted towards the aperture,
the counts on the detector will increase, vice versa, if the deviation goes towards the
slits the counts on the detector will be less. In this way, it is possible to translate

the refraction angle caused by the object, into a modulation of the intensity on the
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detector. The whole image of the sample can be obtained scanning the sample,
step by step, in the direction orthogonal to the slits and then pasting together all
the single lines. When using conventional x-ray tube, the above described working
principle, can be achieved by substituting the two slits with two masks (Fig. 6),

characterised by several apertures, avoiding the vertical sample scan (Olivo and

Speller| (2007a))). The period of the mask is commensurate to the detector pixel

size, in order for the apertures to match every pixel row.

Detector
Sample mask
mask

Photons
deviated onto

detector pixel
Focal spot of

standard

iopepaaz  \

Photons
" deviated out
of detector
pixel

Figure 2.6: Scheme of laboratory EI setup based on the use of an X-ray tube and a pair
of masks (not to scale))

As there is no more need for sample scans, the total acquisition time could be
much smaller, as different zones of the object can be acquired at the same time taking
advantage of different aperture pairs. There are other existing implementations

of EI method, that foresee, for example, the removal of the second mask using a

detector with sharp boundaries between each pixel row (Krejci et al.| (2010))), or a

high-resolution detector. In this latter case, the deviation caused by the refraction,
the fall of the intensity caused by the absorption, and the beam broadening caused

by the scattering effect, can be retrieved by fitting the values of various pixels

illuminated by each portion of the beam (Vittoria et al.| (2014} [2015))). Lastly, another

implementation, able to be sensitive to beam displacement in two directions, can be
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settled-up using L-shaped masks, improving the sample visualisation and simplifying
the integration of the refraction signal to obtain the phase map, but increasing the

setup complexity and the acquisition time (Olivo et al. (2009), Kallon et al.| (2015)).

2.4.4 Grating x-ray Interferometry

Grating-based imaging (GI) system bases its functioning on the use of grating
interferometers. The technique is based on the optical phenomenon discovered
by Talbot in the 1830s and foresees the use of a phase grating and an analyzer
grating (Momose| (2003)). The image reproducing the grating is repeated at regular

. 2
distances dr = 2%,

where p is the period of the grating. As in the previous
cases, the object causes absorption, refraction and scattering effect on the x-ray
beam, modifying the interference pattern. Accordingly, the angular shifting can
be exploited as an intensity modulation on the detector, measuring the changes
in the interference pattern with and without the sample. The second grating, is
placed at a fractional Talbot length distance (dr), and it is needed to analyse
the interference pattern (see Fig. [2.7).

There are two methods meant to distinguish the different contributions to the
signal: the phase-stepping technique (Weitkamp et al. (2005))) and the method
making use of the Moiré fringes (Momose| (2003))). Both of them can be used to
obtain planar and tomographic images and are able to produce information about
both real and imaginary component of the complex refractive index (Weitkamp
et al. (2005), Momose et al. (2009)). The described setup, is the one typically used
in synchrotron facilities as it requires a high degree of spatial coherence of the x-ray
beam; however, the GI method can be implemented in conventional x-ray tubes,
using a third additional grating, called Talbot-Lau interferometer. Conventional
x-ray sources, can be efficiently used with the phase stepping configuration as the
position of the interference fringes arising behind the source grating is independent
of the wavelength over a wide x-ray energy range (Weitkamp et al.| (2005)). On the

contrary, the Moiré configuration allows the use of a moderate polychromaticity,
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Detector
G,

Sample G,

Figure 2.7: Scheme of GI setup. A pattern of x-ray interference fringes is formed
downstream a linear diffraction grating G1 (beam splitter); its local distortions from its
ideal regular shape contain information on the sample structure. Since the fringes are too
closely spaced to be resolved by the pixel detector used to record images, an additional
absorption grid (G2, analyser grating) in front of the detector is needed to transform
fringe-position information into intensity values on the detector pixels.

as a wide bandwidth of energies decreases the visibility of the Moiré fringes and

worsens the image quality (Momose et al. (2006)).
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3.1 Introduction

In field of medical diagnostics and for research purposes, x-ray radiation is conven-
tionally produced by x-ray tubes. Their basic principle was discovered by Rontgen
in 1895, a current is applied to a metal cathode producing free electrons, which
are then accelerated by an electric field using high voltage towards a metal anode.
The collision with the target (anode) forces the electron to suddenly decelerate
releasing energy. The majority of this energy (95%) is converted in heat and the
other 5% in x-rays, this effect is known as Brehmsstrahlung. At the same time, if
the incoming electrons have sufficiently high energy, they can be able to remove an
electron from an inner shell of the anode (ionisation process). The resulting vacancy,
can then be filled by an electron dropping down from a higher state, emitting x-ray
photons with a precise energy determined by the difference between the energy
level of the two states. These x-rays are known as characteristic z-rays. The x-ray
spectrum, produced by conventional tubes is determined by its characteristics, such
as the anode material, the voltage applied and the filters eventually placed in the
x-ray beam. It may be worth to underline that, due to the broad energy spectrum
and the rather big focal spot size, conventional x-ray tubes have a rather poor
coherence both temporally and spatially. Alternatives micro-focus x-ray sources
have been developed, where the anode is replaced by a jet of liquid metal, thus
achieving a brilliance one order of magnitude higher than a solid anode x-ray tube
(Tuohimaa et al.| (2007))), even at high energies (Larsson et al. (2011)). Other
types of coherent sources use an electron beam, of about 10 MeV, directed on
a metal wire target. In this case, the spectrum of the energy is quite broad and
poorly coherent, but is characterised by a high intensity and high degree of spatial
coherence, thus it could be suitable for phase-contrast biomedical imaging (Hirai
et al. (2006)). Another area recently spreading, concerns the development of inverse
Compton scattering sources (Carroll et al.| (2003)). They are based on a relativistic
collision between a high-power laser pulse and an electron beam accelerated to
energies of a few megaelectron volts. The result of this collision, is the generation

of x-ray with tuneable energy and a narrow bandwidth in a small-angle cone beam
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geometry. The beam can achieve a sufficiently high degree of lateral coherence and a
sufficient flux for biomedical imaging applications (Bech et al.| (2009); Yamada et al.
(2009)). Despite this expanding interest in the development of new alternative x-ray
sources, synchrotron x-ray sources are still considered as the gold standard for x-ray
production, mainly because of their capability of generating very intense x-ray beams
with an extremely high spatial coherence. In this chapter, the working principles of a
synchrotron will be described, highlighting the advantages of the use of synchrotron
radiation for phase-contrast imaging. Two medical imaging beamlines, will be also

described, as they have been used for the experimental part of this thesis.
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3.2 Synchrotron x-ray sources

A synchrotron is composed of a large storage ring, with a diameter in the range of
several hundred meter. In such a ring circulates an electron beam with an energy

of few giga-electron volts. A pre-acceleration is performed, using disc-loaded wave

guides, (Brefeld and Gurtler| (1991))) in a linear accelerator (LINAC), electrons are

then injected into a first synchrotron accelerator (booster), where their energy is
"ramped" to the final energy. In the first and second generation SR machines, the
booster was made to operate as a synchrotron and as a storage ring at the same
time. In the new generation of SR facilities, electrons are transferred to a second
ring, called "storage ring", where the electron energy is kept constant (see Fig. |3.1]).

To accelerate the electrons in the booster, radiofrequency cavities are used.

Figure 3.1: Schematic representation of a third-generation synchrotron radiation facility.
1) Linear accelerator (LINAC), 2) acceleration ring (Booster), 3) storage ring and 4)
beamline.

Other important components are the quadrupole and sextupole magnets; suitably
combined, they provide focusing forces that keep the electron-beam transverse

dimensions small. Straight sections are also present, with elements for the injection
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of the electrons from an accelerator to the other (LINAC-to-booster, booster-to-
storage ring). The electrons run in ultra-high vacuum (less than 10-8 mbar) in order
to minimise the probability of collisions with residual gas. A closed, continuous
high-vacuum chamber extends through the various booster and storage ring elements.
As a matter of fact, the ring is a polygon where the sides are linked by bending
magnets (BM) deviating the beam towards the next straight section. It is exactly
in correspondence to these deviations, that electrons emit electromagnetic radiation,
known as synchrotron radiation (SR), which is then carried by transportation lines
called beamlines. The radiation is emitted tangentially to the curved trajectory
of the accelerated particles and occurs in a narrow cone with a natural opening
angle of 1/v, with v equal to v = 1/4/1 —12/c?, where is the electrons speed.
Usually, in synchrotron facilities, electrons are produced in bunches of 10! particles
by means of an electron gun with a frequency up to 10 Hz. It is possible to
originate beamline in the straight sections as well, placing insertion devices (ID),
such as wigglers or undulators, that are able to wiggle (or undulate) the electron
beam generating a highly intense electromagnetic radiation. They consist of a
sequence of dipole magnets of alternating polarities: the magnetic fields force
the electron to oscillate around a straight-line trajectory and the cones of light

emitted at each bend superimpose.

o For undulators, the electron beam deflection is less than 1/, so that the
beams emitted by individual poles can interfere coherently. This leads to a

spectrum with strong peaks at a specific energy and its harmonics.

o When using wigglers, the total divergence is much larger than the natural
opening angle of the radiation and no more interference occurs. The final
beam emitted by the device is the incoherent sum of the beams emitted at

each pole, and the x-ray spectrum has a continuous distribution.

Every beamline is, usually, built and equipped for determined scientific purposes
and can handle specific experiments, taking into account the photon flux, beam

dimension, bandwidth, focus and collimation of the x-ray. The experimental hutches
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Figure 3.2: Schematic representation of a bending magnet (a) and of an insertion device

(b).

can be located from tens to some hundreds of meters away from the source. Most of
the beamlines, especially the imaging ones, make use of a monochromator crystal, a
device meant to select a specific energy with a narrow bandwidth obtaining a virtually
mono-energetic and tuneable x-ray source. Typical values are AN/\ = 10% — 10°,
furthermore, the produced beam has a high degree of both longitudinal and lateral
coherence, the source size is usually of the order of 100 mm and the distance
between the source and the sample can exceed 100 m. With particular concern
to biomedical imaging application, thanks to the high brilliance of the source, the
photon flux is sufficiently high to allows acquisition with very short exposure time.
Table . summarises the beamlines that are totally or partially dedicated to

biomedical application world-wide.

Table 3.1: Beamlines for medical imaging and biomedical applications

Beamline Facility Citation
X15A NSLS (Brookhaven, NY, USA) Zhong et al.|(2000)
SYRMEP Elettra (Trieste, NY, USA) Tromba et al.|(2010
ID17 ESRF (Grenoble, France) Bravin| (2007)
ID19 ESRF (Grenoble, France) Weitkamp et al.| (2010
BL14C PF-KEK (Tsukuba, Japan) Yoneyama et al.| (2004
BL20B2 Spring8 (Hyogo, Japan) Goto et al.| (2001)
BL20XU Spring8 (Hyogo, Japan) Suzuki et al.| (2004
TOMCAT SLS-PSI (Villigen, Switzerland) 'Stampanoni et al.|(2006)
BMIT-05B1-1 CLS (Saskatoon, Canada) Wysokinski et al.| (2007
BMIT-05ID-2 CLS (Saskatoon, Canada) Wysokinski et al.| (2013
IMBL Australian Synchrotron (Melbourne, Australia) |]-Iausermann et al.| (]2010[)
BL10W1 SSRF (Shanghai, China) Xie et al.| (2013)
I13L Diamond (Ozfordshire, UK) Pesic¢ et al.| (2013
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3.2.1 Advantages of synchrotron sources for phase-contrast
techniques

One important difference, between conventional x-ray tube and SR sources is the
geometry of the imaging system (see Fig. |3.3). The radiation emitted by the x-ray
tube has a broad angle and, usually, the sample is placed close to the source. The
magnification can be changed M = (L + D)/L, either the distance between focal
spot and sample (L) or the sample-to-detector one (D).

Focal D L>D
\\ k.\;E’O[ \ e
- .
L _Synchrotron
Sample. radiation
Sample
2D detector D 2D detector

Figure 3.3: Schematic representation of the different geometries of irradiation for X-ray
tubes (on the left side) and SR imaging (on the right side)

SR sources produce a beam with a small angular opening, for this reason it
is possible to place the sample at large distances from the source, keeping a high
incident intensity. This feature, together with the small size of the source, is
fundamental to reach the degree of spatial coherence requested for the application
of most of the phase-contrast techniques described in Chapter 2, and, in addition,
provide a good geometrical resolution, R = S - D/L. Moreover, the SR beam is
almost parallel at the sample position, this property reduces the typical penumbra
of the x-ray tubes and allows the application, for example, of the ABI technique
that is characterised by a very high angular selectivity of the monochromator

and the analyser crystal.

3.3 SYRMEP beamline

SYRMEP is the acronym of Synchrotron Radiation for Medical Physics and it

is one of the bending magnet of Elettra light source. Thanks to the horizontal
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acceptance covered by the front-end port that is 7 mrad, the beamline is able to
provide, at a distance of about 30 m from the source, a mono-energetic laminar
beam with an area of (210 x 5) mm at 20 keV'. Depending on the experimental
setup, a white beam can be used or a monochromator may be placed between the
source and the sample. In the applications of this thesis only the monochromatic
configuration depicted in Fig. [3.4] was used. The monochromator is a double
Si(1,1,1) crystal, working in Bragg configuration that can select energies from 8.5

to 40 keV, with an energy resolution of 1073,

Elettra
bending ma

anet vacuum
. slits

ionization
S0
(7 - chamber
e ..f.A
monochromator i
’ -

detector
_.sample _

,-* movement -’

Figure 3.4: Schematic view of the SYRMEP beamline in monochromatic beam
configuration

There are three experimental stations: the first one is the white-beam station
where the beam is intercepted upstream the monochromator; in the second one
the sample is located (after the monochromator) at 23 m from the source and
the detector is mounted on a 2 m long rail, so that it can be placed at difference
distances, allowing the use of the PBI phase-contrast technique. The sample stage
is equipped with translational and high-resolution rotational motors adequate for
micro-CT applications (Fig. [3.5p). The third station, which from now on will be

called patient hutch, is the one used for the first research protocol on phase-contrast
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clinical mammography. It is equipped with an especially designed support, (similar
to a bed with an opening consistent with chest anatomy, allowing the positioning
of the breast) where the patient is supposed to lay prone (see Fig. [3.5b). The
movement system is equipped with three motion stages: horizontal for positioning,

vertical and rotational, along an axis perpendicular to the beam, for scanning.

Detector

Figure 3.5: The experimental hutches of the SYRMEP beamline: a) first station with
rotational sample holder and ionisation chamber; b) patient hutch with bed and detector
holder.

Various detectors with different field of views and spatial resolutions are available,

depending on them the pixel size goes from 1.2 um, in white mode, to 100 um in

monochromatic mode and for large size samples (Tromba et al.| (2010))).

3.4 IMBL beamline

The Imaging and Medical Beamline is placed on an insertion device of the Australian
Synchrotron. Along the beamline there are 6 radiation enclosures, three optics
and three experimental one. All end-stations are designed to accept the full x-ray
spectrum from a superconducting wiggler device. Four of the enclosures are situated
in the main building, while the third pair are placed in a Satellite Building that is
supplied with photons by a beamline extension through the wall of the storage ring
building (Fig. [3.6). The experimental hutch in the Satellite Building is serviced

with a beam of radiation which has propagated 136 m from the source to the sample
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Figure 3.6: View of the Australian Synchrotron and the Satellite Building hosting the
IMBL. Distances from the source to the samples for the different experimental hutches
are shown.

position. The beam therefore has a high degree of phase coherence and a relatively
large width. The beam size at 40 keV has an area of 600 x 50 mm. One side of
the Satellite Building is already designed to host human patient, with a reception
desk and waiting room, as well as examination and preparation rooms. The other
side, is an area dedicated to non-human biomedical imaging, equipped with short
term animal handling, preparation and recovery rooms.

The research activity of the IMBL is focused on two main areas: radiation therapy
and x-ray imaging, for both of them there is a dedicatedly designed experimental
hutch. In the first one, an intense beam is available, able to deliver the high dose

required for some of the radiotherapy applications such as micro beam radiation

therapy (Blattmann et al| (2005)). A bright monochromatic beam is also available

in this hutch derived from a double Laue monochromator situated in one of the

optics hutch. In the same station, monochromatic radiotherapy research such as

photon activation therapy (PAT) (Corde et al. (2004)) and stereotactic radiation

therapy (SSRT) (Jost et al.| (2009)) is being carried out. In the imaging hutch, the
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one used for the purposes of this thesis, different important programs on both small
and large animals radiography have took place. The hutch is well suited for human
chest imaging, and it is likely to become the primary clinical facility on the IMBL

for breast tomography and other scientific cases (Hausermann et al.| (2010)).
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64 4. Image processing methods

4.1 Introduction

In a very simplified way, it is possible to describe the working principle of Computed
Tomography (CT), saying that a series of angular projection data are gathered
together and processed by a tomographic reconstruction algorithm, producing an
image of the section of the sample, called "slice". The obtained image contains,
as described in chapter 2, information about the internal 3D distribution of the
refractive index, namely about the absorption and with a suitable phase retrieval
method, about the phase. The reconstruction of the C'T images can be performed
by means of several algorithms based on the analytical Fourier-based method or on
iterative methods (algebraic and analytical). The most used one, in conventional
medical CT applications, is the Filtered Back Projection (FBP) that is an analytical
method. The following sections address the mathematical framework that enables
such a reconstruction, followed by an assessment of typical artefacts that may
occur and limiting the attention to the use of Synchrotron Radiation. All the basic
steps of the image processing, such as flat fielding normalisation and ring removal
algorithm, will be described as they have been applied to obtain all the images used
in this thesis work. Furthermore, the software solutions adopted by the SYRMEP
beamline of the Elettra synchrotron, will be described, as its debugging and testing
phases have been part of the work carried out during the PhD program. The last
part of the chapter will be briefly dedicated to the description of the segmentation
process, as it is the fundamental step to perform the three-dimensional rendering

that will be showed in the next chapter.
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4. Image processing methods 05

4.2 Mathematical background
4.2.1 Radon transform

Johann Radon in 1917 derived the fundamental mathematics of reconstructing a

function, when its integrals values are given (Radon (1917)). To describe it, one

can consider the situation displayed in Fig.

Ra!

i\

X-ray

Figure 4.1: Schematic illustration of the Radon transform. A 2D object described
by a function f(z,y) is illuminated by parallel x-rays (dashed green line) forming an
angle o with the y-axis. After interaction with the object, the projected values form a
one-dimensional profile R, f(s) in dependence on the position s along a line, perpendicular
to the projection direction.

There is a function (x,y), that represent an object by mapping each point
r; € R? to a value g € R. The chosen object, is made of two regions of constant
values: a sphere with f(x,y) = 1 and a rectangle with f(z,y) = 0.8, represented

with two different colours. The x-ray beam, illustrated as a dashed green arrow,
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66 4. Image processing methods

illuminating the object with a certain angle «, is subject to attenuation and phase
shift. Behind the object, a projection, given by the accumulation over the whole
distance of all the values corresponding to each point (x,y), can be measured. The
calculation, for a given angle, is made possible by mean of the 2D Radon Transform

R, f, mathematically expressed as follows (Buzug| (2008])):
R.f(s) = - f(ri)d(ry -ng —s)dry (4.1)

where r; = (z,y)7 is the vector defining the coordinate in the image plane that
is orthogonal to the rotation axis, s is the coordinate of the projected profile,
§(s — sg) is the one-dimensional Dirac delta distribution and n, = (cos a, sin a)”
is the normal vector perpendicular to the projection direction. The coordinate
vector r |, doing the scalar product r, - n, is projected to a line forming the angle
a with the x-axis (grey line in Fig. . Accordingly, the argument of the delta-
distribution goes to zero for points forming a straight line of angle o with the y-axis
with distance s to the origin. In such a way, only points on the direction of the
x-ray propagation, contribute to the computing of R, f(s), so the two-dimensional
integral in eq. is actually a one-dimensional integral over this line. It has to
be noticed that, with the definition of the Radon transform given by eq. [4.1], the
generalisation of the Radon transform to higher dimensions n is easily possible
(Natterer| (2001))). For example, in the case of the 3D radon transform as a function
R :R3 — R, in which the integral is calculated over a plane instead of a line, the
vector n, will become the normal vector of this plane. Taking into account the
Radon transform of a single point at a certain distance from the origin, the 2D
plot of all the projected values as a function of the angle, is a sine curve; such a
data representation is the so-called sinogram (see Fig. 4.2)).

For a given sinogram p(a, s) = pa(s) = R, f(s), it is possible to obtain a 2D
image f(x,y) from a set of 1D projections taken at different angles o by mean

of an inverse Radon transform formally written as:
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(a) (b) =

flx, u)

y
e O

Figure 4.2: Illustration of the process from 2D slices to a 3D object. In a tomographic
scan, each vertical position in a projection image (z = const.) forms (c) a sinogram, i.e.,
the projected profiles R, f(s) plotted as a function of the projection angle c. These can
be inverted to obtain (b) a reconstructed slice f(z,y) that subsequently can be virtually
stacked to yield (a) a 3D volume.

flz,y) = R (p(a, s)) (4.2)

Thus, to obtain a 3D reconstruction of an entire object, all the collected f(z,y) can

be stacked in the z direction, yielding a 3D dataset f(z,y, z), as shown in Fig. |4.2h.

4.2.2 Fourier slice Theorem

When taking into account the n-dimensional Radon transform Rf(s), of a certain
function f(r) with r € R™ and n normal vector of a hyperplane in R*~!  the

Fourier transform with respect to s is:

Fs(Rf)(p) = /R <6_2””8/n f(r)o(r-n— s)dr> ds = / e 2R f(p)dr  (4.3)

n
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68 4. Image processing methods

where the order of integration has been changed and then integral over s have been
carried out, eliminating the delta distribution. It is possible to define a coordinate
vector in the reciprocal space as ¥ = pn, so that eq. is proportional to the

Fourier transform of the function f(r) with respect to the coordinate vector r:

FARF)(p) = [ e f(r)dr = Fol £)(v) (4.4)

RTL

This last equation is the Fourier slice theorem, which states that the one-dimensional
Fourier transform of a projection Rf(s) gives the values of the n-dimensional Fourier
transform of the starting function f(r) along a slice through the origin defined by
v = pn, and it proves that the Radon transform is invertible for every dimension n

(Natterer| (2001))). For the 2D case (Fig. 4.3), the theorem will be:

Palp) = Fo(Raf)(p) = F(poosa,rsina) (4.5)

using the typical notation for the Fourier transformed quantities. Accordingly,
measuring all the angles, the Fourier space can be totally determined and the initial
function f(r) can be reconstructed by mean of the inverse Fourier transform. This
method is known as direct Fourier method.

Looking at Fig. it is noticeable that, when the function f(r) is given at
discrete points and a limited number of angles is used, the Fourier space won’t be
uniformly sampled, as the points won’t be on a rectangular grid. For this reason,
it is necessary to apply interpolation methods with the consequent introduction
of artefacts in the real space. In addition, there is a difference in point density
between low (near the origin) and large spatial frequencies, so that high resolution

information in the image can be under-represented.
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Figure 4.3: Illustration of the Fourier slice theorem for 2D case (n = 2): The 1D Fourier
transform of a projection R, f(s) corresponds to a slice (red line) in the 2D Fourier
transform of the object f(v). If the function is given at discrete points, indicated by the
black dots, a sophisticated interpolation in Fourier space is necessary to avoid artefacts in
the tomographic reconstruction.

4.2.3 The Filtered Back Projection

To overcome the drawbacks described in the previous paragraph, there is another

widely-used approach (Buzug (2008)) that allows to weight the projections in
the correct way, this method is called Filtered Back Projection (FBP) and it

can be derived as follows:
fr) = [ Fwerra (1.6

where the function f(r,) has been written as the inverse Fourier transform of f.
Eq. can be transformed in polar coordinates (v, )" = (pcos, psina)”, with

the Jacobian |0(v,,v,/0(p, )] = p, becoming:
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2 oo .
fe) = [ 7 Flocosa, psina)et i pdpda (4.7)

with r| - n, = (xcosa + ysina). Using a symmetry relation for Fourier transform,

the integral from 0 to 27 can be split in two and simplified as:
) =[] F(peosa, psina)emmime - pdjplda (4.8)
0 —00

Applying then, the Fourier slice theorem, to replace the function f with its

projections p, it becomes:
fe)= [0 Balp)e e fpldpda (4.9)

To comment the result obtained in eq. it is essential to give some more

definitions, i.e.:

e Partial back projection (for a given 1D projection p,(s)):
(R o) (1) = pa(r - na) = ol cosa + ysin a) (4.10)

where the values of p(s) are distributed in a 2D space, so that each point gets
the value, given in the projection at coordinate s, where the point r would be

projected to with the Radon transform.

» Back projection of a set of projections p,(s)
(Ripa)(r) = / Pa(r - m,)da (4.11)
0

which performs the partial back projection for every angle a.
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o Filtered projection (applying a filter to the projection p, in Fourier space)

pE(s) = F 7 (()i(o)) = [ e h(p)pa(p)dp (4.12)

with a filter kernel h(p).

Now, going back to eq. [£.9) it can be re-written using the given filtered projection
with the kernel h(p) = |p|, yielding to:

f(r)= /07r =pf(r-ny)da (4.13)

which is the so-called Filtered Back Projection. The reconstruction could also

be written as:
Fr) = R (05()) = B((Raf) @ h)(r) (4.14)

with h(s) = F~'(h(q)). The filter h(q) = |¢|, is known as the Ram-Lak filter
(Ramachandran and Lakshminarayanan| (1971)), that acts as a high pass filter
on the projections. Usually this filter is combined with a window function (e.g.
Shepp-Logan (Shepp and Logan| (1974))), allowing different behaviours at high

spatial frequencies.

4.2.4 Algebraic reconstruction methods

As it was mentioned before, apart from the analytical case, there is another
class of reconstruction algorithms called algebraic, which includes all the iterative
reconstruction methods used for the purposes of this thesis. This class considers the
function f(r) and its projections p,(s) given on a discrete grid, e.g., as an image
represented by pixels. In this case the Radon transform can be represented by a

system matrix R, and all the other elements can be discretised as follows:
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o the angle @ by mean of «; with ¢ € {1,2,...N,}
o the image f(r) by mean of f € R™ | with m = N, x N, pixels
o the projections p,(s) by mean of p; € R™ with n sampling points.

Thus, the system matrix R; for projection under an angle «; will be an m x n
matrix and the Radon transform can be formally written as a linear system of

equations (Natterer, (2001)):

p' = R'f (4.15)

defined for each angle ;. For p = (p!,...,p"*) and R = (R!,..., RN*) this can

be written as a single operation

p = Rf (4.16)

The described system of equations can be, in principle, directly solved however,
due to the typical dimensions of an image, the number of the entries can be quite
high and, hence, a direct inversion is not easily possible. For this reason, iterative
methods, as the one proposed by Kaczmarz in 1937, take each measurement p® and
they consecutively enforce it by projecting the current guess to this measurement.
If the measurements p’ have a consistent solution, it can be shown that this method
will converge to a solution f of eq. (Kaczmarz (1937)). An example for
f € R? and p’ € R is given in Fig.

Under certain assumptions, the current guess f* will converge to the solution
f after successively applying orthogonal projections to an initial guess f°. For
r; = (Rj1, Rja, ..., Rjm)T, being the transposed row j of the matrix R, one iteration

step can be written as (Kak and Slaney (2001)):

ot _p, pimm o) (4.17)

r; |
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P2

Figure 4.4: Illustration of the Kaczmarz method in R2. The measurements p; are given
as three lines that have the desired solution f as a common intersection. Starting with an
arbitrary solution fy and projecting it to the measurement p; brings the initial guess to
f!, which is closer to the real solution f. By applying successive orthogonal projections P;,
the method will converge to the solution f.

According with eq. [£.17] points laying on a projection line are corrected by the
normalized difference of the re-projected value of a current guess, given by r; - f*
and the measured value of the projection p; along the same line. This way to
solve the tomographic problem is known as Algebraic Reconstruction Technique
(ART) and it is one of the first proposed iterative methods. The detailed formalisms
of all other iterative reconstruction algorithms used in this work won’t be given

as it goes beyond the scope of this thesis.

4.3 Artefacts in SR x-ray Tomography

As a tomographic image is the result of a dataset acquisition and a consequently
application of a reconstruction algorithm, imperfection during the recording process
may lead to significant artefacts in the final images. In this section, some of the
typical artefacts that can occur and some of the general image processing methods

commonly used to avoid them, will be presented.
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4.3.1 Image normalisation

One of the most common problem occurring during a CT acquisition, is the
inhomogeneity of the images. This non-uniform aspect can appear, not only
in correspondence of the imaged sample, but also outside it, and it can have

different origins, such as:

» the temporal instability of the incident x-ray beam due to a possible decrement
of the machine current, to the vibrations or thermal drift of optical elements

(e.g. filters, crystals) etc. . . .

o the spatial inhomogeneity of the incident beam due to some intrinsic inhomo-
geneity of the x-ray beam from the wiggler, defects or deformations of optical

elements ete. . . .

o the detector response inhomogeneity caused by electron noise, pixels with

different gain etc. . . .

To reduce these contributions to the image, usually during an acquisition,
together with the object frames, also darknoise (taken without the beam illuminating
the detector) and whitefield (taken with beam on and without sample in the x-
ray beam) images are acquired. The normalisation procedure of the original
image, usually applied off-line before the slices reconstruction, is finally carried

out according the following formula:

. , raw tmage — darknoise
normalised image =

(4.18)

whitefield — darknoise

where the subtraction and the division calculations are performed on a pixels-by-

pixels basis. An example of the results of this normalisation is shown in Fig. [4.5]
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Figure 4.5: Normalisation procedure of a rat knee projection image. a) raw image; b)
darknoise image; c¢) whitefield image; d) normalised image.

4.3.2 Ring artefacts and ring removal filters

Another recurrent artefact that typically degrades image quality in x-ray tomography,
is the presence of concentric rings arising from the non-uniform pixel response of
detector elements. The ring shape results from the back projection of stripe
artefacts in the sinogram image, which is interpreted as a feature that always
has the same distance to the centre of rotation and is present under each angle,
thus the reconstruction algorithm will produce a ring. A usual way to overcome
this problem is to de-stripe the sinogram, however, in order to avoid the need
of additional imaging data (i.e. whitefield and sinogram images), it is possible
to apply a de-striping filter directly to the transformed reconstructed slices. To
do that, images are transformed into polar coordinates (where the value of the x

axis represents the distance from the rotation axis and the values on the y axis
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the rotation angle) so that the rings show up as lines parallel to the y direction.
Different de-striping filters have been used for the purposes of this thesis, and are
briefly described in the following (Brun et al.| (2013)).

Rivers approach: this method computes the average row of the sinogram by summing
and dividing by the number of rows. It is important that the average raw has a
very little high-frequency content, as real objects usually move in the sinogram,
and are blurred out when computing the average row. At this point, anomalous
detector elements will show up as spikes or dips in the average row. The magnitude
of these detector anomalies is then computed by subtracting a smoothed version of
the average row from the average row. Subtracting the result of this last step from
each row in the sinogram, will result in a final sinogram with much less vertical
striping (Rivers|).

Oimoen approach: this filter uses a one-dimensional high pass filter orthogonal to
the stripe artefact, to try to isolate the artefact itself from the useful signal. On
the obtained high-pass filtered image is, then, applied a low-pass filter parallel
to the stripe as the previous one, in order to separate the stripes from the high
frequencies noise. At the end, the output image is the difference between the
starting un-processed image and the filtered one (J. Oimoen| (2000)).

Boin and Haibel approach: this filter performs, first, a sum of the grey values of the
input image f, for each column i, resulting in the y(i) signal. Then, after applying
a low-pass filter giving y,(i), each row j is corrected as: fi(i) = f;(7) X ys(i)/y(i).
For its implementation, classic median or more refined weighted median filters can
be used (Boin and Haibel (2006))).

Miinch et al. approach: this method uses both wavelet and Fourier transform
domain processing. In a first step, the structural information of the input image is
separated into horizontal, vertical and diagonal bands at different resolution scales
by wavelet decomposing the image into L levels. Then, only on the bands containing
the stripe information a FFT transformation is applied, followed by a Gaussian
function with damping factor ¢ used to remove the stripes. Finally, the de-striped

image is reconstructed from the filtered coefficients (Miinch et al.| (2009)).
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4.4 Reconstruction software descriptions and fea-
tures

The SYRMEP Tomo Project (STP) is an in-house software suite composed by newly
developed code as well as external libraries. It has been developed both to offer
the essential pre-processing and the filtered back projection (FBP) reconstruction
algorithm, and to effectively integrate single distance propagation-based phase-
contrast experiments (Bravin et al. (2013)) where phase retrieval (Paganin et al.
(2002)) is required. Moreover, additional reconstruction algorithms better suited
for low-dose or fast CT, where a reduced number of noisy projections are collected,
are also available. The STP has a graphical user interface and it is conceived
to offer flexibility for the SYRMEP users in terms of an easy switch between a

local and remote access (Brun et al.| (2015))).

4.4.1 Pre-processing

As discussed in previous sections, a pipeline of several pre-reconstruction steps is
necessary, such as flat fielding, hot/dark pixel correction, artefacts removal and
grey level calibration. All these steps affect the computational time of the global
reconstruction process in a non-negligible way. More significantly, their application
does not guarantee that a global independent and parallel execution of 2D image
processing algorithms "from acquired to reconstructed" can be performed. Barriers
and synchronisation methods are required after each intermediate step. A basic
distinction can be done between projection-order and sinogram-order pre-processing.
While some of the pre-reconstruction steps are traditionally faced by processing
each 2D projection (e.g. phase retrieval), other steps are usually effectively handled
by processing each sinogram (e.g. ring removal). Moreover, the order of the steps
in the pre-processing pipeline might significantly affect the image quality. For
instance, a strategy for dark/hot pixel correction might prefer to process raw data
projections while another strategy performs better after flat fielding correction. A
ring artefacts compensation technique can in principle be applied before or after

(or also two times, i.e. before and after) the phase retrieval step. Therefore, a
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frequent switch between the projection-perspective and the sinogram- perspective
of the dataset is necessary in a flexible pre-processing pipeline. This frequent
perspective switch requires intermediate 1/O since the imaged data to process is

usually larger than the available memory.

4.4.2 Tomographic reconstruction

Regarding the image reconstruction methods, the SYRMEP Tomo Project is powered
by ASTRA (Palenstijn et al. (2011))) and TomoPy (Girsoy et al.| (2014))). It
integrates also publicly available reconstruction libraries (see e.g. [Pelt and Batenburg
(2014) and |Miao et al. (2005))) as well as custom developed algorithms. Within
the reconstruction process, a time-consuming task is the determination of the
pixel in the acquired images to be assumed as the rotation axis. Ideally, once the
acquisition setup is established, the centre of rotation should be known a priori
and it could be adopted throughout the experimental session. However, it is often
necessary to tune the centre for each dataset, because of mechanical imperfections
in vertical or horizontal translation stages, thermal drifts, etc. Moreover, if the
tomography system is perfectly aligned, then the rotation centre should be the
same for all slices in the sample. However, there may be a slight misalignment of
the rotation axis and the columns of the detector, such that there is a systematic
change in the optimum rotation axis from the top to bottom of the sample. The
STP offers automatic strategies for the determination of the centre of rotation

in order to speed-up this time-consuming task.

4.4.3 Example of application

To show the benefits in terms of image quality when using different reconstruction
algorithms and phase retrieval, this section presents a few results produced by
the STP. A test object consisting of a polyoxymethylene (CH,OH) cylinder, 16
mm in diameter, in which six holes of 3 mm diameter have been drilled parallel
to the cylinder axis, was considered. The holes were filled with water (H>0),

paraffin wax (Cy;Hs2), glycerol (C3HgOs), glucose (CgH1206) 10g/50ml, glucose
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23g/50ml, and one of them was left empty (see Fig. [4.6). The object was scanned
at the SYRMEP beamline with the following experimental parameters: energy =
21 keV, sample-detector distance = 300 mm, water cooled 12 bit CCD camera
(Photonic Science VHR, 4008 x 2672 pixels used in 2 x 2 binning mode resulting
in pixel size = 9 pm) coupled to a Gadolinium Oxysulphide scintillator placed
on a fibre optic taper. In this application, a value /8 = 2178 was used when

applying Paganin’s phase retrieval, the value was taken from a publicly available

database (https://ts-imaging.net/Services/Simple/ICUtilXdata.aspx) and

it corresponds to the refractive index of the polyoxymethylene at 21 keV .

Water

Paraffin wax
Glycerol

Air

Glucose 10g/50ml
Glucose 23g/50ml

AP WN -0

Figure 4.6: Scheme of the test object used in this performance testing study and edge-
enhanced phase contrast reconstructed slice with FBP using 720 projections. Linear scale
grey level histogram in black and logarithmic scale in grey.

Before the actual reconstruction, the projections were flat-field corrected and
normalised by considering the air windows on the left and right side of the image as
a reference. Then a ring removal filter was applied to better compensate the detector

inhomogeneities. When considered, phase retrieval was performed at this stage.
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Then, after the application of a reconstruction algorithm, images were calibrated
to have a coherent grey scale for all of them. The calibration was performed by
selecting the mean grey level of two meaningful and homogeneous areas in the image.
A linear rescaling was then applied to each image. In addition to the FBP, the
considered reconstruction algorithms are: Simultaneous Iterative Reconstruction
Technique (SIRT), Simultaneous Algebraic Reconstruction Technique (SART),
Conjugate Gradient Least Squares (CGLS) (Palenstijn et al. (2011)), Equally
Sloped Tomography (EST) (Miao et al.| (2005)) and Minimum Residual FBP (MR-
FBP) (Pelt and Batenburg (2014))). The same number of projections was considered
for all the algorithms but the non-linearly spaced angles that better approximate
the requirements of the equally sloped tomography approach were adopted for
the EST reconstruction. Fig. [4.6] reports the edge-enhanced phase-contrast image
obtained by applying the FBP reconstruction algorithm (with Shepp-Logan filtering)
after simple flat-fielding and ring removal when considering 720 projections. By
observing the grey-level histogram, it can be noticed that image segmentation and
further analysis might be hampered due to the monomodal distribution of grey
tones. Figures [£.7 reports the output of different reconstruction algorithms after
the application of the same pre-processing steps when considering 90 projections
(meaning 1/8 of the acquisition time and radiation dose of the reference image).
Figure reports the results of the application of the same algorithms but with the
addition of the intermediate phase retrieval step before the actual reconstruction.
It can be noticed that while the most classical approach based on FBP without
phase retrieval leads to a noisy image, where the different holes in the object can
barely be recognised, iterative algorithms combined with phase retrieval are able
to reconstruct images having multi-modal histogram where the inclusions within
the phantom can be more easily segmented. Interestingly, promising results are
obtained with the SIRT algorithm also without the application of phase retrieval.

However, in the images reconstructed after phase retrieval the phase-contrast
fringes at the edges of the drilled holes in the phantom are correctly integrated

and a better separation of the peaks in the image histogram is noticeable. Several
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(@) (b) ()

(d) (e) )]

Figure 4.7: Reconstructed images when considering only 90 projections according to
the following algorithms: a) FBP; b) EST; ¢) MR-FBP; d) SART; e) SIRT; f) CGLS. The
related grey level histogram is reported below each image (the same grey level window
was used for all the images). [Linear scale grey level histogram in black and logarithmic
scale in grey]

applications can greatly benefit from such an enhanced and flexible reconstruction
workflow where phase retrieval and iterative algorithms can be used. When the
whole image processing pipeline can be applied in a reasonable amount of time,
CT acquisitions with a reduced number of projections are possible, leading to a

minimisation of the radiation damage or a faster experiment.
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Figure 4.8: Reconstructed images after the application of phase retrieval when
considering only 90 projections according to the following algorithms: a) FBP; b) EST;
c¢) MR-FBP; d) SART; e) SIRT; f) CGLS. The related gray level histogram is reported
below each image (the same gray level window was used for all the images). [Linear scale
gray level histogram in black and logarithmic scale in gray]

4.5 Three-dimensional rendering

An important advancement in medical imaging technology, made possible by
techniques as computed tomography and magnetic resonance, is, for sure, the

three-dimensional (3D) visualisation. Developments in this field have revolutionised
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the management of many aspects of health care and have led to improved surgical
planning and treatments. All 3D rendering techniques represent a 3D volume of
data in one or more two-dimensional (2D) planes, conveying the spatial relationships
inherent in the data with use of visual depth cues. The data are organised into
a 3D matrix of volume elements (voxels), and the dynamic range of the image is
preserved, enabling display of (for breast images) vessels, soft tissue, calcifications
and, not least, eventual benign or malignant lesions. Moreover, various parameters
such as surface shading and opacity can help reveal both surface and internal detail

and allow the radiologist or clinician to clearly distinguish most diseases.

4.5.1 Segmentation

One crucial step, to obtain a three-dimensional visualisation, is the extraction of
the volumetric grade distribution of a particular phase type from a CT volume.
Segmentation refers to the determination of the phase type for each voxel in the
image, it represents the first heavy modification of the image and it can be considered
as a "bridge step" necessary to any further analysis. There is no a unique standard
approach to segmentation, the methods described in the following are the ones mostly
used for the soft tissue case. The simplest segmentation technique is, probably,
thresholding: the basic concept lies in the proper selection of a threshold value on
the histogram intensities of a grayscale image (i.e. the slice). Individual voxels are,
then, marked as "object" voxels if their value is greater than the selected threshold
value, and as "background" voxels otherwise. Clearly, how to choose the threshold
value, is a key step that can be done either "manually" or using different automatic
approaches. A first method, divides arbitrarily the histogram in two parts, each one
of them is then modelled with a normal distribution. The value chosen as optimal
threshold is the one that minimise a minimum error criterion function between the
model and the real histogram (Kittler and Illingworth| (1986))). Another method
proposes an iterative approach in which, at step n, the average of the foreground and
background class means, are used to establish a new threshold 7;,. The process will

stop when the difference |T,, — T, 1| is small enough (Ridler and Calvard (1978))). A

Draft Printed on February 23, 2018



84 4. Image processing methods

widely diffused method, minimises the weighted sum of intra-class variances of the
foreground and background voxels to establish an optimum threshold (Otsu (1979)).
A method proposed by Tsai (Tsai (1985])) selects the threshold value imposing
that the first three weighted average of the input image are kept in the output
image. Another approach applies an entropic thresholding, that means that the
obtained final image keeps as much as possible the information of the original image
in terms of entropy (Pun| (1981)). This method suggested the development of a new
one, that considers the image foreground and background as two classes of events:
the selected threshold value is the one that maximise the sum of the two entropy
values. A more complex version of thresholding process changes the threshold value
dynamically over the image instead of using a single value for all the voxels. In
such a way, situation as changes in light condition resulting, for example, from a
strong illumination gradient or shadows, can be avoided. The methods introduced
so far, are able to handle situations with two separated phases, however, some
applications may require a classification into more than two classes. For an image
containing N subpopulations of voxels having similar intensities, it is possible to
select N — 1 threshold value. In this case, histogram has different peaks of intensity
values and the image is, usually, segmented by choosing more than one threshold
(multiple thresholding) to separate the peaks (e.g., at the bottoms of the valleys
between the peaks). A second approach applied in these situations is represented
by the classification algorithms. All classification algorithms assume that the image
depicts one or more features and that each of these features belongs to one of several
distinct and exclusive classes. Classes can be specified automatically (unsupervised
classification) or by the user (supervised classification). Classification algorithms,
usually, have two steps of processing: a first one, called training, selects and isolates
characteristic properties of some image features and then, based on these, creates
a unique description of each classification category. The testing step is meant to
use these feature-space partitions to classify image features (Haralick and Kelly
(1969)). All these methods are based on the intensity property of the image, the

other big class of methods exploits, for the segmentation, the spatial properties of
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the image. The simplest approach belonging to this class is the so-called region
growing: adjacent pixels of similar amplitude are gathered together to form the
segmented region. The difference between the algorithms is in the rule they use to
make growing the region. A first method combines pairs of pixels into groups called
"atomic regions" if they have similar amplitude and they are spatially connected.
Then, weak boundaries between regions are removed using heuristic rules (Brice and
Fennema/ (1970)). The method proposed by Adams and Bischof (Adams and Bischof
(1994))), asks the user to select a set of seeds corresponding to homogeneous areas.
The seed can be either a single voxel or a small cluster of voxels, depending on
the desired noise tolerance level. Then, conventional region growing proceeds with
one new pixel added to each of the N seeded regions. The process proceeds until
neighbouring regions meet at a common boundary. The last approach described in
this section concerns the edge detection segmentation methods. These techniques
segment the image into regions of similar characteristics by detecting the boundary
of each region for which there is a significant change in attribute across the boundary
(Marr and Hildreth (1980)); Nalwa and Binford| (1986)). However, this method is

rarely used for segmentation of volume images.
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5. Application on Breast cancer diagnosis: optimisation of experimental and
92 reconstruction parameters

5.1 Introduction

When physics has to be applied to medicine, the purpose of the research is, clearly,
driven by specific clinical issues, physicians define the target and what is important
from a medical point of view. In addition, investigation modalities need to be
adapted to the specific biological samples in terms of experimental conditions,
sample positioning, data presentation and, most of all, delivered radiation dose.
Consequently, the information content of the resulting images, is a compromise
between a series of parameters (both experimental and not) that influence the
image quality. For breast imaging, and for cancer detection in general, having a
high-quality image means having an image on which it is possible to do a correct
diagnosis, visualising all the important features that characterise the pathology. If
this condition could be reached, keeping the radiation dose at a level comparable to
that delivered in the present-day clinical 2D mammography, phase-contrast breast
CT is likely to outperform the other imaging techniques in terms of diagnostic value
and could be used in the large-scale screening programs significantly increasing
their efficiency. To this aim, a pilot clinical study involving a limited number
of patients is foreseen at the SYRMEP beamline of the ELETTRA synchrotron.
The project, called SYRMA 3D (SYnchrotron Radiation for MAmmography), is
carried out by a collaboration between INFN (Insituto Nazionale di Fisica Nucleare),
University Hospital of Trieste, University of Trieste and Elettra Sincrotrone Trieste
S.C.p.A. (Longo et al.|(2016))). Thus, as a pre-requisite for successful translation
of this technique into clinical practice, it is essential to evaluate, quantify and
optimise the main parameters, i.e. the choice of X-ray energy, sample-to-detector
distance, detector characteristics, strategies for CT scans and the reconstruction
workflow. This needs to be done in order to maximise the image quality and
therefore the diagnostic information. In this chapter three different works concerning
the optimisation procedure, that can be considered as the main scope of this

thesis, will be described.
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5.2 The image quality assessment

As described in detail in Chapter 4, digital images are subject to a wide variety
of distortions during acquisition, processing, compression, storage, transmission
and reproduction, any of which may result in a degradation of visual quality. The
optimal conditions for the use of PBI breast tomography technique in clinical
application, are still not completely known. The major goal of this thesis work was
to compare the quality of images obtained at different PBI conditions and processed
following different strategies, in order to establish the optimum protocol for the
practical application of this technique in breast cancer imaging. Another important
aspect of the work, was to understand which is the most suitable method to assess
the quality. When dealing with applications in which images need to be ultimately
judged by clinicians, theoretically, the only correct method to assess the image
quality is a subjective evaluation. Nevertheless, the subjective qualitative evaluation
could be too inconvenient, time-consuming and expensive, especially when a large
number of parameters influencing the final quality needs to be tested. For this
reason, the goal of research in objective image quality assessment is to develop
quantitative measures that can automatically predict the perceived image quality.
Three main approaches will be described in the following sections, all of them have
been sided and validated by a radiological assessment. In the first one, starting
from a fixed acquisition setup, a series of reconstruction workflows are evaluated.
The second and the third one extend the analysis to different experimental setups

in conjunction with different reconstruction strategies.

5.3 Full reference indexes

In this first approach, a comparison of different low-dose CT reconstruction workflows
for breast tomography is proposed. The opinion of expert radiologists was considered
to support the evaluation process. With the ultimate aim of an unsupervised
comparison, several quantitative metrics were computed to assess the quality of the

reconstructed images. In addition to the evaluation of common image characteristics
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(e.g., spatial resolution and signal-to-noise ratio - SNR), new image quality indexes
are also presented, which are supposed to take into account the spatial resolution and
noise sensitivity of the imaging setup simultaneously. The results presented here refer
to a study performed at the SYnchrotron Radiation for MEdical Physics (SYRMEP)
beamline of the ELETTRA synchrotron light source, which is, as mentioned in
Chapter 3, so far the only synchrotron beamline where trials on human patients

have been already conducted in 2D projection mammography mode (

5.3.1 Materials and methods

Samples description and radiation dose assessment

A polycarbonate phantom with the diameter of 10 ¢m (Fig. [5.1a) containing 8
holes filled with different materials to simulate x-ray absorption and refraction
characteristics of breast tissue was scanned at both high and low photon statistics
(i.e. with different photon flux obtained by interposing filters between the source
and the sample). A tissue specimen sampled during a surgical mastectomy obtained
out of overleft material to be wasted was also scanned at high and low statistic (Fig.
). Before data acquisition, in addition to standard fixation, the specimen was
sealed in a plastic bag under vacuum for a better conservation and handling. Prior
to the surgical mastectomy the patient expressed the agreement about the possibility
to use this material for scientific experiments. For both the considered samples
the experimental parameters are: energy = 32 keV', sample-detector distance = 1
m, number of projections = 3600, detector binning = 2 x 2 with resulting voxel
size = 54 pm (due to a small geometrical magnification of 24/23 = 1.043 the
effective pixel size in the sample plane is 51.75 um). CT scans in low statistic were
performed with 3600 projection at an Average Glandular Dose (AGD) calculated in
the irradiated volume of 136 mSwv. In order to obtain a value of AGD comparable
to the clinical mammography, for each dataset only 1/10 of total projections with
added simulated Poisson noise were considered. To be specific, noise was increased
by measuring the standard deviation of a background area and multiplying it by

a factor 3, thus the resulting AGD released to the sample is reduced to about 1.5
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mSv. The evaluation of AGD has been performed from the values of air kerma
measured by the ionisation chamber of the beamline and applying a Monte Carlo

simulation code for the assessment of the delivered doses in the glandular tissue.

(b

Figure 5.1: (a) Polycarbonate phantom where 1 = Glycerol (C5HgOs3), 2 = Unknown
tissue (Malignant), 3 = Water (H20), 4 = Fibrous tissue, 5 = Calcium Chloride (CaCly),
6 = Adipose tissue, 7 = Paraffin wax, 8 = Ethanol (EtOH); (b) Reference image for
the mastectomy sample reconstructed with FBP algorithm and considering 3600 high
statistic projections. The red square indicates the region-of-interest used for the image
quality assessment

Reconstruction workflows

In this manuscript reconstruction workflow refers to the entire process from the
acquired projections to the final images, this means that it includes pre-processing
steps, the reconstruction algorithm and post-processing steps. In all the considered
workflows, before the actual reconstruction, the projections were flat-field corrected
and normalised by considering the air windows on the left and right side of the
image as a reference. Then a ring removal filter (Boin and Haibel (2006)) was
applied in order to better compensate the detector inhomogeneity (Brun et al.
(2013, 2015)). The considered CT reconstruction algorithms are: Filtered Back
Projection (FBP) (Kak and Slaney| (2001))), Simultaneous Iterative Reconstruction
Technique (SIRT) (Van der Sluis and van der Vorst, 1990), Simultaneous Algebraic
Reconstruction Technique (SART) (Gordon et al., 1970), Conjugate Gradient

Draft Printed on February 23, 2018



5. Application on Breast cancer diagnosis: optimisation of experimental and
96 reconstruction parameters

Least Squares (CGLS) (van der Sluis and van der Vorst| (1990)), Equally Sloped
Tomography (EST) (Miao et al.| (2005))), Total Variation (TV) minimisation (Tang
et al| (2009)) and an iterative FBP algorithm based on the image histogram
updates (Myers et al| (2010))). In addition, the effect of in-line single distance
phase retrieval was considered. The phase retrieval was performed prior to the
actual reconstruction by processing each projection independently, in accordance
with the homogeneous Transport of Intensity (TIE-Hom) algorithm (Paganin et al.
(2002))), using 6/ = 1000 (i.e. a value close to the theoretical value of the ratio
of the imaginary part to the real decrement of the relative x-ray refractive index
for glandular and adipose tissues) as implemented in X-TRACT software (Gureyev
et al. (2011))). A post-processing of the reconstructed images was also considered
based on simple spatial filter over a neighbourhood of w x w pixels, including the
optimal Epanechnikov kernel (Gureyev et al.| (2014a))) and the edge-preserving
image de-noising by the SUSAN method (Smith and Brady (1997)). All these
reconstruction algorithms and image filters are available in X-TRACT software
which can be downloaded and verified on request (link to sign-up form available
here: http://www.ts-imaging.net/Services/SignUp.aspx). A summary of the
considered workflows is reported in Table [5.1] which also contains the abbreviations

used throughout this chapter.

Quantitative evaluation of the images

The evaluation of the reconstructed images was carried out by means of full-reference
and no- reference image quality assessment indexes (Wang et al. 2004). In the
full-reference approach, a complete reference image is assumed to be known. In
this work, the reference image (Fig. ) is the one obtained by applying the FBP
reconstruction algorithm and considering all the available projections acquired with
high statistics. The underlying assumption is that, when a large number of high
quality projections is available, the well-known and widely used FBP algorithm

gives good results and therefore it can be assumed as the reference reconstruction
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Table 5.1: Considered reconstruction workflows

Abbreviation Phase Retrieval ~ Reconstruction Post-Processing
FBP no FBP no
FBP-ITER no FBP-ITER no

SIRT no SIRT no
SART no SART no
CGLS no CGLS no

EST no EST no

phr FBP yes FBP no

phr FBP-ITER yes FBP-ITER no

phr FBP-ITER Epanl17 yes FBP-ITER  Epanechikov (w = 17)
phr FBP-ITER Susand yes FBP-ITER Susan (w = 5)
phr TV-MIN yes TV no

phr SIRT yes SIRT no

phr SART yes SART no

phr CGLS yes CGLS no

phr EST yes EST no

workflow. The adopted indexes are: MSE - Mean Squared Error, SNR - Signal-
to-Noise Ratio, UQI - Universal Quality Index (Wang and Bovik (2002))), NQM
- Noise Quality Measure (Damera-Venkata et al. (2000))) and SSIM - Structural
Similarity Index (Wang et al. (2004)). These characteristics are typically evaluated
within a representative sub-region of the image where the pixel intensity values can
be considered approximately spatially stationary (Geisler and Banks (1995); Wang
and Bovik (2002))). While low values for the MSE index suggest a better image
quality, higher values for SNR, UQI, NQM and SSIM are instead expected when a
higher quality image is considered. The dimensionless no-reference intrinsic quality
characteristic Q, which incorporates both the noise propagation and the spatial

resolution properties of a linear system was computed according to the equation:

SNRout
Qu=""r"
F1/2

mn

Ax (5.1)

where Fj, is the mean value of the incident photon fluence (the number of incident
photons per n-dimensional volume, in the current context, per unit area), Az

is the spatial resolution of the imaging system and SN R, = Sout/0ou is the
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output signal-to-noise ratio (Gureyev et al.| (2014a,b))). The CNR was calculated
by selecting two meaningful areas of the image containing two strongly different
grey levels: a region inside the lesion and a region within the adipose tissue. Then,

the following formula was applied:

|< Sfibrous > =< Sadipose >|
1/2
(U?'Lbrous—"_ UZdipose) /
2

CONR = (5.2)

where Stibrous and Sggipose are the average value in an homogenous region of fibrous
or adipose tissue and o fipous aNd Oggipose are the corresponding standard deviations
in the same regions, that are linked to photon counting noise in raw projections
Gureyev et al|(2013); Nesterets and Gureyev, (2014)). Since the evaluation of FWHM
requires a well defined image edge, this index was evaluated by considering the
images of the polycarbonate phantom sample. The measure was carried out by
taking ten line profiles (60 pixels length) at a polycarbonate - CaCly detail interface.
The profiles were then fitted with a non-linear sigmoid function. This function was
then differentiated and the FWHM of the obtained Gaussian curve was evaluated
(Fig. [5.2) (Mohammadi et al.| (2014))). The choice to evaluate edges quality on this
particular detail was made because C'aCls is the only detail that presents sufficient
differences in grey levels allowing the measure; further in some images reconstructed
without phase retrieval it is the only visible detail. It has to be pointed out that
the &/ ratio, used for the phase-retrieved reconstructions, is not optimised on the
CaCly but on the glandular and adipose tissue, so the selected detail is heavily
affected by the phase-retrieval blurring effect.

Radiological assessment

Three experienced radiologists and one pathologist with long experience in patho-
logical correlation with radiological imaging expressed a blind opinion in terms of
identification of the lesion borders and spiculations, visibility of small connectival
residues included in the adipose tissue, perceived contrast and spatial resolution

of each reconstructed image. They were asked to give a global score from 0, for
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Figure 5.2: Edges quality measurement method. On the left part, the figure shows
ten individual profiles (blue dots) and the fitted sigmoid function (red dots) used for
the evaluation; the right part displays the obtained Gaussian curve where FWHM was
calculated.

the worst case, to 4, corresponding to the best image, i.e. the FBP reconstructed
slice obtained from the full statistic dataset with 3600 projections (float values were
allowed). After a first evaluation, they did a more detailed rating comparing groups
of two or three images that previously received the same assessment. Based on their
opinion, the images were then classified into three categories: no-diagnostic power
(mean radiological score from 0 to 2), i.e. it seems to be hard to diagnose the tumour;
poor diagnostic power (mean radiological score from 2 to 3), i.e. it would be possible
to diagnose the tumour but without an accurate evaluation of spiculations and/or
connnectival residues existing in the tissue; full diagnostic power (mean radiological

score higher than 3), i.e. all the relevant features are detectable and quantifiable.

5.3.2 Results and discussion

Figures 5.3 report some of the reconstructed images considered in this study.
The images are grouped according to the three categories mentioned above. Table
[.2] reports the computed values for the full-reference indexes when considering
the image of the breast tissue sample after the application of all the considered
reconstruction workflows. First, it has to be pointed out that the most widespread

and well known reconstruction method based on the FBP algorithm is definitely

Draft Printed on February 23, 2018



5. Application on Breast cancer diagnosis: optimisation of experimental and
100 reconstruction parameters

outperformed by the other approaches. Indeed, the computed indexes suggest
that the global quality of the images reconstructed with iterative algorithms is
significantly higher than the one obtained with FBP. This is in line with the general
consensus that when dealing with a limited number of noisy projections, algebraic

techniques are better suited for the reconstruction of tomographic images.

Table 5.2: Numerical results of the full-reference quantitative image quality assessment

MSE  SNR [dB] UQI NQM SSIM

FBP 167.0E-07 -2.91 0.0073 891  0.07
FBP-ITER 21.1E-07 6.09 0.0204 6.94 0.12
SIRT 6.2E-07 11.41 0.0403 10.00 0.28
SART 4.7TE-07 12.54 0.0475 9.31  0.29
CGLS 9.5E-07 9.54 0.0338 9.19 0.25
EST 20.1E-07 6.29 0.0103 9.24 0.15
phr FBP-ITER 2.1E-07 16.17 0.0496 13.10 0.47

phr FBP-ITER Epan17  1.6E-07 17.25 0.0352 14.22 0.71
phr FBP-ITER Susan5  1.5E-07 17.57 0.0374 14.75 0.71

phr TV-MIN 1.5E-07 17.52 0.0419 14.29 0.69
phr FBP 2.2E-07 15.88 0.0403 1291 0.51
phr SIRT 1.7E-07 16.92 0.0402 12.99 0.67
phr SART 1.7E-07 16.94 0.0408 12.82 0.67
phr CGLS 1.8E-07 16.88 0.0419 12.95 0.65
phr EST 1.8E-07 16.88 0.0361 1298 0.61

The benefit of the phase retrieval pre-reconstruction processing should be noted as
well. When comparing the performance of the same reconstruction algorithm with
and without the application of phase retrieval (e.g. SIRT vs phr-SIRT), better MSE
and SNR are revealed as well as a higher NQM value. The structural similarity index
suggests an increased image quality as well. On the other hand, the UQI index seems
to be less sensitive to the benefits of phase retrieval. A lower UQI is recorded for e.g.
the phr-SART with respect to the SART reconstruction workflow while, instead, the
MSE, SNR, NQM and SSIM suggest a better global image quality for the phr-SART.

Moreover, a similar situation is observed for the group of FBP-ITER methods. The
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MSE, SNR, NQM and SSIM indicate a better quality for this groups compared with
the other reconstruction approaches when phase retrieval is considered. However,
the UQI index does not seem to highlight the performances of this FBP-ITER
based group. When adding post-processing filters to the FBP-ITER algorithm, the
UQI index again seems unable to reveal differences that, on the other hand, MSE,
SNR, NQM and SSIM seem to suggest. The values of the no-reference quantitative
metrics are reported in Table[5.3|. Both the phantom and the tissue sample were
considered to validate this approach. Since the resultant trend was quite similar in
both cases, for simplicity and experimental relevance, it was chosen to report only
the numerical values computed for the tissue sample. For the sake of clarity, these
metrics were also applied to the image reconstructed with the FBP algorithm and
considering all the projections acquired at high statistics (reference image). The two
general trends that have been identified with the use of full-reference image quality
indexes (i.e. the improvement of the quality as the consequence of using iterative
CT reconstruction algorithms, compared to FBP, and also as a result of including
the TIE-Hom phase retrieval into the reconstruction workflow), are repeated in the
measured values of the no-reference quality index Q, (Table ). The negative
effect of lower spatial resolution on the Q. values can be seen for "phr-FBP-ITER
Epanl7" method, where the use of a broad (17-pixel wide) Epanechnikov filter led
to the deterioration of the spatial resolution and, as a result, to a lower Q, score,
even though the CNR was considerably higher than in the "phr-FBP-ITER" method,
i.e. without the post-processing with the Epanechnikov filter.

On the other hand, the use of edge-preserving filters in the methods like "phr-
FBP-ITER Susan5" or "phr-TV-MIN" did not lower the spatial resolution to the

same degree and thus resulted in higher Q, values. As regards to the CNR and

the FWHM values it has first to be reminded that they require a joint discussion
since CNR solely can lead to misleading conclusions when computed after e.g.
post-processing the reconstructed image with a low pass filter. In fact, in this

case, the smoothing process produces an enhancement in contrast and noise but it

negatively affects the spatial resolution. To better understand the duality of these
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Figure 5.3: No-diagnostic power. Due to the specific clinical context the main lesion is
still noticeable but a global poor contrast to noise ratio can be perceived and connectival
residues are not visible.

(a) phr FBP-ITER Epanl7  (b) phr FBP-ITER Susan5 (¢) phr TV-MIN

Figure 5.4: Poor-diagnostic power. Here the main lesion is well detectable thanks to
the increased CNR, however the small connectival residues in the parenchimal area are
yet not fully resolved, as well as the spiculations and the lesion borders.

two no-reference indexes, Fig. [5.6| reports in graphical form the relation between
CNR’ (contrast to noise ratio normalised by the selected area) and FWHM.
The values for the reference image are also plotted to better show that an optimal
reconstruction workflow should be as close as possible to the reference, i.e. it should
present a low FWHM value and high CNR. The results for the FBP workflow are
not represented in Fig. because it was impossible to identify an edge in the
reconstructed image to be used for the computation of the FWHM. This confirms
what already underlined after the application of the full-reference indexes, i.e. the
iterative approaches overcome the FBP when dealing with a reduced number of noisy

projections. From both Table [5.3] and Fig. [5.6] it could be noticed that the already
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Figure 5.5: Full-diagnostic power. The main lesion with all the relevant features is
clearly visible and quantifiable.
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Figure 5.6: Full Width Half Maximum with Contrast to Noise Ratio measured on
polycarbonate phantom. CNR/ measure is CNR normalised over the selected area.

underlined benefit of the phase retrieval pre-processing is due mainly to an increased
CNR but, as expected, a degradation of the edges quality, i.e. a lower value for the
FWHM, is also noticeable in the images where phase retrieval has been applied.

In order to better appreciate the effects of this pre-reconstruction processing,
phase retrieval was applied also to the reference image and the no-reference indexes
were assessed. The computed values are: CNR’ = 30.53, FWHM = 5.82, Q
= 62 and Qg

cancer)

adipose) = 3. Again, a substantial improvement in the contrast with a
slight reduction of the edges quality is noticeable. This confirms that the quality of
the reconstructed image is altered mainly by the phase retrieval step and not by

the specific reconstruction algorithm. Table [5.4] reports the results of the subjective

evaluation of the images performed by the expert radiologists and the pathologist.
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Table 5.3: Numerical results for the no-reference quantitative image quality assessment

CNR* FWHM [plxel] Qs(cancer) Qs(adipose)

Reference Image 8.88 2.03 18 12
FBP 0.20 - 1 0.5
FBP-ITER 0.67 11.47 2 1
SIRT 1.53 12.17 3 2
SART 1.89 13.56 4 3
CGLS 1.14 10.52 3 2
EST 0.73 8.48 2 1
phr FBP-ITER 4.62 11.01 8 5
phr FBP-ITER Epan17 15.18 12.88 5 4
phr FBP-ITER Susanb  16.47 12.67 17 13
phr TV-MIN 14.06 6.03 22 13
phr FBP 5.37 17.16 8 6
phr SIRT 12.58 16.35 13 10
phr SART 12.60 16.32 11 8
phr CGLS 10.58 16.43 14 10
phr EST 8.55 15.97 11 8

This subjective evaluation is fundamental to better understand if the benefits
in terms of contrast resolution with the simultaneous reduction of edges quality
induced by the phase retrieval are tolerated during the radiological evaluation
process. The analysis of Table [5.4] with respect to Fig. suggests that, at first,
the observers focus the attention on the contrast resolution of the images. If an
insufficient contrast is detected, a radiologist judges an image as meaningless for the
diagnosis process. Beyond a level of contrast considered acceptable, the radiologists
prefer the images having the highest edges quality (i.e. the lowest value of FWHM).
Therefore, once this acceptable contrast level is identified, it seems that spatial
resolution has to be privileged. This is because the diagnosis process for this specific
application is based mainly on the morphology of the lesions in the tissue rather
than contrast. According with this, "phr-FBP-ITER-Susan5" and "phr-FBP-ITER-
Epanl7" reconstructions workflow should have been judged as full diagnostic power
images. Nevertheless, additional remarks should be made about the texture of

these reconstructed images. One of the involved radiologists commented about this
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Table 5.4: Qualitative assessment of the considered images performed by expert
SUpervisors.

Radiol. 1 Radiol. 2 Radiol. 3 Pathologist | Mean Score

FBP 1 1 1 1 1

FBP-ITER 1 1 1 0.5 0.87
SIRT 1.5 1 1.5 1.75 1.43
SART 1.5 1.25 1.5 1.75 1.5
CGLS 1 1.25 1.5 1.5 1.31
EST 1 1.25 1.5 1.5 1.31
phr FBP-ITER 3 3 2.5 2 2.62
phr FBP-ITER Epani17 2.5 3.25 2.5 2.5 2.68
phr FBP-ITER Susand 2.5 3.25 3 2.5 2.81
phr TV-MIN 1.5 2.75 2.75 2.75 2.43
phr FBP 2.5 2.5 2.75 3.5 2.81
phr SIRT 3.25 3.25 3.5 3 3.25
phr SART 3.25 3.25 3 3 3.12
phr CGLS 2.5 3.25 3 3 2.93
phr EST 3.5 3.25 3.5 3.5 3.43

and the subjective evaluation for these reconstruction workflows resulted strongly
penalised by unrealistic image texture. Figure reports the images reconstructed

with phr-TV-MIN (affected as well by the same problem) and phr-EST, respectively.

(a) phr TV-MIN (b) phr EST

Figure 5.7: Close-up of tissue sample slices pre-processed with phase retrieval and
reconstructed with TV-Minimization (a) and EST (b) algorithm. In this small image
portion the different textures are better noticeable.

A different texture, and a consequently lower visibility of spicules, is observed
after the application of the considered implementation of a TV minimisation
algorithm. Interestingly, none of the considered quantitative metrics seemed able

to reveal this aspect. Further optimisation of this work should include also a
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quantitative evaluation of textural features in the reconstructed images. Moreover,
it seems that the radiologists are not concerned by a strong amount of noise in
the reconstructed image. This could help the optimisation of the reconstruction
workflow since, in order not to sacrifice the spatial resolution, usually more noise
can be tolerated. With the aim of an unsupervised evaluation of breast C'T images,
an additional correlation between the subjective score proposed by the medical
personnel and some of the proposed indexes is reported in Fig. [5.8] There is a general
agreement between most of the evaluated image quality scores and the radiological
assessments, at least as far as the general trends are concerned. Overall, among
all the evaluated objective image quality measures, the SSIM score (multiplied by

the factor of 6) tracked the radiological assessments the closest.
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Figure 5.8: Correlation between the radiological score and various image quality indexes.

It is worthy to underline that the considered mastectomy sample includes an
opacity compatible with a malignant lesion of about 3 ¢m where irregular edges,
blurred margins and spicules are strongly visible. Moreover, the lesion is part
of a convoluted breast where thin connectival trabeculae are clearly noticeable.
When considering this specific diagnostic context, the radiologists confirm that a
diagnosis is easy to perform. With the support of the anatomo-pathology unit,
further activities will be focused in the search of a more challenging mastectomy

sample where e.g. the excised tissue presents small satellite lesions and therefore a
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diagnosis could be less easy to perform. Together with the evaluation of additional
reconstruction methods, this will help a future refinement of the reconstruction
workflows identified in this article as those producing images with full diagnostic
power. This should be done in order to better identify the reconstruction workflow
most suitable for an in vivo application of low-dose phase contrast breast CT.
Finally, in the framework of a clinical trial, further work should be dedicated to
the application of the proposed methodology to other experimental setups, such as
e.g. different sample-to- detector distances and X-ray energies. An optimisation
of the detector to be used is also necessary. The one adopted in the experiment
presented in this article was chosen for its high spatial (an effective pixel size of
54 pum) and contrast resolution, nevertheless for CT in-vivo studies on patients,
an optimised version with a faster readout will be required. To this aim, the next
described work was meant to extend the analysis to other experimental setups and

image processing strategies, applying some of the indexes used in this section.

5.4 Radiological assessment

This second study a comparison of the results obtained with different experimental
setups is carried out, such as different propagation distances and energies, and subse-
quently evaluated the image acquisition protocols as well as the image reconstruction
algorithms. The collected x-ray projection images were optionally phase retrieved
using the TTE-Hom method (Paganin et al. (2002))). Subsequently, 3D images of the
breast tissue were reconstructed using different CT methods, such as simultaneous
iterative reconstruction technique (SIRT) (van der Sluis and van der Vorst| (1990))),
iterative filtered back projection (iFBP) (Myers et al. (2010)) and several others. A
quantitative evaluation of the reconstructed images was performed using several
objective image quality metrics, such as the spatial resolution, signal-to-noise ratio
(SNR) and the intrinsic quality characteristic Q, (Gureyev et al| (2014b)). A
radiological assessment of the obtained PB-C'T images by a relatively large group
of 13 medical imaging specialists was carried out and it was demonstrated that the

subjective scores assigned by these specialists to different images were generally
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in good agreement with the objective image quality indices of the same PB-CT
images of the breast tissue specimen. The image quality indices obtained for an
extended range of examined parameters (e.g. different distances and energies)
were consistent with the theoretical results of propagation-based phase contrast
analysis. Also, for the first time in this work a successful cross-identification of
features and comparison between histological images and x-ray images obtained

with PB-CT of breast tissues, has been performed.

5.4.1 Materials and methods

Ezxperimental setup

In this study two different detectors were used: Hamamatsu CMOS Flat Panel
Sensor C9252DK-14 and DALSA Argus high-resolution CCD TDI sensor. The
Hamamatsu detector was used in the partial scan mode, which had a smaller pixel
size 100 x 100 um? at the expense of reduced field of view, compared to the full scan
mode of the same detector. This detector has a Csl scintillator directly deposited
on a 2D photodiode array. The Dalsa detector was used in the 2 x 2 binning
mode with an effective pixel size of 54 x 54um?. Geometrical magnification was
taken into account in the evaluation of the effective pixel size of the detectors and
sample-to-detector distances (table . The samples were imaged at three different
energies: 32, 35 and 38 keV', in PB-CT mode using four different levels of photon
statistics (see table for the associated radiation doses). The CT scans were
collected at three different sample-to-detector distances Ry = 0.16, 1.85 and 9.31 m,
the latter resulted in strongest phase contrast. Each scan contained 2000 projections
collected with 0.18°angular step over 360°. For correction of the x-ray projections,
40 dark current images and 40 flat field images were also collected, half before and

half after each sample scan.

Breast tissue sample
One human breast tissue specimen (Fig. [5.9) excised during a surgical left

mastectomy procedure, was prepared for x-ray phase-contrast CT imaging and for
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histological examination. The sample with a malignant lesion was provided by
the Department of Pathological Anatomy, University of Trieste Medical School,
Cattinara Hospital, Trieste, Italy. The sample was taken from a 67 year-old
woman with bro-adipose breast parenchyma. During the histological examination,
multiple foci of intraductal papillomatosis and sclerosing adenosis were found.
Moreover, histological examination found invasive ductal carcinoma, moderately
differentiated (grade 2) with solid-trabecular and focally lobular-like aspects. The
maximum diameter of the tumour was 27 mm. For imaging, the sample was fixed
in formalin and sealed hermetically in a polyethylene container. The specimen
was approximately 12 em by 7.5 em transversely and about 4 ¢m thick. Note that
the transverse dimensions of the sample were consistent with the conditions of full
breast CT imaging, while the thickness of the sample was also larger than the height

of the x-ray beam.

Figure 5.9: Reference image of breast tissue sample used in the radiological assessment
(SIRT reconstruction from 1000 projections with 1000 iterations, Ry = 0.16 m, E = 32 keV/,
Dose = 2 mGy). This image represents an approximation for the conventional (absorption-
based or "contact") mammographic image, with the best overall image quality achieved
using different reconstruction methods from the data collected at the shortest propagation
distance at a given radiation dose. White ovals represent five regions-of-interest (ROIs)
which were used for rating in the radiological assessment.
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Radiation dose estimation

During the experiment, an ion chamber (IC) was installed in the x-ray beam.
The readings from the IC, which were used for measuring the photon fluence
rate, were recorded during the CT data acquisition. In order to calculate the mean
absorbed dose (D) of the breast tissue, a numerical phantom with the cross-section
schematically depicted in figure m (Dance| (1990)); Protection and Measurements
(2004)) was used. The phantom simulates the breast tissue with radius r (in ¢m)
and composed of 50w% gland tissue and 50w% adipose tissue (Hammerstein et al.
(1979)), surrounded by adipose tissue (simulating the skin layer) enclosed inside
a cylinder of radius Rout (in ¢m). Using this phantom, the mean absorbed dose
can be calculated by converting the photon fluences in the sample plane as follows

(Johns and Yaffe (1985); |[Nesterets and Gureyev| (2014); Nesterets et al.| (2015))):

Rout(cm) Raps »d(ph ecm™2)E(keV)
r?(cm?) pr(g cm=3)

2
Daps(mGy) = —1.602 x 10710 (5.3)

Here Rgps, is the fraction of x-ray energy incident on the phantom which is absorbed
in the glandular tissue, ¢ is the incident photon fluence (in photons per cm?), p, is
the mass density of the glandular tissue (in g cm ™) and E is the x-ray energy (in
keV'). The Rgps, values were calculated using Monte Carlo (MC) simulations with
5 em and 4.5 ¢m for R, and r, respectively (Nesterets et al. (2015))), assuming
that the entire phantom (unlimited along its axis) is uniformly illuminated by the
x-ray beam. These values correspond to the dimensions of the sample used in the
experiment. Results of this simulation for three different energies are shown in Table
As mentioned above, for each energy, scans were made with four different levels
of photon statistics, achieved by utilising Aluminium filters of varying thickness in

combination with variable exposure time (Table [5.6).

CT reconstruction procedure

X-TRACT (Gureyev et al.| (2011)) and STP (Brun et al|(2015)) software were
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Table 5.5: Values of the R, calculated using MC simulations for the phantom shown
in figure for three energies used in the experiment.

Photon Energy (keV)
32 keV 35 keV 38 keV
Rups, 0455 0.404  0.358

]{olll

Breast tissue

Figure 5.10: A schematic diagram of the numerical phantom used for mean glandular
dose calculations (Nesterets et al., 2015).

used for CT data processing and analysis which included data pre-processing
and CT reconstruction. The pre-processing of projection images contained the

following steps:

1. dark current correction, consisting of subtraction of mean dark current image
(collected with no x-ray illumination) from the datasets and from the flat-field

images in order to remove the detector dark current contribution,

2. flat-field correction, using images collected with the x-ray illumination but

without the sample to correct for uneven illumination,
3. optional phase retrieval, using the TIE-Hom algorithm (Paganin et al.| (2002)))

4. ring removal filter for reducing ring artefacts caused by imperfect detector

pixel elements (Boin and Haibel| (2006))).
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The TIE-Hom algorithm was optionally applied to the projection data sets, in
order to optimally exploit the phase information, with different values of §/5 ratio.
Here the g value, which constitutes the imaginary part of the complex refractive
index n =1 — ¢ 4 103, is related to the absorption, while the § value, is related to

the phase shift. The application of the TIE-Hom algorithm, as seen in previous

Table 5.6: Values of the mean glandular absorbed doses for breast tissue sample
calculated by using the cylindrical numerical phantom shown in figure (with the
outer radius Ry, = 5 c¢m and the inner radius r = 4.5 ¢m). Only the data corresponding
to scans with the Hamamatsu detector is given here, as the scans collected with the Dalsa
detector have not been used in the radiological assessment in the present study.

Mean Glandular Absorbed Dose (mGy)

Ry(m)
E (keV) Photon statistics  0.16 1.85 9.31
32 High 114.51 150.13 277.33
Medium 14.63  19.08 34.67
Low 7.32 9.22 17.18
Very Low 4.13 4.64 8.43
35 High 86.87 101.39 183.6
Medium 10.79  13.15 26.1
Low 5.58 6.51 11.44
Very Low 2.81 3.43 8.22
38 High 82.98 1004 18;779.88
Medium 10.41  12.55 23
Low 4.87 7.57 9.89
Very Low 2.29 3.77 5.32

chapters, is particularly useful for imaging objects consisting of components with
similar x-ray attenuation properties. For each energy, two different values of §//
were used. The first value was close to the theoretical value (T'S-imaging website)
of the relative § /5 value for glandular tissue in adipose tissue (§/5 = 870, 978, 1083
for 32, 35 and 38 keV respectively), while the second was equal one was equal to
the half of the first value. This latter value of §/5 was included into the study to

test the hypothesis that such "partially phase retrieved" image can be approximated
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by a mixture of the raw phase-contrast image, which typically has sharp edges, and
the phase-retrieved image, which typically has better grey-scale differentiation for
soft tissues, can potentially deliver an optimal combination of the two desirable
properties (edge sharpness and soft tissue differentiation). Normalised projections
were converted to sinograms after pre-processing, and each sinogram was used to
reconstruct the (dimensionless) distribution of the imaginary part of the complex
refractive index, B(x,y, z0) = (A/4m)u(z, y, 20), within a single transverse slice of the
sample () is the x-ray wavelength and p is the linear attenuation coefficient). In this
study, several different C'T reconstruction algorithms were used, but since some of
them have been already object of the optimisation described in the previous section,
the results obtained with only two algorithms are included in the present paragraph:
iterative filtered back-projection (iFBP), which is available in X-TRACT software,
and simultaneous iterative reconstruction technique (SIRT), which is available in

STP software.

Radiological assessment

The radiological assessment was conducted on the basis of PB-CT x-ray images
with acceptable radiation doses obtained during the experiment. Thirteen imaging
specialists (seven radiologists and six diagnostic radiographers), each with over five
years? experience in assessing radiologic images, participated in the assessment. In
the current stage of the evaluation, 81 images obtained with the Hamamatsu detector
and different experimental parameters (distances and energies) were assessed. All
images were reconstructed using two algorithms, iFBP and SIRT (the latter using
400 and 1000 iterations), following the application of the TIE-Hom phase retrieval
algorithm with two different values of § /5 ratio (depending on the energy) and also
without phase-retrieval algorithm. For each of the reconstructions, only one half
of the collected projections (i.e. 1000) were used in order to reduce the effective
dose to an acceptable level (around 4 mGy). The imaging specialists were asked
to assess 6 image attributes within the 5 regions of interest (ROIs) outlined in the

image (figure 5.9), in comparison with the same ROIs in the selected reference
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image (obtained at Ry = 0.16 m and E = 32 keV/, without phase retrieval), which
corresponds to standard CT. The reference image was obtained using the SIRT
algorithm (with 1000 iterations), because it gave us the best results for the images
without phase contrast. The following attributes of the images were rated: soft
tissue contrast (degree of differentiation of the densities of various soft tissue regions),
edge sharpness (clarity of definition of edges and outlines of structures), soft tissue
interfaces (clarity of visualisation of interfaces between different soft tissue elements),
spiculations (sharpness of reproduction of spiculations), artefacts (distractiveness
of image mottle and other artefacts) and image noise (distractiveness of noise in
the image). Each attribute was rated using a five-point scoring scale. The meaning
of the rating scores was as follows: the fulfilment of the corresponding criteria
in the new image was clearly better than (+2); slightly better than (+1); equal
to (0); slightly worse than (-1); and clearly worse than (-2) the fulfilment of that
criteria in the reference image. For each image the mean values of all attributes
were calculated. All images were assessed using primary reporting workstations
with 5 megapixel monitors, which were calibrated to the grayscale standard display

function. Ambient lighting did not exceed 40 lux.

5.4.2 Results and discussion

The results of the radiological image assessment have confirmed that the propagation
(sample-to-detector) distance was the most important variable of the experiment.
The highest values in radiological scoring were consistently achieved for images
obtained at the longest propagation distance. Additionally, images obtained at
32 keV received better scores on average compared to the other energies. Images,
for which the TIE-Hom algorithm was applied, received higher scores than images
reconstructed without phase retrieval. To objectively assess the images used in the
radiological assessment, the values of three "no-reference" indices, including the
signal-to-noise ratio (SNR), the spatial resolution (Ar) and the intrinsic quality
index Q, ((Gureyev et al. (2014a,b)))) were calculated using X-TRACT software.

For each image, two values for each of the above indices were obtained, using the
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same size area (128 x 128 pixels), one inside and one outside the lesion. Within
these areas, we calculated, using X-TRACT software, the mean of the pixel intensity
values and its standard deviation. The SNR was then evaluated as the ratio of the
mean to the standard deviation. The spatial resolution was calculated from the
power spectrum of image noise (which was calculated from the power spectrum
of image noise (which was de ned as the difference between the value of intensity
in a given pixel and the mean intensity value within the area). Assuming that
the incident photon flux within the selected small uniformly illuminated area was
spatially stationary, ergodic and had Poisson statistics, it was possible to find the
width of the system PSF by measuring the effective width of the power spectrum
of the image noise. Indeed, while the power spectrum of incident white noise
was uniform, the convolution with the detector PSF, phase retrieval and the CT
reconstruction led to multiplication of the power spectrum by the square of the
corresponding modulation transfer function (MTF). Therefore, by calculating noise
power spectrum within the selected uniformly illuminated area of an image, we
could determine the width of the MTF, and then calculate the width of the PSF
assuming a certain general functional form of the PSF (Gaussian PSF is assumed
in X-TRACT). The spatial resolution of the imaging system (including all the
post-processing operations) was equated with the width of that PSF, referred back
to the object plane (note that the x-ray source size had relatively minor contribution
to the resolution in the used imaging configurations). After calculating both the
SNR and the spatial resolution, their ratio was calculated, SN R/Ar, which, by
definition, coincides with the product of the intrinsic quality characteristic ), and
the square root of the incident photon fluence (Gureyev et al. (2014b)). This
product is reported as Q) below. As the incident photon fluence was almost the
same for all the images compared below, the multiplication of the intrinsic imaging
quality by the square root of the fluence did not affect the comparison of the relative
intrinsic quality of the images. The values of the indices obtained for iFBP and
SIRT (1000 iterations) algorithms are presented in Table 5.7, Additionally, the
results for the spatial resolution and SNR are shown in figures [5.11 and [5.12] The
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solid lines correspond to linear fits to the data corresponding to images obtained

with full phase retrieval, dashed lines correspond to images with half phase retrieval

and dot-dashed lines correspond to images without the phase retrieval. Due to the

large amount of the data, only results obtained inside the main lesion are presented.

Table 5.7: The values of no-reference objective indices for images reconstructed with
iFBP and SIRT (1000 iterations) algorithms, calculated inside the lesion with full phase
retrieval (phr), half phase retrieval (0.5 phr) and no phase retrieval (none).

iFBP SIRT 1000
Rank of R'A Ry (m) E (keV) Phase retrieval Spatial resolution (um) SNR Q. -1072 (um™') Spatial resolution (um) SNR Q) -1072 (um™")
1 0.16 38 phr 227 5.53 2.43 245 7.09 2.89
0.5 phr 218 6.53 3.00 227 7.15 3.14
None 218 5.11 2.34 221 6.89 3.11
2 0.16 35 phr 224 5.72 2.55 245 7.98 3.26
0.5 phr 221 6.53 2.96 241 7.67 3.19
None 217 5.10 2.35 235 7.16 3.04
3 0.16 32 phr 225 5.56 2.47 228 7.34 3.21
0.5 phr 221 6.19 2.79 224 7.32 3.27
None 217 5.14 2.37 220 6.29 2.87
4 1.85 38 phr 233 11.81 5.06 259 13.12 5.07
0.5 phr 223 12.08 5.41 245 11.48 4.68
None 192 6.80 3.55 211 8.43 3.99
5 1.85 35 phr 227 9.46 4.17 252 11.33 4.50
0.5 phr 220 8.47 3.85 238 11.02 4.62
None 188 5.39 2.87 208 6.96 3.35
6 1.85 32 phr 233 9.30 3.99 248 11.78 4.74
0.5 phr 225 4.95 2.20 237 10.64 4.50
None 192 6.25 3.26 208 7.86 3.78
7 9.31 38 phr 146 10.94 7.49 218 14.00 6.42
0.5 phr 142 7.98 5.62 217 10.65 4.91
None 105 1.78 1.70 173 4.22 2.44
8 9.31 35 phr 139 13.51 9.74 249 14.81 5.94
0.5 phr 140 9.75 6.98 223 12.30 5.52
None 99 2.74 2.76 171 5.12 2.99
9 9.31 32 phr 144 13.58 9.41 232 15.77 6.81
0.5 phr 140 10.69 7.65 220 12.48 5.68
None 108 2.86 2.65 171 5.05 2.96

Additionally, the degree of correlation between the results from the radiological

assessment and calculated objective indices was analysed. Figure 5.13 reports the

values of the quality index ), compared with the radiological score, for the images

reconstructed with the TIE-Hom algorithm. For the purpose of comparison with the
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radiological scores, the values of the QQ, were divided by a fixed constant and shifted
by another constant in order to account for the difference in the scaling, between
the original scale of Q, values (0 to + oo0) and the (a priori unrelated) scale of

the average radiological scores (-2 to 2). Only results for the SIRT reconstructions

(with 1000 iterations) are presented in figures |5.11} [5.12 and [5.13[ to avoid clutter.

The trends for iFBP reconstructions were very similar.
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Figure 5.11: The values of spatial resolution measured inside the lesion for images
reconstructed with SIRT (1000 iterations) algorithm with none, half (0.5 phr) and full
(phr) phase retrieval.

Mammography and ultrasound examination of the breast prior to the operation,
which were performed as part of a standard diagnostic procedure, are shown
in figure [5.14] The mammography examination showed an oval-shaped opacity
with maximum diameter of 26 mm (figures and b). The change visible in

mammography was classified as R5 (according to breast imaging reporting and

data system (BI-RADS) (Sickles and D’Orsi (2014)) indicating a high probability

of breast cancer. The ultrasound examination (Hooley et al. (2013)) revealed a

solid, inhomogeneous lesion, with maximum diameter of 23 mm (figure MC)
The result of this examination was classified as U5 which also means a high

probability of breast cancer.
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Rank of R'A

Figure 5.12: The values of SNR measured inside the lesion for images reconstructed
with SIRT (1000 iterations) algorithm with none, half (0.5 phr) and full (phr) phase
retrieval.

Image quality score
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Figure 5.13: Correlation between the mean radiological score and the intrinsic quality
characteristic (Q,) for images obtained with SIRT (1000 iterations) algorithm with half
(0.5 phr) and full (phr) phase retrieval.

Histological examination of the sample is a gold standard for a reliable diagnosis
of cancer and gives the final determination of the type of the cancer. For histological
examination, the sample was cut into several parts suited for the histology prepara-

tion. For some of these histological images, the corresponding x-ray PB-CT images
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Figure 5.14: Mammographic and ultrasound images of the breast prior to mastectomy.
(a) Digital mammography - the cranio-caudal view (CC) image; (b) Digital mammography
- the mediolateral oblique view (MLO) image; (c) result of ultrasonography examination.
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were identified. Comparison of three such images, which contained particularly
interesting areas of the tumour and other lesions, are shown in figure -B.17
These images include histological sections as well as PB-CT images obtained with
high and low radiation dose. The x-ray images are presented in the inverted grey-
scale contrast in order to alleviate the comparison with the histological images. The
high-dose images, shown in figures -[6.17, were obtained at 9.31 m propagation
distance and 38 kel energy using the Dalsa detector and were reconstructed using
the FBP algorithm following the TTE-Hom phase retrieval with §/8 = 1083. The
low-dose images were collected with the Hamamatsu detector at 32 keV energy
and 9.31 m distance and were reconstructed with iFBP algorithm following the
TIE-Hom phase retrieval with 6/ = 870. Both high- and low-dose images (figure
show clearly visible boundaries of the large lesion.

1cm

a)

Figure 5.15: Images of the first part of the breast tissue sample. (a) Low-resolution
histological section of the specimen. (b) High-quality phase contrast image obtained
during the experiment with the dose of 1 Gy. (c) The best image according to radiological
assessment with 4 mGy dose. Black ovals show fibrous stromal septa containing cribriform
pattern ductal carcinoma in situ; grey ovals highlight benign cysts.

The sharpness of these boundaries, more visible in figure [5.15b, is one of
the features important for tumour diagnosis. Internal structures of the lesion
in histological section are qualitatively comparable to the grey scale variation in
the high-dose image. Additionally, some of the spiculations are clearly visible.
Furthermore, one of the spicules, marked by the oval in figure |[5.15| was occupied
by intraductal cribriform carcinoma. In the histological section, well-defined cystic

lesions, which constitute fluid- filled sacs, are presented. In high-dose x-ray image,
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the cysts appear as darker (lighter, in the inverted contrast) areas with well-marked
boundaries. The noise present in the low-dose image disrupts the image and

makes the cysts indistinguishable.

a)

Figure 5.16: Images of the second part of the breast tissue sample. (a) Histological
section of the specimen. (b) The best phase contrast image obtained during the experiment
with 1 Gy dose. (c) The best image according to radiological assessment with 4 mGy
dose.

The next area of the breast tissue sample shown in figure [5.16| contains the
second part of the tumour, so previous comments about the margins of the lesion
and the internal grey scale variation also apply. Apart from that, several large cysts
with very clearly marked contours are visible in the high-dose image. Unfortunately,
insufficient density difference in the low-dose image does not allow one to distinguish
between the mass of the tumour and the cysts. Furthermore, blood vessels, clearly
visible in the histological image, are not distinguishable in the low-dose x-ray image.
The last block of the specimen (figure contains several spiculations clearly
visible in both the high and the low-dose x-ray images. Clear tissue differentiation
is visible in both the histological image and the high-dose x-ray image. The
most important features of this part of the sample are the suspicious areas of
sclerosing adenosis. Unfortunately, these changes are not distinguishable in the
x-ray images. Additionally, intraductal cribriform carcinoma area is visible in
this part of the breast specimen.

Analysis of the data contained in Table [5.7 and in figures - shows that,

for images reconstructed with TIE-Hom algorithm, SNR, intrinsic image quality, Q,,
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Figure 5.17: Images of the third part of the breast tissue sample. (a) Histological section
of the specimen. (b) The best phase-contrast image obtained during the experiment with
1 Gy dose. (c) The best image according to radiological assessment with 4 mGy dose.
White ovals contain micropapillary pattern ductal carcinoma in situ, grey ovals contain
areas of sclerosing adenosis.

and the average radiological scores were all increasing according to the rank of the
'phase-contrast parameter’ (R'\), while the spatial resolution remained relatively
constant. In particular, the obtained radiological scores were consistently higher
for the images collected with higher values of the phase-contrast parameter, in
comparison with the reference image (which corresponded to the highest-quality
reconstruction obtained without the phase contrast) at the same radiation dose. For
larger sample-to-detector distances, the differences between the SNR value for the
images with and without the application of the TIE-Hom phase retrieval algorithm
became larger (up to 5 fold for Ry = 9.31 m). The same trend was observed in the
case of the intrinsic imaging quality, where the best results were achieved for the
highest rank of R’A. Comparison of the objective indices for images collected at the
same propagation distance, clearly showed the advantage of using the TIE-Hom
algorithm compared to images reconstructed without phase retrieval, except for the
lowest sample- to-detector distance where no obvious trend was found (the latter
result was expected, as the degree of phase contrast in the projections collected at
the shortest propagation distance was quite small). Moreover, at a fixed propagation
distance, the best results were achieved in the present study for the lowest photon

energy used, E = 32 keV. These results are in a good agreement with the previous

theoretical and experimental results of x-ray phase contrast imaging (Keyrilainen|
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et al. (2011); Coan et al. (2013); Bravin et al.| (2013); |Gureyev et al.| (2014ab))).
The validity of the representation by the obtained PB-CT images of some important
morphological aspects of the breast tissue sample were confirmed by means of direct
comparison with histological images (figures - . Important features which
define the lesions (sharpness of tumour boundaries or visibility of spiculations) could
be clearly seen in both high and low- dose images. Some fine details inside the
lesion, such as cystic lesions or ducts were visible only in high-dose x-ray images.
Unfortunately, because of the excessive dose, these high-dose images can be obtained
only for excised samples, and not for live patients. The present study was based on
the analysis of a single tissue sample. However, it can be stated with confidence,
based on other experiments and simulation studies using similar imaging techniques

which involved many breast tissue samples with different types of tumours (

5.5 Objective quality indexes

The aim of this third approach was to quantitatively analyse different factors
affecting image quality in x-ray phase- contrast breast tomography. The experiments
were performed at the SYRMEP beamline of the Elettra light source utilising
propagation-based phase-contrast. A specially designed polycarbonate phantom
filled with different reference materials and breast tissues specimens was scanned
varying: sample-to-detector distance, x-ray energy, reconstruction algorithm and
delivered mean glandular dose. The image quality of the reconstructed images
was quantitatively assessed measuring the variance of noise, Contrast-to-Noise
ratio (CNR), edge sharpness and additional indices that incorporate the delivered
dose. The influence of each factor was systematically evaluated, while the others
were kept constant. We show that best results are obtained if phase-contrast
is used effectively by applying larger propagation distances and phase retrieval
algorithms. The application of phase retrieval greatly enhances CNR but generates
edge blurring that increases with increasing §// ratio. In addition, we show that,

if optimised acquisition parameters are used, it is possible to achieve a good
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image quality at very low radiation doses, which will enable clinical application

of phase-contrast breast CT.

5.5.1 Materials and methods

Data acquisition

To address image quality a polycarbonate phantom (Fig. [5.18)) with a diameter of 8
cm containing 7 holes was used. Four holes were filled with formalin 10% (5.18}1),
paraffin (5.18}2), glycerol (5.18-3) and EtOH (5.1844) and three additional holes
with human breast tissue specimens fixed in formalin (5.18-5-6-7). The phantom was
imaged at three different energies: 32, 35 and 38 keV/, in in-line (propagation-based,
PB) mode using four different levels of photon statistics (i.e. four different radiation
doses), this was achieved through the use of Al filters of varying thicknesses (5.25,
8 and 12 cm), keeping constant the exposure time. The CT scans were collected at
three different sample-to-detector distances: R = 0.16, 1.85 and 9.31 m. Each scan
contained 2000 projections collected with 0.18°angular step over 360°.The scans
were performed using a Hamamatsu CMOS Flat Panel Sensor C9252DK-14 (pixel

size 100 um).

CT reconstruction procedure

The followed reconstruction procedure is quite similar to the one used in the previous
described study, however, for the sake of completeness, it is here reported. For
data pre-processing, phase retrieval and reconstruction the software "'SYRMEP
tomo project" STP (Brun et al|(2015)) was used. The pre-processing of projection

images contained the following steps:

1. dark current correction of projections and of the flat-field images,
2. flat-field correction to correct for inhomogeneities in the illumination,

3. optional application of phase retrieval using the Homogeneous Transport of

Intensity equation (TIE-Hom) algorithm (Paganin et al., 2002),
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4. Rivers ring artifact removal (http://www.mcs.anl.gov/research/projects/

X-ray-cmt/rivers/tutorial.html)

5. image reconstruction using different algorithms: standard Filtered Back Projec-
tion (FBP), Simultaneous Iterative Reconstruction Technique (SIRT) (van der
Sluis and van der Vorst| (1990)), Simultaneous Algebraic Reconstruction
Technique (SART) (Gordon et al.| (1970))), Conjugate Gradient Least Square
method (CGLS) (van der Sluis and van der Vorst (1990)), and Minimum
Residual Filtered Back Projection method (MR-FBP) (Pelt and Batenburg
(2014)).

Single distance phase retrieval algorithm such as the used TIE-Hom need as
a-priori information the so called 0/ ratio, whereas 5 denotes the absorption and
0 the phase shift in the complex refractive index. As in the previous study, two
different values of §/5 ratio have been used. The first was close to the theoretical
value of glandular tissue in adipose tissue (6/5 = 870, 978, 1083 for 32, 35 and 38
keV respectively). The second was set to half of the first one to consider a "partially
phase retrieved" image, representing a mixture of the raw phase-contrast image, and
the phase-retrieved image, that has proven to provide images that are appreciated

by human observers. (Baran et al.| (2017); Paganin et al.| (2002)) TS-imaging website).

Quantitative assessment
The presented analysis is divided into four different sections, each analysing the
influence of a single parameter on the quality of the reconstructed images. The

considered aspects are:

o sample-to-detector distance

o energy of the incident x-ray beam
« reconstruction algorithm

» radiation dose
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For each section, i.e. each combination of acquisition and reconstruction
parameters, image quality was quantitatively assessed evaluating different image
characteristics such as contrast, noise and edge sharpness. Contrast-to-Noise ratio
as defined in eq. [5.2] Edge sharpness was evaluated by fitting a sigmoid function
in profiles of the interface between adipose and fibrous tissue (Mohammadi et al.
(2014)), calculating the derivative of this function (a Gaussian) and measuring the
full width at half maximum value (FWHM) (Fig. [5.18)). Both metrics (CNR and
edge sharpness) were calculated five times in five different positions. To further
validate the obtained results, with a feature independent method, a power spectra
analysis of all details containing tissue in figure [5.18 was carried out. This method
was proven to be feature independent and the results were in good agreement with

the previous ones. Details of this latter analysis can be found in the next section.
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Figure 5.18: Reconstructed axial CT slices of the polycarbonate phantom acquired at
38 keV and the sample-to-detector distance of 0.16 m (a), 1.85 m (b), 9.31 m (c) and
related line profiles (along the line shown in red) across the boundary between the adipose
and fibrous tissues. Phase-contrast effect starts to be visible in the 1.85 m distance image
and becomes prominent in the 9.31 m one.

In addition to incorporate the dose level, a figure of merit (FoM), corresponding
to the CNR normalised by the x-ray dose (D, and, hence, by the photon flux)

was computed.
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(5.4)

5.5.2 Results and discussion

The described objective image quality metrics assess separate features of the images,
and therefore need to be evaluated in parallel to give an overall representation of the
image quality. How these parameters, edge sharpness and noise in particular, are
balanced is dependent on the selected scanning protocol and the image reconstruction
procedure. Concerning the resolution, there are three contributions to it in the re-
constructed CT volume: 1) intrinsic resolution of the imaging system quantified by
the effective source size and detector resolution in the object plane, 2) TIE-Hom
phase retrieval which acts as a low-pass filter, in individual projections, and 3) CT
reconstruction algorithm. It is the non-linearity of the reconstruction algorithm that
introduces the dependence of the resolution on the variance of noise (namely, noise
is suppressed more strongly at the edges having greatest contrast). Starting from
this assumption and following the approach described in (Verdun et al. (2015)),
where a correlation between noise characteristics and FWHM is discussed, an
empirical analysis of the relationship between noise and edge quality was carried out
for each experimental condition and for each considered reconstruction algorithm.
Several values of FWHM were ob- tained by phase retrieving data using increasing
d/p ratio (increasing this ratio in TIE-Hom phase retrieval increases the image
smoothness, thus increasing the FWHM). These FWHM values were plotted as a
function of the corresponding level of noise and the power of the fitting curve (n)
was recorded. The strongest variability of this relationship was found, as expected,
when comparing different reconstruction algorithm as they use different filters to
perform the reconstruction (e.g. strong smoothing or strong edge enhancing filter).
In particular, it was found that the empirical relationship between FWHM and noise

was accurately fitted using the power function o ~ 1/(FW HM)", with the value
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of n varying between 1.4 and 2.5 for different reconstruction algorithms. Based on

the described approach, an image quality index was defined as:

FoM

1Q= v

(5.5)

where n corresponds to the power found for each reconstruction algorithm. Results
were compared with the power spectra analysis and it was found a good agreement
between the two methods. Since Q) is independent by the chosen ¢/ ratio, this
type of image quality can be applied in various applications in addition to phase-
contrast imaging in breast tissue described here. As previously mentioned, the work
is divided in four sections, the first and the second one of these, aim to find the
optimum value of sample-to-detector distance and energy, that maximise the image
quality (in terms of IQ). Once the optimal distance and energy are established,
the third section aims to understand which reconstruction algorithm gives the best
results, achieving the best compromise between contrast-to-noise level and edge
quality (spatial resolution expressed as FWHM). The purpose of the last section
is to evaluate the relationship between image quality and decreasing levels of the
radiation dose. As in the previous tests, line profiles at interfaces of adipose and
fibrous tissue were considered, focusing on the evaluation of the variations in the
slope in correlation with decreasing levels of photon statistics (i.e. decreasing levels
of the dose). It has been proven, that the optimisation of the experimental and
reconstruction parameters gives the same results independently by the order in
which it is was conducted. "Idealised" conditions have also been considered, meaning
the potential use of an evacuated pipe to transfer the transmitted x-ray beam from
the sample to the detector. This would avoid additional x-ray attenuation in air and
therefore reduces the dose level (considering the same image quality). To simulate
this condition, IQ) for data sets acquired at 1.85 and 9.31 m are calculated using
the radiation dose corresponding to the dose measured at the detector position
considering just the geometrical setup and omitting the attenuation due to the air

in the path between sample and detector.
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Table 5.8: Values of CNR and FWHM for FBP reconstructed data acquired at R =
0.16, 1.85 and 9.31 m distance at 38 keV with and without phase retrieval. In order to
compare the FWHM images were resized according to the cone angle of the setup of 7
mrad.

no phr d/B = 542 0/B = 1083
CNR  FWHM [pixe]  CNR  FWHM [pixe]  CNR  FWHM [pixel]
R =0.16m 1589 £0.22 4424 0.45 16.84 £ 0.26 448 £0.45 17.61 £0.29 453 £0.45
R=185m 6.45+0.18 425 +£0.52 2542£045 455£045 2991 £0.55 4.81 £041
R=931m 11.19£0.04 1794035 3247 £0.11 298 £0.26 4349 +£0.22 3.67£0.24

A. Sample-to-detector distance
Three datasets acquired with an energy of 38 keV and at a sample-to-detector
distance R = 0.16, 1.85 and 9.31 m were studied. Table [5.8| shows the results for
reconstructions obtained with classical FBP algorithm, without and with phase
retrieval using the two different values of 6/ ratio. This ratio, at nominal and half
value affects both CNR and FWHM depending on the distance: at larger distances
both the increment of contrast-to-noise ratio and the blurring effect increases for
higher ¢/( ratio. As the imaging setup has a cone angle of 7 mrad, the images
collected at R = 1.85 and R = 9.31 m were de-magnified to match the size of the
one obtained at R = 0.16 m. The CNR was measured in the original data sets.
In order to evaluate both CNR and FWHW together whilst accounting for
delivered dose, the relationship displayed in eq. was calculated (see Fig. |5.19)),
where n = 1.9 is the parameter found for FBP algorithm at 38 keV. Thus, in
the following we consider a higher IQ equal to higher image quality. In addition,
also the curves under assumed ideal conditions (i.e. x-ray beam transported in
vacuum from the sample to the detector to avoid air attenuation) are shown. As all
curves start from about the same value it can be concluded that phase retrieval has
almost no effect on acquisition in quasi- contact regime dominated by absorption
based contrast. If no phase retrieval is used (purple curves), image quality remains
approximately constant for between 0.16 m and 1.85 m and then increases.
That means the low CNR for the 9.31 m images is over-compensated by a higher
edge quality. Phase retrieved data with both half and nominal 6/ ratio shows a
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Figure 5.19: 1Q = FoM /FW HM"™ trend with growing R\ for images processed with
and without phase retrieval. Both real (solid lines) and ideal case (dashed lines) are
shown. Note that, only R (the sample-to-detector distance) is varying while A, so the
energy was kept constant (A is defined as hc/E). The parameter n is derived from the
analysis of the relationship between noise and FWHM, the value is the one related for 38
keV and FBP reconstruction method (n = 1.9).

gain in image quality monotonically increasing with sample- to-detector distance.
At 1.85 m the highest quality is reached at the nominal §// ratio. In contrast, at
9.31 m phase retrieved images with half the nominal /5 value show a higher image
quality. In an ideal case (with no x-ray absorption in air between the sample and
the detector), there is a gain in quality of about 20% for images acquired at 1.85 m
and 60% for images acquired at 9.31 m, indicating the importance of eliminating

x-ray absorption in air for long sample-to-detector distances.

B. Energy

In this section, reconstructions of data sets obtained at R = 9.31 m using three
different energies (32, 35 and 38 keV') are evaluated. Table shows results
for images reconstructed with and without phase retrieval. The value of CNR
(lower for 32 keV images) could be seen as an anomalous behaviour since a lower

energy should give rise to a higher contrast level due to the higher x-ray absorption.
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Nevertheless, it has to be underlined that CNR is a metric that involves also a
measure of the noise, so since it was found that 32 keV images were affected by
a very high noise level, this trend could be considered as coherent. In all cases,
we observed a loss in edge sharpness if phase retrieval was applied. This loss as
well as the CNR, increases with increasing value of /4. In Fig. all curves

display approximately the same trend.
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Figure 5.20: Evaluation of Q) in dependency of increasing RA. The n parameter is the
one found for FBP, i.e. 1.9 for all energies. Curves are related to images reconstructed
starting from dataset acquired at 32, 35 and 38 keV. In this case A is the changing
parameter while R was kept constant.

They show a higher 1Q) at higher energy and decrease towards lower energy. For
all energies, the quality reaches its maximum (i.e. the best compromise between
dose, CNR and edge sharpness) using the half of the nominal value of §/5. The
difference between real and ideal case is constant for all energies, in ideal conditions

there is a gain between 60 and 65%.

C. Reconstruction method In this section, different reconstruction algorithms are
evaluated. Table (.10l shows CNR and FWHM for reconstructions obtained without

phase retrieval and with phase retrieval using two different levels of 6/3. It can be
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Table 5.9: Values of CNR and FWHM for images acquired at 9.31 m distance and 32,
35 and 38 keV and reconstructed with FBP algorithm. Same indices are calculated for
reconstructions obtained with and without phase retrieval. As the 6/ ratio is energy
dependent, the nominal value is 1083, 978 and 870 for 38, 35 and 32 keV respectively.

no phr Half 6/ Nominal 6/
CNR  FWHM [pixe] CNR  FWHM [pixe]  CNR  FWHM [pixel]
E =32 keV  7.52 + 0.03 1.76 £ 044 2186 £0.13  2.77 £ 0.31 29.56 + 0.17  3.41 + 0.31
E =35 keV 1078 £0.06 2.05 £ 0.43 29.6 4+ 0.29 3.06 £0.53 3748 £ 0.17  3.73 &£ 0.53
E =38 keV 11.18 £ 0.04 1.79 £ 035 3247 £ 0.11 298 £0.26 4349 + 0.22  3.67 £ 0.24

Table 5.10: Values of CNR and FWHM for images acquired with an energy of 38 keV
and at a sample-to-detector distance of 9.31 m reconstructed with five different algorithms.

no phr 0/ = 542 d/8= 1083
CNR  FWHM [pixel]  CNR  FWHM [pixe]]  CNR  FWHM [pixel]
SIRT 16.16 £+ 0.08 2.17 £ 0.25 39.17 + 0.12 3.14 £ 0.21 50.21 4+ 0.31 3.79 £ 0.24
MR-FBP 10.1 + 0.05 1.44 + 0.42 29.65 4+ 0.08 2.6 + 0.29 41.22 + 0.41 3.33 £0.3
FBP 11.19 £+ 0.04 1.79 £ 0.35 32.46 + 0.11 2.98 + 0.26 43.49 + 0.22 3.67 £0.24
SART 7.83 + 0.05 1.59 + 0.31 19.77 £ 0.11 2.74 £ 0.14 25.55 + 0.32 3.5+ 0.25
CGLS 27.91 + 0.06 3.63 £ 0.17 46.8 + 0.12 4.65 £+ 0.24 53.6 £ 0.44 5.27 £ 0.26

seen that the application of the CGLS algorithm leads to the highest CNR but at
the same time to the lowest edge quality. Varying §// ratios affect CNR and FWHM
similar in all algorithms. Despite that, when considering the overall image quality
(Fig. , i.e. the best compromise between contrast to noise ratio and edge quality,
a series of difference has been observed. In Fig. all algorithms except CGLS
show similar high () values, maximal if half of the nominal § /{3 ratio is applied. The
already strong blurring observed in CGLS reconstructed images yields to low /¢
values that in contrast to the other algorithm decrease if phase retrieval is applied.

MR-FBP and SIRT (both with half phase retrieval applied) are the algorithms
that results in the highest Q). The considered algorithms use different processing
filters therefore the relationship between noise and FWHM is non-linear and shows
strong differences, as seen by the differences in the calculated n values (from 1.4
for SART to 2.5 for CGLS).

D. Dose

Based on previous results, in which a sample-to-detector distance of R = 9.31
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Figure 5.21: I(Q value for dataset acquired at 9.31 m, at the energy of 38 keV and
reconstructed with different reconstruction methods. The n parameter values are: 2.5
for CGLS, 1.4 for SART, 1.9 for FBP and 1.7 for SIRT and MR-FBP. The dose level is
considered just to keep the same order of magnitude of IQ) as previous cases, but clearly
it is constant for all reconstructions.

m and an energy of 35 kel was found optimal, in this chapter the influence of
decreasing dose levels onto image quality under that condition is evaluated. Fig. [5.22
displays line profiles for the interface between adipose and fibrous tissue. Despite
the increasing noise level while lowering the x-ray dose, no apparent changes in the
shape of the edge profiles can be found, indicating that, in our case, dose does not
affect the edge quality. Table reports CNR and FoM values for the different
level of photon statistics for real and ideal case.

Due to the increasing noise level, the CNR is lower for lower doses. Phase
retrieved data show the highest values for both CNR and FoM. Furthermore, it
can be also noticed that for medium, low and very low statistics the figure of merit
keeps, as expected, approximately the same value, this is because image quality
decreases with lower dose, but the FoM is normalised by the square root of the dose,
so at very low statistics it is still possible to produce images with an acceptable

quality. This is not maintained for the high dose images because the dose is too
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Figure 5.22: Line profiles across the boundary between adipose and fibrous tissue for
images reconstructed without phase retrieval process (a) and with phase retrieval using
the nominal value of §/8 (b). Each profile corresponds to a different photon statistics.
Blue, pink, green and red curves correspond to high, medium, low and very low statistics
respectively.

Table 5.11: Values of CNR and FoM for images acquired at 35 keV with different photon
statistics for real and ideal case for 9.31 m distance and classical FBP reconstruction
method. Same indices are calculated for reconstructions obtained with and without phase
retrieval. To further decrease doses, for medium, low and very low dataset, only 1000
projections were used for reconstruction (over 180°).

no phr d/p = 489 0/B= 978
DOSE [mGy] IDEAL DOSE [mGy] CNR FoM CNR FoM CNR FoM
HIGH 1246.85 473.74 10.79 £0.06 0.31 29.59 £0.29 0.93 3748 £0.17 1.22
MEDIUM 27.12 10.3 3.61 £0.03 0.78 10.22+0.12 248 1445+0.2 348
LOW 13.28 5.05 2.7+ 0.03 0.7 749+0.11 232 10.16 £0.12 3.3
VERY LOW 5.71 2.17 1.22 £0.03 0.67 457009 234 6.32+£0.12 321

high to further improve the CNR. In addition, the difference between real and

ideal case is constantly around 62% for all doses.

5.5.3 Power spectra analysis

The content of an image can be understood as a weighted sum of spatial harmonical
components (waves). The 2D Fourier transform calculates the values of the
corresponding weights at different spatial frequencies. The power spectrum is
proportional to the square of the absolute value of the 2D Fourier transform
normalised by the size of the analysed image and thus it represents the intensity of
a certain frequency within the image. Images with steeper edges will contain higher
intensities in the frequency band that describes the edge. Random noise dominates

at high frequency variations within the image. Therefore, the intensity in the cut-off
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region of the spatial frequencies is related to the noise level of the image. Overall,
images with a higher sharpness (meaning sharper edges) and a lower noise level
should demonstrate in comparison with images of lower quality, higher power in the
medium to high frequency band and lower power at the cut-off frequency. In order,
to analyse the data independently from the orientation of the edges within the images
we present the radial averaged power spectra. The analysis was made selecting
three different areas of the image containing an edge between adipose and fibrous
tissue and one area of the same size in the background (made of polycarbonate)

used as a measure of pure noise. The selected areas are shown in fig. [5.23|

noise 1

Figure 5.23: Polycarbonate phantom of 8 ¢m diameter containing 7 holes filled with
different materials (i.e. paraffin, formalin 10%, glycerol and EtOH) and breast tissues.
The highlighted areas are the ones used for the power spectra measurements.

The measurements were done on images reconstructed with five algorithms
(FBP, SIRT, SART, MR- FBP and CGLS) and with an increasing level of phase
retrieval filter (i.e. no phase retrieval applied, phase retrieval applied with the half,
the nominal and the double of the nominal 6/ ratio). Results are shown in the
following figures. The more the curves keep high intensities at middle and high
frequencies, the sharper is the image. Considering this, the MR-FBP algorithm
is the one that produces the sharpest images, then SART, FBP, SIRT and CGLS.
Noise curves have different shapes, meaning the algorithms have a different noise

structure. CGLS has the lowest level of noise while SART has the highest one.
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Figure 5.24: Comparison between different reconstruction algorithms.

Solid lines

represent the power spectra of the tissue detail (signal 4+ noise) while the dashed lines are
related to the pure noise measured on the polycarbonate matrix.
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Figure 5.25: Comparison between different reconstruction algorithms. All images are
processed with phase retrieval filter using the half of the nominal §/f ratio. Solid lines
represent the power spectra of the tissue detail (signal + noise) while the dashed lines are
related to the pure noise measured on the polycarbonate matrix.

SIRT and FBP have similar behaviour, MR-FBP keeps a high level of noise

in a central frequency band and then decreases at higher frequencies.To find the

relationship between noise and sharpness we calculated and plotted the integral of

the curves of the pure noise versus the integral of the curves related to the signal
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Figure 5.26: Comparison between different reconstruction algorithms. All images are
processed with phase retrieval filter using the nominal ¢/ ratio for adipose and fibrous
tissue. Solid lines represent the power spectra of the tissue detail (signal + noise) while
the dashed lines are related to the pure noise measured on the polycarbonate matrix.

Table 5.12: Power of the fitted curve obtained with the power spectra method and with
the FWHM vs noise method. This latter is the one used in the study.

Power Spectra method FWHM vs Noise method

FBP 1.85 1.88
MR-FBP 1.80 1.74
SART 1.48 1.43
CGLS 2.04 2.50
SIRT 1.80 1.75

plus noise. As done for the FWHM and the variance of the noise, we fitted the
points with a power function and recorded the power of the fitting curve. It has to
be noticed that with this second method it is not possible to focus on one precise
edge (i.e. the one between fat and fibrous tissue) and this explains the difference of

the n power between the two methods. Results are shown in Table [5.12]
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542

Figure 5.27: Details reconstructed with different algorithms and processed with
increasing level of phase retrieval. Top to bottom images with decreasing level of sharpness,
left to right images processed without, with half and with nominal value of 6/ ratio.
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6.1 Introduction

Early detection, which is associated with an increased survival rate, is the primary
method of containing deaths of breast cancer. Although the reference standard for
early detection of breast cancer is mammography, the limits of this test are well
documented. As underlined in Chapter 1, despite the advantage of its excellent
spatial resolution, in conventional mammography the 2D projection images can
overlap normal tissue, soft tissue masses, and calcifications affecting the detection
and visualisation of cancer. The poor contrast between healthy and cancerous tissue,
and the need to discriminate minute and subtle details require an imaging platform
that has adequate spatial and contrast resolution for visualisation and differentiation
of abnormalities. Furthermore, breast density and tissue distribution vary among
women, adding complexity to the interpretation, particularly for women with dense
breasts. A tomographic approach can provide a three-dimensional visualisation
of the breast, helping the depiction of the 3D morphology and distribution of the
lesions. This could lead to an improvement in screening sensitivity, as it would
allow the detection of both smaller lesions and cancers not apparent by conventional
mammography, and in screening specificity as well, as it would allow a better
visualisation of the margin of a mass or its asymmetry leading to a more specific
characterisation of the lesions and reduction in false-positive recalls. In this chapter
an example of improvements in lesion detection accuracy of phase-contrast breast-CT
with respect to digital mammography and a comparison between clinical breast-CT

system and phase-contrast synchrotron based breast-CT, will be given.
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6.2 Benefits of CT modality on breast cancer di-
agnosis

X-ray computed tomography has been proposed and evaluated multiple times as a
potentially alternative method for breast imaging. The scope of this section is to
analyse the information content of phase-contrast breast CT images in comparison
to digital mammography, in order to highlight the benefits that this technique

could bring in the diagnostic process.

6.2.1 Samples description and acquisition parameters

An entire fresh sample coming from a full mastectomy of a 60 years old woman,
directly delivered from a local operating centre, has been used for this study. The
excised specimen contained an invasive papillary carcinoma with focal skin invasion,
composed of multiple nodules through the scar tissue (hereafter referred to as Right
Breast). The experiment was conducted at the Imaging and Medical beamline
(IMBL) of the Australian Synchrotron (Melbourne), which characteristics have been
detailed in Chapter 3. CT scans were collected, in propagation-based imaging mode
(PB-CT), at three different sample-to-detector distances; 0.3, 2 and 5.71 m using
two monochromatic x-ray energies: 32 and 38 kel/. These conditions were selected
purposefully to allow examination of interaction effects of different phase contrast
imaging parameters. For each scan in this study, the number of CT projections was
1800, the angular range was 180 degrees and the exposure time was 0.05 seconds
per projection. The dose delivered to the samples was about 4 mGy. The detector
was a Hamamatsu CMOS flat panel sensor C9252DK-14, which contains a Csl
scintillator deposited directly on two-dimensional photodiode array. The detector
was used in the partial scan mode with a pixel size of 100 pm x 100 pm. For CT
data processing and analysis X-TRACT (Gureyev et al. (2011)) software was used,
which included data pre-processing, phase retrieval and CT reconstruction. The
pre-processing of projection images contains dark-current and flat-field correction
and ring removal filter. The phase retrieval was based on the TIE-Hom algorithm

(Paganin et al.| (2002))), which was applied to the projections, to exploit the phase
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information, with a value of §/f ratio close to the theoretical value of the relative
0/ value for glandular tissue in adipose tissue ( T'S-imaging website). The used CT
reconstruction algorithm, was the iterative filtered back- projection (iFBP). This
choice was based on the results of our previous publication (Baran et al.| (2017)).
The diagnosis accuracy based on the obtained CT reconstructed images and 3D
rendering was then compared with three major conventional imaging methods

performed before the surgical mastectomy.

Figure 6.1: Digital mammography images acquired before the surgical mastectomy. On
the left the medio-lateral oblique view, on the right the cranio-caudal view.

6.2.2 Results and discussion

It is worth mentioning that phase-contrast PB-CT imaging of fresh full mastectomy
samples was a world-first result. To point out the advantages that the phase-
contrast breast C'T could bring to the diagnostic process it is necessary to start
from the diagnosis made on the mammography, tomosynthesis and ultrasound
examination and then, highlight the differences. The mammography examination
(Fig. of the patient shows an asymmetry of the glandular tissue between
the two breasts, a condition that is often caused by the lobular carcinoma. The

glandular tissue of the Right Breast has an architectural distortion and involves
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micro-calcifications, moreover, the images are compatible with a skin invasion, as
the portion of the skin near the nipple is thicker and denser than the rest. However,
it is not possible to characterise the margins of an eventual mass. On the contrary,
on the tomosynthesis image (Fig. , opacities are clearly spiculated allowing

to identify the malignant nature of the lesion. From the ultrasound examination,

(.

Figure 6.2: Tomosynthesis images. On the left side, the medio-lateral view of both
breasts, on the left the cranio-caudal one.

multiple lesions are visible: a suspicious solid lesion 6 ¢m far from the nipple, a
hypoechoic lesion in the upper quadrants with a diameter of 1.82 ¢m containing
calcifications at 3 ¢m far from the nipple (Fig. , and neoplastic tissue with
calcifications inside the ducts in the retroareolar region. This clinical picture is
compatible with a multicentric tumour with in situ component and lymph nodes.
The reconstructed 3D images obtained from the SR CT scans can be visualised
in three orthogonal planes: transverse, sagittal, and coronal (Fig. and in 3D
rendering (Fig. [6.5]). The transverse and sagittal breast-CT views correspond to
the mammographic cranio-caudal and mediolateral views. On the CT images a
lesion causing a retraction of the tissue is visible. Its dimensions are measurable and

its malignant character is clearly assessable. In contrast with the mammography;,
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Figure 6.3: Ultrasound examination of Right Breast. The oval delimited by white
markers is the hypoechoic lesion including microcalcification (brighter spots).

where it is not easy to understand which part is malignant or healthy, here the
parenchymal distortion and the spiculations are clear. In addition, the skin invasion,
that on the mammography and tomosynthesis is just suspected, here is clearly
noticeable from the solid tissue expanding toward the areola (sagittal view of the
sample on fig. . This study demonstrates that 3D diagnostic imaging, in
particular, phase-contrast breast-CT, can be performed at clinical- compatible doses
producing imaging with a significantly higher diagnostic value than the conventional
methods. Furthermore, this case study is useful to conclude that, when dealing
with a spiculated lesion, 2D mammography is sufficient to detect the suspicious
anomalous condition, on tomosynthesis one is able to see all the spiculation in the
different plans and CT offers an advantage in the lesion morphology characterisation
(dimensions, borders, distribution ...). Another major advantage of the tomographic

modality is the possibility to obtain a 3D rendering of the entire examined volume.
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Figure 6.4: Tomographic reconstruction of Right Breast. On the left the conventional
view (plane parallel to the x-ray beam). On the right the two related orthogonal views,
above the transverse plane and below the sagittal one. The dataset is the one acquired at
5.71 m and 38 keV, using the classical FBP reconstruction method and pre-processing
data with the TIE-Hom phase retrieval algorithm.

The presented renderings were obtained using Avizo software, a proprietary software
package for 3D data analysis produced by Thermo Scientific™. Figure shows
a depiction of the Right Breast based on the different density values: the green
part is the less dense part and it is associated with the adipose tissue; yellow and
red parts are the densest ones and are associated with skin (on the top of the
sample), fibrous tissue and cancerous tissue. In addition to CT visualisation, the
3D rendering, thanks to its depth perception, allows a global analysis of the mass
with a better characterisation of shape, margins, extent of the spiculations, etc.
This could provide a strong rationale for assessing tumour features, for example,
throughout the course of chemotherapy, or, give a precise position map in case

of a multifocal lesion in pre-surgical planning.
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Figure 6.5: 3D rendering of the Right Breast obtained with Avizo software (false colours).

6.3 Radiological comparison between phase-contrast
CT and absorption based CT for breast imag-
ing

The previous paragraph was meant to underline the benefits that a tomographic
technique and, consequently, a 3D visualisation could bring to the diagnostic
process of breast cancer. All shown images, as described, have been obtained
with synchrotron radiation phase-contrast breast CT technique, which optimisation
is the main goal of this thesis. However, it has to be remarked that, in recent

years, the cone-beam breast-CT (CBBCT) dedicated system, has undergone a great

development in the acquisition of true breast 3D images (O’Connell et al.| (2010);
Han et al.| (2016); [Wienbeck et al.| (2017); Uhlig et al.| (2017)). To investigate ability

to detect and characterise breast lesions of both techniques (clinical breast-CT

system and phase-contrast synchrotron-based breast-CT), and to evaluate their
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diagnostic performances, a radiological comparison on images of same samples

has been carried out.

6.3.1 Materials and methods

12 breast tissue specimens including different types of breast cancer ranking from
invasive ductal carcinoma, intraductal papillary carcinoma, ductal carcinoma in situ,
as well as such benign abnormalities as phyllodes tumour and fibrosis, have been
imaged with both a Koning Breast-CT scanner at Géttingen University (Germany)
and with synchrotron propagation based CT (PB-CT) at the SYRMEP beamline
of Elettra Synchrotron source (Italy) (see Table for samples details).

Table 6.1: Mastectomy samples description.

Sample  Location Description

P14852  right invasive ductal carcinoma (IDC)
P19085 left intraductal papillary in situ (Tis)
P14416 left invasive ductal carcinoma (IDC)
P26447  right invasive ductal carcinoma (IDC)
P24178 right fibrous

P23813 left invasive ductal carcinoma (IDC) with external papillary carcinoma
P23540 left not malignant

P19009 left invasive ductal carcinoma with DCIS
P13970 left invasive ductal carcinoma (IDC)
P18197  right DCIS

P19430 left DCIS

P19489  right benign Phyllodes tumour

All samples were formalin fixed and stored under-vacuum in plastic bags. For the
absorption based images a Koning Breast CT (KBCT) System (model CBCT 1000)
was used (Koning website). The system includes a horizontal CT scanner, a patient
table assembly, x-ray/data acquisition components mounted on a rotating assembly,
a reconstruction engine and 3D visualization/temporary DICOM storage package.
The data acquisition is achieved by use of a flat panel detector, an x-ray tube, a
480 VAC high frequency generator, a frame grabber card and a PC workstation.
The acquisition parameters are shown in table [6.2] for the purposes of this work
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only images acquired with the lowest value of radiation dose have been considered.

The system and its working principle are shown in Fig. [6.6k and [6.6p.

Table 6.2: Acquisition parameters for Kéning breast CT images.

EVp mA mAs mGy Pixel size (mm)

49 50 120 5.85 0.273
49 100 240 11.7 0.273
49 200 480 23.41 0.273

Figure 6.6: Koning breast CT system (model CBCT 1000) (on the left), principle of
the system (on the right).

For the acquisitions performed at SYRMEP, based on previous optimisations
works, a sample-to-detector distance of 9 m was chosen. The energy has been
selected between 32, 35 and 38 kel depending on the dimension of the samples.
For all scans, the number of CT projections was 1800, over an angular range of
180°and the total exposure time was 40 seconds. In order to test the feasibility of
using the PB-CT as screening examination, different levels of radiation dose have
been used. The highest one was the one delivered by the Koning system (allowing
a comparison between the two techniques at a fixed level of dose), the second and
the third one were one half and one quarter of the first one, respectively (allowing
the diagnostic performance test of PB-CT). The detector used was a XCounter

photon counting with C'dTe-CMOS technology and a pixel size of 100 um. The
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diagnostic content of the obtained images was evaluated and analysed by a group
of expert radiologists. For each sample the radiologists were asked to comment
about features and details important for the diagnosis of the images obtained with
both technique, and underline pros and cons of them. In a second phase, they were
asked to look at the PB-CT images obtained with lower level of dose, and assess

if it is still possible to do an accurate diagnosis on them.

6.3.2 Results and discussion

For the sake of brevity, the discussion of two of the analysed sample is reported in
the following. The first case is sample P19085, it includes an intraductal papillary
tumour in situ . Figures and show the Koning and the SR image
respectively. One of the most important noticeable aspects that differentiate the
two images is the character of the margins. On the Koning image, they are quite
blurry and it is not understandable if the lesion is infiltrating or not. On the SR
image, since the borders of the lesion are sharper, it is possible to say that on the
right part they are regular and there is no signs of infiltration, on the left part there
is some poly-lobed area that could be compatible with an expansive growth.
Moreover, inside the lesion there is a fatty component that is clearly distinguish-
able on the SR image and completely flat (not detected) in the Koning one (yellow
circle on Fig. . As a general comment, since the diagnostic process is most of
all based on the morphologic assessment of the structures, the SR phase-contrast
image, allowing the visibility of margins, lobes and spiculations, is, for sure, more
reliable. The second case is P19009 including an invasive ductal carcinoma with
in situ component. Figures [6.8h and [6.8p display the absorption based and the
phase-contrast based CT, respectively. Again, the overall morphology of the lesion
is better visualised on the SR image. Margins are better defined, the shape of the
micro-calcifications is clearly detectable (brighter spots inside the tissue), and the
higher contrast resolution allows a density differentiation. Due to the nature of

this particular cancer type, on the Koning image it is still possible to assess the
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Figure 6.7: Sample P19085. Excised breast sample from an 80 years old woman,
including an n situ intraductal papillary carcinoma. a) image obtained with the Koning
dedicated breast-CT system. b) image obtained with PB-CT technique

malignant character of the lesion (as the edges are very jugged), however, due to
the higher general sharpness, the diagnosis is more accurate on the SR image.

After this step, where images obtained at the same delivered radiation dose
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Figure 6.8: Sample P19009. Excised breast sample from a 62 years old woman, including
an invasive ductal carcinoma with DCIS. a) image obtained with the Kéning dedicated
breast-CT system. b) image obtained with PB-CT technique

were compared, a second comparison was carried out. Focusing just on the SR
images, radiologists were asked if, delivering the half of the previous dose, it is
possible to appreciate the same peculiarities of the images and make the same
diagnostic conclusions. In most of the cases, and in particular in both cases reported
above, results indicate that PB-CT can achieve a better image quality of the
Koning breast-C'T system whereby delivering a considerably lower level of mean
glandular dose. Figure shows a close-up of the first sample (P19085) including
the area of the tumour. The low dose image is more noisy and loses the details
definition inside the lesion, despite that, it is still possible to do the diagnosis

with the same accuracy of the previous image.

Draft Printed on February 23, 2018



6. Application on Breast cancer diagnosis: importance of 3D visualisation and
158 comparison with absorption-based C'T

Figure 6.9: Close-up of sample P19085. a) image obtained delivering a dose of 5 mGy,
b) image obtained with a dose of 2.5 mGy.
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7.1 Introduction

A new, interesting challenge for phase-contrast x-ray micro-CT is represented by
the possibility to exploit it as an alternative method for intraoperative histological
examination for breast specimens to confirm excision of image-detected breast lesions
and provide information regarding diagnosis and classification, prognostication
(e.g. tumour grade, lymphovascular invasion) and subsequent treatment pathways
(e.g. margin assessment and hormone receptor status). The basic advantage of
using micro-CT relies on the ability to produce, in a non-destructive way, a 3D
visualisation of the specimen that can be virtually sectioned in any angle or plane.
Data can be also segmented to isolate individual structures, allowing them to
be analysed separately from the surrounding tissue but still maintaining their in
situ configuration. To date, there has been limited use of micro-CT for imaging
tumour specimens, and only a few small studies have used micro-CT to evaluate the
structure of excised breast tissue (Tang et al. (2013);|Gufler et al.| (2011bla); |Gromoll
and Salmon| (2008); Nishide et al.| (2004)); Keyrilainen et al.| (2008); |Willekens et al.
(2014)), some of them are strictly related to micro-calcification imaging, due to the
significant impact on the assessment of the malignancy risk. The study described
in this chapter was meant to evaluate the potential usefulness of this method
as a supporting tool for histological examination in breast cancer diagnosis, by
comparing images obtained with PB-CT and classical histological images. All the
images were analysed in detail by specialist histologist, in terms of the visibility

of the important features for breast cancer diagnosis.
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7.2 Phase-contrast 3D imaging as possible method
to improve histological examination

The aim of this study was to evaluate the potential usefulness of 3D phase-contrast
micro-computed-tomography (micro-CT) imaging at high spatial resolutions as an
adjunct to conventional histological microscopy. Results of a recent experiment
at the SYRMEP beamline of Elettra Synchrotron using propagation-based phase-
contrast micro-tomography method are presented. In this study, x-ray images of
multiple breast tissue specimens, 2 to 3 mm in diameter, obtained with 1.2 yum pixel
size, were analysed and compared with corresponding histological images. Together
with the results, the prospects for practical use of this method are discussed

in the following paragraphs.

7.2.1 DMaterials and methods

Samples description

32 breast tissue specimens, prepared by the pathology department of the Cattinara
academic hospital of Trieste, have been considered for x-ray phase-contrast CT
scans and histopathological examination. All samples were taken from macroscopic
regions of interest within the specimen and prepared for standard histology process.
After scanning the samples using PB-CT, routine haematoxylin and eosin stained
(H&E) sections were made from these specimens, and microscopic areas of interest
identified. Two-millimetre core biopsies were then taken of the paraffin embedded
tissue blocks in these areas of interest. Cores were cut using a standard microtome
into serial 3-5 pm thickness sections, taken at 40-50 pum stepwise levels, until
tissue was exhausted. Sections were mounted on glass slides and underwent routine
staining with haematoxylin and eosin. At the end, the sections were digitalised at
20x optical zoom. Detailed diagnostic information about each core biopsy sample

prepared for the experiment are presented in Table [7.1]

Ezxperimental setup

The x-ray phase-contrast CT scans were performed at the SYRMEP beamline at
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Table 7.1: Histological findings on breast tissue specimens

Sample Description

10753 D Medullary

1075 B Ductal G2

10754 G in sttu lobular carcinoma
10778 A Ductal G1

10805 C Apocrine G2
10834 E Ductal G3 (solid)
10945 G Lobular G2

10971 C Micro papillary
11047 F Ductal G3

11069 B in situ carcinoma
11069 F Invasive carcinoma
11094 E Ductal G2 with skin
11110 M Triple negative ductal G3
11131 Fat necrosis

11261 E Lobular G2

11487 D Mucinous

11607 C Sclerosing adenosis
11624 D i situ carcinoma
11624 E Healthy tissue
11624 H Healthy tissue
11735 D Lobular G2

11735 F Lobular G2

11752 F Lobular G2

11776 E Ductal G2

11884 A Papilloma

11895 G Papillary

11935 B Lobular + benign
11935 C Papilloma

12101 M Squamous cell carcinoma
12159 A in situ cribriform carcinoma
12321 B Phylloid tumour
12322 G in situ carcinoma
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the Elettra synchrotron, Trieste, Italy. All samples were scanned using the 2 GeV
storage ring mode and a white (polychromatic, filtered with 1 mm of Si and 0.4
mm of Al) x-ray beam. The detector used, was an air-cooled, 16 bit, SCMOS
camera (Hamamatsu C11440-22C) with a 2048 x 2048 pixel chip coupled with a
high numerical aperture optic that allows a variable pixel size, nominally between
0.9 - 5.2 pm. Samples were imaged at a sample-to-detector distance of 10 em using
polychromatic x-ray with the mean energy of 17 keV in the propagation-based
mode. For each sample, the scan with 1.2 um pixel size, containing 1800 projections

was collected with 0.1° angular step over 180°.

CT reconstruction procedure

CT data pre-processing and reconstruction were performed using STP software
(Brun et al|(2015)). Firstly, the projections collected during the experiment were
pre-processed using dark current and flat-field corrections and a ring removal
filter. In order to exploit the phase shift information, the algorithm based on the
Homogeneous Transport of Intensity equation (TIE-Hom) (Paganin et al.| (2002))
was applied to the projections prior to tomographic reconstruction using filtered

back projection.

Images alignement

In order to obtain CT slices corresponding to the histological slices the volumetric
CT data were imported into Drishti, an open-source scientific visualisation software
designed by Ajay Limaye at the National Computational Infrastructure’s VizLab of
Canberra, Australia. (Limaye| (2012)). This enabled oblique angled CT slices that
most closely matched the histological slices. The match was made by adjusting
the oblique slice in Drishti until features across the whole CT slice matched
corresponding features in the histological slice as closely as possible. Because the
histological slices typically experience distortion on mounting to a slide, an affine

registration step was required to fully match the distorted histological data and the
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corresponding oblique slice extracted from the volume CT data. This step was done

using affine registration tool TrackEM2 in Fiji (ImageJ) (Schindelin et al. (2012)).

7.2.2 Results and discussion

Histology slides stained with haematoxylin and eosin were used as a reference for a
comparative assessment with phase-contrast micro-CT slices. The use of histology
images was important for identification of anatomical landmarks and structures,
architectural patterns and tissue types in corresponding micro-CT images. For
all scanned samples, a good match between micro-CT and histology slices was
found. However, in this thesis, the results for two most representative samples
are shown. Figures and show the comparison between the histological
and phase-contrast x-ray CT images for an in situ carcinoma cribriform type and

a mucinous one, respectively.

Figure 7.1: Sample 12159 A containing an in situ cribriform carcinoma. a) micro-CT
slice b) classical histological slice stained with haematoxylin and eosin.

A first, clearly noticeable aspect of the phase-contrast image is the differential
density information between the internal epithelial and myoepithelial cells, given by
the different grey levels. Additionally, the basement membrane, that immediately

surrounds ducts, and the overlying stromal tissue appear well defined (brighter lines
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in Fig. [7.1p) and allows a precise characterisation of the architectural structure
(an image swipe tool to roll back and forth between the aligned images is available

at Sample-12159).

(a)

Figure 7.2: Close-up of a duct. On the micro-CT image (a) the basement membrane
appears as a defined white line, on the histological image (b) the membrane is still visible
but its integrity is not assessable.

The analysis of the basement membrane is important to distinguish between
the irregular and infiltrative character of the cancer and the in situ one: if the
membrane is intact, the neoplastic growth stays within ducts, meaning that the
carcinoma is in situ, otherwise, the discontinuity of the membrane determines an
infiltration outside ducts. In the case reported in Fig. from classical histological
image (Fig. ), it is not easy to evaluate this feature, implying the need for a
more specific examination to assess the membrane preservation (i.e. P63), in the
micro-CT image (Fig. [7.2a), as expected, the connective tissue is clearly lying under
the epithelium and it is possible to say that the carcinoma is in situ. Adipocytes
layers are quite similar in both images, but some of them in the histology image
appear as damaged by the cutting process (circular structures in the upper part of
Fig. and ) Likewise, the hyperplastic glandular epithelium protruding
into the lumen is distinguishable with both methods (Fig. , but the presence

of micro-calcification inside the duct (brighter spots visible in Fig. [7.3h) caused
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Figure 7.3: Close-up of a duct including micro-calcifications (marked with a yellow
circle). On micro-CT image (a) calcifications are well visible e characterised by a brighter
grey level, on the histology image (b) they are completely lost due to the cutting process
causing an hyperchromasia (dark purple zone inside the circle).

Figure 7.4: Close-up of a duct with the typical cribriform features. Elements with
fenestrated aspect appear as dark in micro-CT image (a) and as white in histological one

(b).

a tissue deterioration (visible as a hyperchromasia in Fig. [7.3b) during the cut
making impossible the evaluation of the micro-calcifications themselves.

Finally, in both images peculiarities of cribriform type are clearly appreciable,
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i.e. ducts containing proliferating elements with fenestrated appearance (dark parts
in Fig. corresponding to white parts in Fig. [7.4b). The second reported
sample contains a mucinous carcinoma (Fig. , as in the previous case a good
correspondence of the principal features is clearly noticeable. In particular, there
is a small duct including an erythrocyte clot visible as light grey in the micro-CT
image (yellow circle in Fig. [7.5h) and red in the classical histology image (yellow
circle in Fig. [7.5b). Mucinous carcinoma of the breast is a rare form of invasive

ductal carcinoma.

Figure 7.5: Sample 11487 D including a mucinous breast carcinoma. a) micro-CT slice,
b) classical histological slice stained with haematoxylin and eosin

In this type of cancer, the tumour is made up of abnormal cells that "float" in pools
of mucin, a key ingredient in the slimy, slippery substance known as mucus. In
micro-CT (Fig. [7.6a) the mucus is represented by a very light grey pattern, whit
small darker island floating on it, on the histological image the mucus appears as a

light pink web with dark purple island (Fig. [7.6b).
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Figure 7.6: Close-up of the area containing mucus. On micro-CT image (a) the mucus
is the brightest part while in the histological image (b) is represented by a light pink
pattern.
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Conclusions

A twofold objective has guided this thesis work: on the one hand the optimisation
of the experimental and processing parameters influencing the image quality on
phase-contrast breast tomography and, on the other hand, the validation of the
most suitable method to assess image quality in this domain. Original results
have been obtained in both these two subjects (a part of them already published
in international journals) and interesting aspects for future works have emerged.
A third topic, concerning a new interesting application of phase-contrast high-
resolution tomography, has been explored and treated in this thesis as well. The main
conclusion drawn from this work is that the use of phase contrast and phase retrieval
results in significant improvement in the quality of x-ray images of breast tissue with
respect to purely absorption images. This has been demonstrated in the low-dose
scans by evaluating several different quality indexes and considering the radiological
assessment. Low-dose phase-contrast C'T images can be obtained with a conventional
flat-panel detector having relatively large pixels if large propagation distances are
implemented. Overall, summarising the results of the optimisation, it is possible to

conclude that the quality of the images obtained with PB-CT method increases when:

1. Large sample-to-detector distances are used (9 m)
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2. Energies between 32 and 35 keV are used (among the analysed range)

3. Iterative reconstruction algorithms are applied. Best results have been

observed for iFBP, MR-FBP and SIRT.

4. The TIE-Hom phase retrieval approach is used with both nominal and half of

the nominal value of the 6/
Concerning the best method to assess the image quality:

1. The (objective, no-reference) image quality parameters, IQ and @, appear
to be in a good agreement with the average (subjective) radiological scores
assigned to the images by experienced imaging specialists, particularly for the

higher-quality images obtained with half and nominal value of phase retrieval.

2. In particular conditions (i.e. the possibility to define a reference image) some

of the proposed full-reference indexes are suited for this kind of study.

This demonstrates that the human interpretation of x-ray images for cancer diagnosis
can be linked with quantitative numerical image analysis and it is essential to
translate the radiological requirements in terms of image quality, into technological
improvements. Moreover the proposed assessment approaches could be used to
investigate what "image quality' means, from a quantitative point of view, in
other medical fields.

According to these results, the PB-CT method, shows significant promise for
breast cancer imaging of live patients. The method is currently best suited for use at
specialised synchrotron facilities, such as SYRMEP beamline at Elettra synchrotron,
but can potentially be implemented in a clinical environment if sufficiently bright
microfocus x-ray sources become available at a practical level. The technique
has also been compared with the currently diffused dedicated breast-CT systems.
Results indicate that PB-CT can achieve a higher level of image quality with
respect to the Koning breast-CT system highlighting important aspects of the image
that are fundamental for an accurate diagnosis. This confirms that, the PB-CT

technique, could potentially be introduced as a large-scale screening examination
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as it could keep a high level of image quality whereby delivering a considerably
lower level of mean glandular dose.

A last important use of this technique has been studied: the virtual histology.
Since precise geometric locations of ROIs can be derived from the CT data sets
of the scanned embedded samples, it is possible to develop computer controlled
cutting systems that mechanically achieve the virtually planned sectioning. This
would enable the guidance of the cutting process to ROIs, which would render
serial cutting unnecessary and would ensure that important structures are not
missed. In addition, x-ray based virtual histology can be used to more easily derive
geometric and volumetric anatomical measures as compared to classic histology.
More importantly, it has been demonstrated that standard procedure introduces
major non-uniform deformations within the tissue slices, which makes studies based
on CT measures much more reliable. This result can be extended to other kind
of specimens and clinical cases that utilise the histology technique. It is possible
to conclude that virtual and classic histology complement each other with their
respective unique information. For this reason, the introduction of CT-based virtual
histology procedure, not only would enable the improvement of histological analysis,
but also would offer the potential for automation and thus a dramatic reduction

of the workload in clinical routine.
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