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Abstract

Radar-based imaging is an emerging modality for breast cascscreening.
Two commercial radar-based imaging devices are being tabtia patient

imaging studies. Promising initial results have highliglgd the potential

of the technology but have also identi ed that breast compason varies

substantially from individual to individual. The breast camposition is

known to impact image quality, motivating the primary reseach objective:
to develop novel radar-based breast imaging algorithms taddress the
normal variance of breast composition observed in the poatilon.

Firstly, fundamental assumptions of radar-based imaging gbrithms are
examined. The results of this analysis indicate that accoting for the
dielectric properties of the patient-speci ¢ breast posively impacts the
sensitivity of radar-based imaging in patient populationsvith normal breast
variance. Using breast phantoms mimicking normal variationn breast
composition, it is shown that using one population mean estiate of the
dielectric properties may not be suitable to reconstruct iges of all breasts.

Secondly, a novel radar-based imaging algorithm is devetpthat can
account for the dielectric properties of the patient-sped breast. The
proposed algorithm is tested using experimental data fromréast phantoms
and also evaluated using ve clinical case studies from the Whersity of
Calgary. The algorithm is applied to patients both with and vithout breast
disease. These results suggest that the proposed algoritiean help improve
the sensitivity in patients with breasts of di ering tissuecomposition without
impairing the speci city. However, both the experimental inaging results
and clinical case studies highlight that achieving high sgecity in dense
breasts may be a potential challenge. More work needs to bendoto
investigate factors a ecting the speci city of radar-basd imaging.

In summary, this thesis indicates that accounting for the p@ent-speci c
breast is important to achieve high sensitivity using radabased breast
imaging. A novel algorithm is proposed and tested that coulde used to
improve the sensitivity of radar-based breast imaging witbut negatively
impacting the speci city.

Vi
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Chapter 1

Introduction

Reduction of morbidity and mortality due to breast cancer ha long been
a goal for health-care [1]. Although incidence and mortalityates vary
worldwide, breast cancer is the fth leading cause of deathug to cancer
overall, the most frequent cause of cancer death for womemdadathe second
most common cause of cancer death for women in more developsgions [2].

Migration studies have suggested that lifestyle or envirenental factors
are major determinants of breast cancer risk: for example,omen of Asian
ethnicity living in the United States had a 60% higher risk compared to
those who were living in Asia [3]. For postmenopausal womerie majority
of breast cancer risk is attributable to nonmodi able risk &ctors such as
earlier age at menarche, taller height or breast compositipbut as many as
a third of breast cancers are associated with modi able ristactors such as
weight gain, alcohol consumption and physical activity [4]

As long as breast cancer cannot be entirely prevented, muchcts is
given to early detection of the disease. Early detection i<laieved through
asymptomatic screening and early diagnosis [5]:

screening programmes that aim to detect both cancers and pcancers
in asymptomatic populations;

and early diagnosis through improved public and professiahawareness
of the signs and symptoms of breast cancer.

Asymptomatic screen programmes are widespread, and are macoended
by the World Health Organization (WHO) for many healthcare systms [5].
However, recent studies have suggested that asymptomatigesening using
mammography may be having little or no impact on mortality raes, but
potentially leading to many cases of overdiagnosis and otreatment [6]{[8].
However, it can be di cult to evaluate the bene ts of asymptomatic
screening programmes. Whereas screening can lead to ovegdasis and
treatment of disease that would not have resulted in mortdly, screening may
also lead to lower patient morbidity and allow patients a grater choice of less

1



CHAPTER 1. INTRODUCTION

invasive treatments [9]. Additionally, no consensus exists to the optimal
population to screen nor the optimal screening frequency.h€ e ectiveness
of mammographic screening can vary with both age and frequsnamong
other factors: sensitivity for younger women (40{44) can bas low as68.6%
compared t0o83.3%for older women (80{89 years old). Speci city also varies
with age and breast density, and can be as low as 89.1% [10].

Furthermore, x-ray mammography uses ionising radiation a@hit has
been shown that exposure to ionising radiation0(25to 20 Gy) is associated
with increased breast cancer risk [11]. To avoid unnecesgaxposure to
ionising radiation, the maximum annual dose a woman may rege from
mammography is limited to 3 to 4 mGy by the Federal Drug Administra-
tion (FDA) in the US [9], but estimating the risk from this low ionising
radiation exposure is complex [11]. Although, there is evidee to suggest
that mammography is associated with breast cancer risk pacularly for
younger women [12], many studies conclude that the carcireygc e ect of
mammographic screening is small compared to the bene ts [{{13]. A
report from 2007 suggests that a single mammography examiioa at the
age of forty is associated with a lifetime risk of fatal breagancer due to
radiation exposure ofl.3to 1.7 in 100,000[13]. Another study suggests
that 86 cancers and 11 deaths due to radiation-induced breasncer would
occur per100,000women as a result of mammographic screening between
the ages of 40 and 74 [12].

The limitations of mammography in terms of sensitivity, spei city
and ionising radiation have motivated researchers to prope and evaluate
microwave imaging as an alternative screening modality. Eliowave imaging
has been evaluated in many early-stage clinical studies ovbe last twenty
years with seven di erent operational microwave imaging sgems [14]{[37].
Studies with 150 participants with and without disease suggested that it
may be possible to distinguish benign and malignant tumoursased on the
dielectric properties in quantitative reconstructions. later studies which used
a qualitative reconstruction technique demonstrated paitularly encouraging
sensitivity of 86%in the 42 participants with dense breasts [21]. Surprisingly,
sensitivity was higher than the54%reported for the 24 participants with less
dense breasts, although the authors caution that the numberf participants
was too small to permit extensive statistical analysis. Theagly-stage clinical
studies to date have mainly recruited women from symptomatibreast clinics
and sensitivity was the primary outcome recorded.

The encouraging results from these operational microwav@aging sys-
tems and early-stage clinical studies have motivitated fthier research into
microwave breast imaging. The preliminary results suggesitat the de-
tection of malignancies in the breast using microwave imagj is possible;
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however, more development is needed to bring microwave invag from

the research bench to widespread clinical adoption [38]. iBhnew stage of
development motivates the work in this thesis, and the specichallenges
addressed are discussed in detail in the following section.

1.1 Motivation

Microwave imaging is a promising breast imaging modality @t can address
many of the limitations of mammography. Using low-power micowave
energy, typically between0.5to 9 GHz [38], microwave imaging is non-
lonising and safe for the patients being scanned [39]. Migvave imaging
hardware has the potential to be low-cost [40], [41] and maatient imaging
studies have reported that the scans were comfortable [2634].

Patient imaging studies to date have had study populationsdiween2 and
223participants and contained healthy volunteers, women withenign breast
disease and women with cancer [38]. However, in all patientaging studies,
study participants were recruited from symptomatic breastlinics [21], and
many studies do not control for selection biases such as rd&é], [33]. The
patient imaging studies have also used exclusion criteriaed on breast size
(e.g. 310to 850 mLin [21]) or the location of the breast disease (only patients
with suspicious areas not in the axilla were included in [26]Future patient
imaging studies will include larger and more diverse studyogpulations,
including a variety of breast sizes, shapes and tissue comsfion. The next
generation of systems in these larger trials will need to beitable for all
patients regardless of breast composition and will be used éstimate the
sensitivity and speci city of the imaging modality for a given population.

Breast composition can vary substantially between patiestin clinical
practice [42]. The breast can contain many tissues, includj glandular
tissues (high dielectric properties) surrounded by a loos®nnective tissue
stroma comprising adipose (low dielectric properties) andbrous tissues
(high dielectric properties) [43]. The proportions of gladular tissues and
loose connective stroma can vary between individuals, asdde proportions
of adipose and brous tissues in the loose connective strorf#?]. Tumours
also have high dielectric properties [44], [45], typicallgigher than any other
healthy tissues in the same breast [45], [46]. Microwave igiag exploits the
contrast between the dielectric properties of the tumour sisues and other
breast tissues. Other benign breast dieseases such as cygats also have
high dielectric properties.

Radar-based imaging is a leading technique for image recwastion from
scattered microwave energy. Radar-based imaging algomtls (known as
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beamformers) have been used in six of the seven patient imagistudies to
date, in patient imaging studies varying from two [36], [37§o over two hun-
dred participants [19]{[25]. Radar-based imaging is a qutdtive technique,
seeking to identify areas in the breast where the dielectrproperties di er
from the surrounding tissues. Many algorithms have been deeped to recon-
struct images of the breast, and a number of review articlesd introductory
books have been published describing the theory of beamfars [47]{[49].
However, few optimised and open-source implementations oédmform-
ers exist, although the theory of the methods is well undersbd [49]{[51].
Beamformers have been compared in nhumerical, experimentaldapatient
imaging studies [52]{[54], however, in many cases, the coanigons include
only experimental cases with tumour phantoms or patients W disease [55].

The largest radar-based imaging studies have been condutteith the
Multistatic Array Processing for Radiowave Image Acquisitin (MARIA *)
system, originally developed at the University of Bristol ad now developed
commercially by Micrima Ltd. (Bristol, the UK). Initial expe rience with
MARIA ® and experimental breast phantoms suggested that dense and
heterogeneous breast phantoms were the most challengingirtmage [56].
However, preliminary results from 66 patients found higheresisitivity in
more dense breasts compared to less dense brea8&¥{for dense breasts
compared to54% for lucent breasts) [21]. Although the authors caution
that the study size is too small to permit extensive statistial analysis, this
unexpected nding motivates research into the e ects of bigst composition
on beamformer performance. A new patient imaging study is derway
using a new generation of the MARIA system with an estimated enrolment
of 994 participants (NCT03302819).

Fundamentally, beamformers use knowledge of the propagati of elec-
tromagnetic energy within the imaging domain to \synthetially focus"
scattered energy to points within the imaging domain. Howeveneither
exact knowledge of breast tissue composition nor the dietiec properties of
the breast are known. Hence, the majority of beamformers regn assump-
tions to construct the propagation model, which can be brodyl divided into
two categories:

1. simplifying the imaging domain for a given patient by assumg it is a
single homogeneous medium;

2. using the same propagation model for all patients.

All six radar-based patient imaging studies have assumed agili ed imaging
domain for a given patient. These assumptions are integrab implementing
the beamformer as exact knowledge of the structure and congiton of the
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breast interior is not known at the time of imaging. However, he breast
is known to be heterogeneous, and the impact of these assumps is not
well studied. Similarly, all six radar-based patient imagig studies have
used the same propagation model for all patients. The breagiries from
patient-to-patient, and also for a given individual over tme due to age and
other factors [42]. Moreover, accounting accurately for bast composition
has been shown to impact the image quality [57], [58].

Although some studies have proposed methods to estimate peati-
speci ¢ propagation models [31], [57]{[60], a number of unawered questions
regarding the e ect of these assumptions on microwave imagj algorithmic
design, testing, validation and e cacy remain. In particular:

1. how to determine the dielectric properties of the simpli edoropagation
model used for imaging?

2. does xed-value estimation negatively a ect the clincal e cacy of
radar-based imaging in terms of sensitivity and speci city

3. are the characteristics of correctly reconstructed imagek erent from
the characteristics of incorrectly reconstructed images?

4. and what image features can be used to distinguish images t@ning
tumours from images without tumours, blind to the clinical dagnosis
of the patient?

These unanswered questions motivate the primary researchjective of
this thesis: to develop novel beamformers to address the stamtial variance
in breast composition observed in the population. The printg research
objective is achieved in a number of stages:

1. evaluating if xed-value estimation of the dielectric progerties a ects
tumour detection in terms of sensitivity in breast phantomsof varying
composition;

2. identifying characteristics of correctly and incorrectlyreconstructed
radar-based breast images;

3. proposing suitable cost functions that reward correctly i@nstructed
images and penalise incorrectly reconstructed images;

4. testing the proposed cost functions using experimental irgas as well
as patient images from an operational microwave imaging sgm.
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To facilitate the primary research objective, breast and tonour phantoms
modelling variation in breast composition were fabricatednd open-source
imaging code was developed. The speci c contributions defed in this
thesis are summarised in the following section, includingné thirteen publi-
cations arising from these contributions.

1.2 Thesis Contributions

Signi cant contributions are presented in this thesis add¥ssing the e ects
of interpatient variations in breast tissue composition onmage quality,
tumour detection and clinical e cacy. The speci ¢ novel corributions are
summarised below, in particular:

designing, building and testing of an experimental microwa radar-
based imaging system hardware in accordance with the curtestate-
of-the-art operational system design;

development of free, open-source, extensible imaging safte with
implementations of leading beamformers and patient-speciesti-
mations methods (available with documentation and user gdes at
https://www.github.com/EMFMed/MERIT);

fabrication of breast and tumour phantoms modelling interatient
variation in breast tissue composition and di erences in mnour shape
and size observed in clinical practice;

detailed evaluation of the limitations in terms of sensitiity of current
beamformers due to variance in breast tissue compositionsgsved in
the population;

fundamental analysis of the impact and importance of breasissue
composition as an input parameter to radar-based beamfornse

identi cation of characteristics of correctly reconstruted microwave
radar-based images compared to characteristics of incartlg recon-
structed images;

proposal of cost functions that reward correctly reconstaied images
and penalise incorrectly reconstructed images;

testing of the proposed cost functions using the experimetmicrowave
imaging system and the breast and tumour phantoms presentéual
this thesis;
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analysing the performance of the proposed cost functions sample
clinical case studies.

These contributions are described in detail in the followop chapters,
including: the breast and tumour phantoms and experimentaiardware in
Chapter 3; e ects on sensitivity and speci city of patientspeci ¢ estimation
in Chapter 4; proposal of cost functions to reward correctlyeconstruction
images in Chapter 5; and performance in clinical case stugiffom a leading
operational microwave imaging system in Chapter 6. These ve& contri-
butions have been published in six journal articles and seveonference
publications which are listed in the following sections. Whe appropriate,
these journal and conference publications are referencedthe relevant
chapters of this thesis, and the rst page of each publishedutribution is
included in Appendices B and C.
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1.3 Thesis Structure

The remainder of this thesis describes the background, expeental system,
methods and results used to address the primary research ettjve.

Chapter 2 describes the background to this thesis, beginigmwith breast
anatomy, interpatient variation and the types of breast abormalities ob-
served in clinical practice. Leading breast imaging mod&gs are described,
including the advantages and disadvantages of each techogy. Next, the
theory of microwave imaging is explained, including a comghensive review
of operational microwave imaging systems. Finally, the renrang challenges
to clinical adoption are discussed based on a review of op@yaal microwave
imaging systems and patient imaging studies, including theurrent under-
standing of the dielectric properties of human breast tis&s, di culties
regarding patient movement and both inter- and intrapatienvariation.

Chapter 3 presents the experimental data and hardware acgition
system used to help answer the primary research objective thfs thesis.
The motivation, design and fabrication of the breast and turour phantoms is
also presented. The breast phantoms are designed to mode# tinterpatient
variation in breast tissue composition observed in the pojation in terms
of the proportions of adipose, glandular and brous tissueis the breast.
The tumour phantoms were manufactured in a variety of shapemd sizes,
modelling both benign breast diseases and invasive breaancers.

Chapter 4 compares and contrasts xed-value and patient-ggi c dielec-
tric properties estimation in terms of sensitivity. Using tle experimental
test cases from Chapter 3, the feasibility of using xed-vak estimation in a
realistic population is considered. The potential impact o the speci city is
also considered. This analysis helps evaluate if patierexi c estimation
IS necessary to achieve high sensitivity in a realistic polation, without
impairing the speci city.

Chapter 5 proposes cost functions that can be used for pattespeci c
dielectric properties estimation. A simpli ed analytical model is used to
identify characteristics of correctly reconstructed imags which are compared
to the characteristics of incorrectly reconstructed image The cost functions
are then tested using the breast and tumour phantoms from Chger 3.

Chapter 6 evaluates the cost functions developed in Chaptérusing
ve clinical case studies from a study at the University of Cajary. The
data presented in Chapter 6 is used to investigate if the praged method is
robust in the presence of noise from patient movement and @hchallenges
associated with real patient data.

Finally, Chapter 7 summarises the thesis, discussing the maiesults and
conclusions. Additionally, future work is identi ed to improve the patient-
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speci ¢ estimation methods presented in this thesis, andsd the next steps
for microwave radar-based imaging necessary for clinicalc@ptance of the
imaging methodology.
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Chapter 2

Background

Work from this chapter was published in IEEE Transactions
on Biomedical Engineering in 2018 in a review paper entitled
\Microwave Breast Imaging: Clinical Advances and Remaining
Challenges."

In this chapter, the fundamental basis of microwave breasmiaging is
discussed, beginning with the anatomy of the breast, the a@nt state-of-
the-art in microwave breast imaging and identifying the keyhallenges that
need to be addressed for microwave imaging to be adopted daily.

Firstly, an overview of the anatomy of the human breast is preseed,
including the types of growth abnormalities that can occurBenign breast
diseases, abnormalities associated with increased cangsk, known and
suspected precursors of cancers and invasive cancers afecahsidered.
Leading breast imaging modalities are summarised includjrthe advantages,
disadvantages and types of growth abnormalities detectedtiveach modality.
Recent developments with respect to asymptomatic breastreening are
reviewed, including the bene ts and risks in terms of both mibidity and
mortality.

Next, the fundamental basis of microwave breast imaging istmoduced,
beginning with the electromagnetic scattering equation ahbrie y summaris-
ing the assumptions and approximations used in the leadingeonstruction
approaches. The design and operation of microwave imagingriware and
software is reviewed and particular focus is given to thosgstems that have
been evaluated on patients.

The available clinical evidence from patient imaging studs is compre-
hensively reviewed in terms of patient populations, key nohgs and next
steps. Finally, the remaining challenges to clinical tranation are identi ed
based on the patient imaging studies, including how the priary research
objective of this thesis helps to address these challenges.

12
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CHAPTER 2. BACKGROUND

2.1 Breast Anatomy and Physiology

The human female breast is a rounded eminence lying withinehsuper cial

fascia anterior to the upper thorax [42]. The breast size arghape can vary
substantially between individuals based on genetic, radiar dietary factors,
and also based on the age, parity and menopausal status of tweman.
The nipple projects from the centre of the breast anteriorlyand the site
of the nipple can vary depending on the breast shape and siz&.disc of

skin, known as the areola, surrounds the nipple, which is gemally pink or

brown in colour, and the colour can vary depending on parityrageneral
melanisation of the body.

The breast interior is composed primarily of lobes, shown iRig. 2.1,
which contain a network of glandular tissue including brarting ducts and
terminal secretory lobules interconnected by a connectivissue stroma. The
breast contains between fteen and twenty lobes, from whiclkactiferous
ducts carry milk from the terminal secretory lobules to the xterior of the
breast. The lactiferous ducts converge on the areola and @pen to the tip
as small ori ces. Lobes may not form discrete territories lhican merge at
their edges.

The interlobular connective tissue stroma is dense and bus, whereas
the interlobar connective tissue stroma has a loose textur&ibrous tissues
are found both surrounding the glandular components and asin the
interlobar connective tissue stroma, often connecting thglandular tissues
to the skin. Both the proportions of adipose and brous tisses in the
interlobar stroma as well as the overall proportion of bros and glandular
tissues in the breast can vary between individuals. Breastgth a higher
proportion of brous and glandular tissues are referred tosamore dense,
and breast density tends to decrease with age or for individls who have
had more than two children. Density tends to be higher in smiabreasts or
those who have undergone hormone replacement therapy [61].

Abnormal growths, known as neoplams, can also occur withinghoreast.
In many cases, neoplasms form a mass which is known as a tumaois with
all neoplasms, tumours can be broadly divided into three nraicategories [62]:

1. benign: tumours without the ability to invade neighbouringtissues or
metastatise, and these are discussed in Section 2.1.1;

2. in situ: tumours that have not invaded other tissues but have the
potential to develop into cancer and are summarised in Seati 2.1.2;

3. and malignant: tumours that have invaded the surrounding ssues or
have metastatised, considered in Section 2.1.3;
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Figure 2.1: Medical illustration of the anatomy and internal structures of the female
breast including the lobules, lobes, lactiferous ducts and lymphdt drainage system.
Also shown is the nipple, areola and the convergence of the lactiferouducts
from the breast lobes on the areola. The interlobar connective tissue stma is
loose containing varying proportions of adipose and brous tissues, whexas the
interlobular connective tissue stroma is dense comprising mainlybrous tissues.

Malignant neoplasms, known simply as cancer, are a leadinguse of
death (second most common in the United States [63]); breasdrxer is the
second most common cancer in the general populatioh0%9 and the most
common amongst women23%) [64]. The primary tumour (arising from
the initial uncontrolled growth) may become life-threatemg by obstructing
vessels or organs; however most primary tumours do not coropmise survival
when con ned only to the breast [65]. Death is most commonlyacised
by the spread of the primary tumour to other sites in the body Known as
metastatis), principally through the lymphatic system butalso via the blood
vessel route [66]. The breasts are the site of malignant clggnin as many

as 1in 8 women [42].

Other changes, due to infections or hormonal responses amathers,
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can also occur in the breast. In some cases, such as broadmas, the
changes are harmless and rarely treated, in others, such as Mecrosis,
the changes may mimic cancer and require further investigah. A brief

overview of the types of breast abnormalities that are obsexd is presented
in the following sections [9], [67]: benign changes that an®t associated
with cancer risk in Section 2.1.1; abnormalities associatsvith increased risk
of breast cancer in Section 2.1.2; and cancers of the breastSection 2.1.3.

2.1.1 Benign Breast Changes

A number of benign changes can occur in the breast which may miay not
be treated depending on the nature of the change. For some ogas such
as broadenomas, the change may not be treated unless caugitiscomfort
to the patient. Other changes such as cysts, may need furthewvestigation
for diagnosis and to rule out the possibility of cancer.

Adenosis refers to an increased number of small terminal duéts which
is often associated with a proliferation of stromal tissueKnown as sclerosing
adenosis if the tissues harden or are damaged in some way,rexs has no
signi cant malignant potential. However, adenosis is oftessociated with
microcalci cations, which may require further diagnosticests to rule out
cancer. For example, sclerosing adenosis is the most comnpaithologic di-
agnosis in patients undergoing needle-directed biopsy faricrocalci cations
in many series.

Cysts are uid- lled, epithelial-lined cavities that may grow to palpable
masses containing as much &0 mL of uid. Although common (developing
in at least 1 in 14 women), cancer in a cyst is exceedingly rare (lower than
0.1% of cases contained intracystic carcinoma), and there is neigence
associating cyst formation with increased risk of cancer.y8ts are in uenced
by ovarian hormones and are most commonly observed in womeetleen
35 years of age and menopause.

Duct ectasia can occur when the lactiferous duct becomes tied or
clogged, potentially causing discharges. Although surgicatervention is
not normally needed and it is not associated with increasea@ucer risk, duct
ectasia can mimic cancer by forming palpable masses. Fat resis can also
mimic cancer (palpable mass with calci cations), and oftelccur as a result
of breast trauma, surgery or radiation treatment. Potentidly requiring a
biopsy to diagnose or remove, this lesion has no malignanttpotial.

Fibroadenomas are benign solid tumours comprising stromahé epithe-
lial elements. Fibroadenomas are the second most common tumdound in
the breast, and often arise in the late teens or in the early peoductive years.
Cancer in a newly discovered broadenoma is very rare, and rbadenomas
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are not normally surgically excised unless continuing to gw or causing
discomfort. Complex broadenomas may slightly increase thrisk of breast
cancer.

Hamartomas, or broadenolipomas, are benign proliferatianof glandular,
brous and fatty tissues encapsulated in a thin layer of corective tissue.
Hamartomas are mostly asymptomatic and often grow at the sanrate
as surrounding tissues. Although mainly detected through bast imaging,
hamartomas may form a palpable lump. Although not directly asociated
with breast cancer risk, cancer may coincidentally developithin the cells
of the hamartoma.

Papillomas can occur in the epithelial-lined breast ductspften near
the areola. Many are small (less thaid cm) but can grow as large agicm
Papillomas are often associated with cystic structures anday cause pain,
lumps or discharges, Papillomas are not associated with neased risk of
breast cancer except potentially in women with multiple pajijomas. Biopsy
is often needed to diagnose or remove these growths.

2.1.2 Breast Changes Associated with Increased
Cancer Risk

Unlike the breast changes discussed in the previous sectisome breast
changes are associated with increased risk of cancer. Sohmnges, such
as hyperplasia, are considered risk factors whereas othbagges, such as
ductal carcinomain situ (DCIS), can be precursors to cancer, although the
progression ofin situ carcinomas is not completely understood [68].
Radial scars are a type of abnormality known as a complex sasing
lesions. Radial scars can appear similar to cancer mammageally as they
are also characterised by irregular spiculations in the swunding stroma.
Although the gross abnormality is rarely more thanl cmin diameter, larger
lesions may form palpable tumours with many characteristicsimilar to
cancers. Radial scars, although rare, are associated witmadestly increased
risk for breast cancer and often need to be excised to rule atancer.
Benign epithelial proliferative breast disease can alsoa@u in the form
of hyperplasia of the epithelial cells with or without atypa. Neither ductal
nor lobular hyperplasia are considered precursors to maligncy, but are
associated with increased cancer risk [9]. Ductal hypergia ranges from
mild (three or four epithelial cells in thickness) to moderi or orid when
more pronounced or altering the shape of the duct [65]. Bothudtal and
lobular hyperplasia are considered a normal physiologicethange occuring
during a woman's monthly cycle. Similarly, atypical hyperfasia of the
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epithelium is not considered pre-malignant, but as a risk &or for breast
cancer [9]. Distinguishing between normal hyperplasia, ygiical hyperplasia
and carcinomain situ is not always easy, but despite uncertainties, there is
agreement that the presence and type of propliferative epielial hyperplasia
determines the risk for subsequent breast cancer and thatehrisk is between
one to ve times higher than controls [65].

Between15%and 30% of all diagnosed breast cancers are carcinomas
situ. Although common, the clinical signi cance and optimal treément of
breast carcinomasn situ are uncertain for both patients and clinicians [68].
Additionally, breast carcinomasin situ do not always completely express
the hallmarks of invasive cancers, meaning progression twasive cancer
does not always occur [69], [70]. The two major types of bréasrcinoma
in situ are:

DCIS: which is considered a true precursor to invasive braasancer
and accounts for 80% of breast carcinomas situ;

and lobular carcinomain situ (LCIS) which is associated with increased
risk of invasive breast canser but is not a direct precursootinvasive
cancer.

Although initially believed to be a malignant lesion, LCIS isnow more
commonly regarded as a risk factor for invasive cancer andcognised by
its conformity to the outline of the normal lobule. DCIS, however, is a
more heterogeneous lesion morphologically [71], rarely peating as a pure
lesion of one morphological type, but more commonly mixed. @S can
transform into invasive cancer, however the grade of invasi cancer tends
to be associated with the grade of the original carcinoma situ [67].

DCIS is associated with increased mortality, particularlyamong those
of black ethnicity or those younger at time of diagnosis. Fahese women,
mortality is often due to an ipsilateral second primary invaive cancer.
However, some patients die of DCIS without experiencing an-breast
invasive cancer prior to death [72]. Although nding that motality risk
increases due to diagnosis of an ipsilateral second primamyasive cancer, the
observational study 0f108,196women noted that prevention of reoccurence
through radiotherapy was not associated with a reduction dhe 10-year
mortality rate [72]. DCIS commonly coexists with other invaive cancers
in the breast, but the two phases of the malignancy are in stepith each
other morphologically [67].
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2.1.3 Invasive Breast Cancers

Breast cancers arise primarily in the epithelia of lobulesr@ucts (known as
carcinomas). Other cancer types can occur in the breast buteamore rare.
Primary breast sarcomas, beginning from the stroma, accauior fewer than
1% of all breast cancers and less thab% of all soft-tissue sarcomas [73].
Primary breast lymphoma is also rare, accounting for less @n 0.5% of all
breast cancers and. to 2% of all extra-nodal lymphomas [74]. Breast cancer
also a ects mainly women: male breast cancer is rare, accaung for fewer
than 1% of cases [75].

Invasive breast cancers are a heterogeneous group of lesithrat can
vary with regard to clinical presentation, histopathology molecular features
and biological potential. Cancers are typically classi edbased on the
growth pattern and cytologic features of the invasive cellg6]. Two broad
classi cations exist, ductal and lobular, although these @ not indicate the
site of origin as most cancers arise in the terminal duct lobar unit regardless
of classi cation [77]. Rather, the distinction was chosenot highlight the
histological similarities between lobular carcinoman situ and invasive
lobular carcinoma, as well as the multicentric and bilatedanature of lobular
carcinomain situ [9].

The majority of invasive breast cancers present as invasidelctal car-
cinomas [6%), often called invasive ductal cancer of no special type to
distinguish it from the other subtypes. The prognosis of irasive ductal
cancer varies according to tumour size, histologic gradgnph node status
and other prognostic factors [9]; however, even with this gup, prognosti-
cally favourable subtypes can be identi ed. Invasive ductacarcinomas are
normally pure legions, but can also have a minor component ohe or more
histological types.

Invasive lobular carcinomas constitute the second most freent type of
invasive breast cancer§%y). Typically characterised by multifocality in the
ipsilateral breast, invasive lobular carcinomas are mordten bilateral or
multicentric than other types of invasive cancer [9], and aroften di cult
to detect on mammography [78]. Invasive lobular carcinomabeexists with
lobular carcinomain situ frequently. There is uncertaintly as to whether
there is a di erent prognosis for invasive lobular carcinoawhen compared
to invasive ductal carcinoma, and the extent of invasive labar carcinomas
are often underestimated from physical examination.

Many imaging modalities are used for breast imaging which iadentify
some of the benign breast diseases and invasive breast candescribed in
this section. For certain benign diseases, the imaging moitgalcan be used
for diagnosis: for example, ultrasound can be used to disgnish solid and
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cystic masses [9]. However, individual imaging modalitieseararely used
alone for diagnosis, but more often in combination with oth@echniques. For
example physical exam, mammography and ne needle aspirati form the,
so-called, triple assessment criteria [79], [80]. The fmNing section describes
leading imaging modalities, their clinical indications ad advantages and
disadvantages. In the case of x-ray mammography, the imagimodality
is used as both a diagnostic and asymptomatic screening toahereas for
ultrasound and magnetic resonance imaging, the primary lcal indication
is for diagnostic purposes only.

2.2 Breast Imaging Modalities

A number of breast imaging modalities have been proposed aack currently
used [9], including x-ray mammography, ultrasound, magnietresonance
imaging, molecular breast imaging and thermography. New aances using
these techniques are also being developed, such as digitaast tomosynthe-
sis which is a three-dimensional imaging technique also ledson x-rays [9].
Many of these imaging modalities have also been proposed @me with
asymptomatic screening programmes, although x-ray mamnmaghy remains
the only currently accepted screening modality [5],

As early as 1966, clinical studies of mammography screeninfgasymp-
tomatic populations was reported to improve patient outcores [81]. However,
recent studies have suggested that asymptomatic breast sening using
mammography has little to no impact on breast cancer mortayi rates [7],
[8]. In light of this uncertainty, the principles of asymptanatic screening are
discussed in Section 2.2.1 including the challenges to exating e cacy. The
remainder of this section includes a brief overview of thrdeading imaging
modalities: x-ray mammography, ultrasonography and magtie resonance
imaging in Sections 2.2.2 to 2.2.4 respectively. The bens &and limitations
of each modality are discussed, including the breast diseasboth benign
and malignant, that are detected with each modality.

2.2.1 Rationale for Asymptomatic Screening

Fundamentally, the rationale for cancer screening programes is that early
detection leads to early treatment and ultimately improvedoatient outcomes
in terms of both mortality and morbidity. In the absence of mé&ods
for preventing breast cancer, regular screening programmeare widely
recommended for asymptomatic women [5]. A positive scrergiresult in an
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Figure 2.2: Visualisation of the challenges associated with assessing asymptomatic
screening programme e cacy. Two possible biases are shown: (a) leadntie bias and
(b) length bias. Lead time bias occurs because asymptomatic screeninggcessarily
increases the time between diagnosis and death when compared to detieo through
symptoms, even if disease progression is not altered through treatmentlength
bias occurs for diseases with both indolent and aggressive cases, asympiatic
screening is more likely to identify indolent cases which may neer have become
symptomatic if left untreated. (b) shows four cases, two indolent tumours which
are detected by screening and two aggressive cases which are symptoidiefore
detection via screening. In both cases, the arrow represents indl uncontrolled
growth to symptomatic.

individual rarely provides direct evidence of disease; ganing is normally
followed by further diagnostic tests to determine whetheridease is present.
Three factors need to be considered for a screening program{B2]:

1. the disease targeted is serious with signi cant morbidity omortality;
2. the screening test is easy to perform, inexpensive, acatgr and safe;

3. the health care system must be able to properly care for all dise who
receive a positive screening result.

Additionally, the risk{reward ratio is important to consider: if the screening
test is cheap, comfortable, safe and accurate (risk is longsymptomatic
screening may be more bene cial. However, a number of chaldgs exist
when evaluating screening programmes according to thesettas.

Establishing a causative relationship between screeningdamortality
reduction is challenging. A positive association betweersynptomatic
screening and reduced mortality can be impacted by a numbef biases.
Two such possible biases, lead time bias and length bias, diestrated
in Fig. 2.2.
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Lead time bias (Fig. 2.2a) occurs when disease is detectedliearin
the disease progression in the screened population when paned to the
unscreened population. The time between detection due toreening and
symptomatic presentation is known as the lead time, and necasily length-
ens the time between diagnosis and death due to screeningerthough
this additional time may not alter disease progression, angtreening may
ultimately have no impact on mortality.

Length bias (Fig. 2.2b) occurs when the disease includes batidolent
and aggressive cases. The indolent cases are growing maye/lgland more
likely to be identi ed by screening than through symptoms. he aggressive
cases are likely to be asymptomatic for shorter periods anesk likely to be
detected by screening. As mortality is likely to be higher fothe aggressive
cases, this can give the impression that screening is benalceven though
screening may simply be identifying more indolent cases thaould not
have resulted in mortality if untreated.

Secondly, establishing the accuracy of the test can be didu Test
accuracy is generally assessed considering two types obesr

1. false positives: where the test indicates disease for a lglindividual;

2. and false negatives: where the test indicates no diseasedniindividual
with disease.

Two main criteria are used to evaluate these errors [82]:

1. the sensitivity: the proportion of individuals with diseag who correctly
test positive for disease;

2. and the speci city: the proportion of healthy individuals who correctly
test negative for disease.

Screening tests need to limit the number of false positives teduce the
risk of unnecessary interventions, discomfort, anxiety ahoverdiagnosis of
cancers that would not have resulted in mortality if undiagosed [9]. The
risk of a false positive is also cumulative and increases lithe number of
times a screening test is repeated. Screening tests alsodhee limit the
number of false negatives so individuals with disease areeidi ed when an
early intervention could positively impact the patient outome.

Finally, the health care system needs to be able to fully invegate all
positive screening results. Further diagnostic tests arequired to distinguish
false positives from true positives and this additional tég has a cost
implication for the health service. One study estimates thdully evaluating
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all false positive screening results costs the health sex@ian additional33%
of the cost of the original screening programme [83].

Although mammography is the only recommended imaging modglifor
asymptomatic breast screening, both ultrasound and magnetresonance
imaging have also been proposed, either individually, or icombination
with other modalities [9]. The following sections (Section2.2.2 to 2.2.4)
summarise the advantages and disadvantages of these imagmodalities
(x-ray mammography, ultrasonography and magnetic resonae imaging) as
screening tools. The current clinical use of these moda#it is also discussed
including new clinical indications which are being resedred.

2.2.2 X-ray Mammography

Mammography of the breast has been performed for nearly onanfdred
years, and randomised control trials studying the bene ts fomammogra-
phy with as many as60,000participants have been reported as early as
1966 [81]. Although recommendations on screening frequerasyd the opti-
mal patient cohort to screen vary depending on the resource$the given
health care system, most organisations suggest mammograpscreening of
asymptomatic women [5]. Mammography can also be used diagtically,
although suspicious clinical ndings are generally folload up with surgical
consultation, even if imaging is negative [9].

Mammography operates by transmitting low energy x-rays (gically
between25kV and 32 kV) through the breast and measure energy which
has been transmitted through the breast, i.e., energy not abrbed by the
breast tissues [9]. The x-ray attenuation coe cient variesdepending on the
tissue type:

adipose tissues have low absorption and are shown on a mamnaog
as dark areas;

glandular and brous tissues have higher absorbtion and ahown
on a mammogram as white areas;

and nally calcium has the highest absorbtion, also shown aamall
white dots.

An example mammogram of a cancerous tumour is shown in Fig. 2.3a
To minimise thickness of tissue that the x-rays must penetta, immobilise

the breast and limit the radiation dose received, the breass compressed

between two parallel plates as part of the normal imaging peedure. This
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can be uncomfortable and also relies on operator training toaximise the
breast volume that is included in the imaging domain.

Healthy glandular tissues and cancerous tissues have verngar x-ray
attenuation coe cients, with a contrast as low as 1:1.1 repded [84]. This
means that dense but healthy tissues can mask the appeararafenon-
calci ed cancers. Thus, the sensitivity of mammography inndividuals with
high breast density can su er: a study 0f329,495women found sensitivities
of 87%in women with less dense breasts, b&2.9%in women with extremely
dense breasts [10].

Two other factors need to be considered when evaluating thertrast
between healthy and cancerous tissues:

mammography bene ts from the photoelectric e ect which carnhance
the contrast between healthy and cancerous tissues [85];

microcalci cations have much higher x-ray attenuation tha surround-
ing tissues, and can be used to help detect breast cancers [9]

The reasons why microcalci cations are associated with @canomas are not
well understood, nevertheless, microcalci cations are @d when interpreting
screening mammograms [86]. Microcalci cations as small 8um can be
detected [9], although high spatial resolution is requiref87], [88]. Mam-
mography is successful at detecting small tumours, expetyaDCIS, due
to the microcalci cations visible in images. Other benign teast diseases
such as brocystic changes are also associated with cal@atons, requiring
the radiologist to rely on location, morphology, distributon and number of
calci cations in determining the risk of malignancy from a nmammogram.
Clinical e cacy of mammography can vary based on the individal's age
and breast density, operator skill and radiologist's exp&nce. Additionally,
mammogram interpretation can vary internationally: studes have found
that North American mammograms are more likely to be adjudgedomormal
compared to screening mammograms in other countries [89]. wver, the
same study notes that the cancer yield from nal diagnosis vgasimilar in
North American and other countries, although more DCIS was detted.
Over half a million women have patrticipated in eight prospeive ran-
domised trials of screening mammography [67]. Recent revghave indi-
cated that asymptomatic breast cancer screening with mamrmgmaphy is
having little to no e ect on breast cancer mortality rates [{, [8]. However,
as highlighed in the previous section, the true bene t of seening is di cult
to evaluate. Other confounding factors include the practee of assessing
mortality reduction among all women invited to be screenedather than the
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Figure 2.3: Sample images from leading breast imaging modalities: (a) an x-ray
mammogram showing a cancerous tumour; (b) a breast ultrasound showing eyst;
and (c) a magnetic resonance breast imaging showing a cancerous tumour.

women who actually participated in the screening programm@®0]. More-
over, mammographic screening may lead to decreased mortyidis cancers
detected earlier in the disease progression are more likedybe treated by
less invasive treatments: Women whose cancer is detectedyeaave more
treatment options than women where more advanced diseasaletected [91].

In summary, mammography remains the only asymptomatic saaing
programme recommended [5] although the bene ts are unceirtaand in
guestion. Mammography also su ers from a number of well und&ood
limitations, most particularly poor sensitivity in indivi duals with dense
breasts. Suspicious mammograms require further investtgan such as biopsy,
but also breast ultrasonography used for mammographic maskassi cation
as discussed in the following section.

2.2.3 Ultrasonography

Breast Ultrasonography has been suggested for the chara@ation of breast
masses for over fty years [92]. Originally indicated to disnguish between
solid and cystic breast masses, breast ultrasound is now raarommon for
evaluating clinical complaints such as pain or lumps, furtéer characterization
of mammographic or magnetic resonance imaging ndings or iging breast
biopsies [9]. For example, a breast ultrasound of a cyst isastn in Fig. 2.3b.
Although generally performed as a result of suspicious ndgs from a
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mammogram, ultrasound is recommended as the rst imaging rdality for
pregnant women or those under the age of thirty [9].

Ultrasonic uses soundwaves above the threshold of human hegr(at
most 20 kHzin healthy young adults) to image the breast. The most common
form of ultrasound imaging is B-mode ultrasonography wherghort bursts
of ultrasound energy are broadcast from transducer elemsrand echos from
tissues at various depths are recorded [93]. Two-dimensabmmages of the
breast can be reconstructed as fast as 30 Hz.

Although few studies have assessed interobserver varialjlian experi-
enced technologist is important [9]. Ultrasonography is tyipally conducted
using a handheld transducer, requiring a lot of time and expience for
a whole breast scan. The ultrasound equipment itself is alsmportant
variable that can impact the image quality [93]. Automated wble-breast
ultrasonography has the potential to improve consistencyna accuracy
when compared to handheld ultrasonography, and early cloal results are
promising [94], [95]

However, there is no data available to show that asymptomatscreening
using breast ultrasonography is e ective in reducing breagsancer mortal-
ity [67]. The largest trial to date of ultrasonographic screning included
2662 women and is known as the ACRIN 6666 trial [96]. AlthoughZmore
cancers per 1000 women were detected as a result of screeniitiy both
ultrasound and mammography compared to screening with managraphy
alone, the additional screening with ultrasonography ret#ted in more false
positive events and an increase in the biopsy rate from 2% té®%

2.2.4 Magnetic Resonance Imaging

Magnetic Resonance Imaging has also been used for nearlytthiyears
for breast cancer detection [97]. Magnetic resonance imagican be very
sensitive for breast cancer in high risk populations, rangy between71
to 100%compared to16 to 40% using mammography with the same high
risk cohort [98]. However, magnetic resonance imaging is nery speci c
and studies suggest thaB% to 15% of all women screened with magnetic
resonance imaging are recalled unnecessarily [9]. Althoug/mical indica-
tions are evolving and sometimes controversial, magnetiesonance breast
imaging is indicated for those at high risk of breast cancer dor measuring
response to neoadjuvant chemotherapy. A sample magneticsomance image
of a cancerous tumour is shown in Fig. 2.3c.

Magnetic resonance imaging required the patient and area b® imaged
to be placed within a strong magnetic eld of at leastL..5 T and the bene ts of
higher eld strengths (such as3 T) are not yet proven [9]. Magnetic resonance
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breast imaging relies on the intravenous injection of a pam@agnetic contrast
agent, typically gadolinium which was rst used over 30 yearago [97]. The
premise of breast magnetic resonance imaging is that the t@st agent is
rapidly taken up by cancer cells followed by a rapid washoutAs breast
cancers enhance more rapidly than surrounding tissues, rdfgcanning times
are important between two to seven minutes after contrast agt injection [9].

Although highly sensitive for both invasive cancers and DCigat are
mammographically, sonographically and clinically occulthe low speci city
means magnetic resonance imaging is not indicated for thoselow risk of
breast cancer. The speci city of magnetic resonance imagirmay also be
a ected by the menstrual cycle [99]. Magnetic resonance imgimg is also
prohibitively expensive, making it unsuitable for asymptmatic screening
regardless of risk.

2.3 Microwaves as an Imaging Modality

Microwave breast imaging has been proposed as an alternatior comple-
mentary imaging modality for breast health monitoring [34]asymptomatic
breast screening [21] or for monitoring treatment [18]. Miowave breast
imaging can be comfortable [26] and low-cost [40], addregsisome of the
limitations of the imaging modalities reviewed in the prewus sections.
Microwave breast imaging has the potential to be repeatabld00] and
less operator-dependent than breast ultrasonography. Maver, microwave
breast imaging can be very fast (less than one minute [21])anicularly
when compared to magnetic resonance breast imaging.

Microwave imaging uses electromagnetic radiation in the growave
frequency band (typically betweerD.5 GHzand 9 GH2) to infer the dielectric
properties or contrast within a given volume, known as the iaging domain.
Microwave imaging algorithms can be classi ed based on thgpes of
reconstructions generated:

gualitative approaches: identifying areas within the imaigg domain
where the dielectric properties di er from the surroundingareas (a
contrast in dielectric properties);

and quantitative approaches: reconstructing the actual diectric prop-
erties for given points within the imaging domain.

Mathematically, microwave imaging algorithms are approxnations of
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solutions of the electromagnetic scattering equation [47]

227 5 }ﬁ”
E(r)= E'(r9 + ko’ 2(r)  %(r) Gu(rGr) E(r)dr (2.1)
I Y Eg(zo) }

where the total eld, E(r9, is the superposition of the incident eld,E'(r9),
and the scattered eld, ES(r9. The scattered eld, ES(r9, at the point
r®can be calculated from the volume integral of the Green's fation of
the background region of interestG,(r%r), the contrast, (r), between the
complex permittivity of the scatterer, *(r), and the complex permittivity of
the background,*(r), and the total eld, E(r), over the region of interest,
V. In Eqg. (2.1), ko represents the complex wave number of free space. The
incident eld, E'(r9, is the electric eld that would exist in the region of
interest, V, if the scattering objects did not exist. The electromagnét
scattering equation, shown in Eq. (2.1), is inherently notinear as the total
eld, E(r9, depends on a convolution of the total eld,E(r9, with the
scattering contribution of all points in the region of inteest, denoted as
r2Vv.

Three broad categories of algorithms have been investigdtéor image
reconstruction:

tomography: a quantitative approach where propagation pas through
the imaging domain are used to reconstruct the dielectric pperties
of the imaging domain;

radar-based: a qualitative approach where the total eld isuccessively
synthetically focused to points within the imaging domain ¢ estimate
the energy originating from that point;

and holography: a qualitative approach where a linear syste of
equations is determined from Eq. (2.1) at all points and fragencies
and solved in the Fourier space.

The focus of this thesis is microwave radar-based imaginghieh has
been used in many clinical studies to date [19]{[37]. Rad&dased imaging
algorithms (beamformers) use knowledge of propagation Wwih the imaging
domain to synthetically focus the sampled scattered sigrsato points within
the imaging domain. The synthetically focused signals for given point
are added together and the energy of the summed signals cédted. The
synthetic point of interest is then scanned through the imagg domain to
reconstruct the entire image. At points with a large contras(a malignant
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tumour), the summed signal will have comparatively largerreergy compared
to the energy of the summed signal at points with little or no gklectric
contrast (the rest of the breast). This basic technique is lown as the delay-
and-sum (DAS) beamformer, and many other extensions to thigthnique
have been proposed which are reviewed in Section 2.3.4.
Mathematically, the DAS beamformer can be represented as:
Z ZZ

1(r)= w(r) P() Wa.ao(F)Eay (3% f-xpﬂ! {%ao(l‘;! )9 dada’d!

A A0 focusing

(2.2)
where for each point in the imaging domain;, 2 V, the scattered signals,
E.. (a9, are synthetically focused by the propagation delay,a.ao(r;! ) to
that point. A number of weights can be applied:

Wa.a0(r) Which can be used to prioritise signals based on the antenna
beamwidth or distance to the point of interest;

P (! ) which is the illumination pulse and can be used to prioritise
certain frequencies;

and w(r) which can be used to prioritise points where tumours are
likely.

The DAS beamformer typically sets these three weights to umyit

Compared to the existing imaging modalities reviewed in S@an 2.2,
radar-based imaging has many potential advantages. Firstlyhe use of
non-ionising energy compared to x-ray radiation of mammogphy or digital
breast tomosynthesis makes imaging safe for women of all sgMoreover,
the technique does not require compression of the breast nrak it more
comfortable and tolerable than mammography or other techgues requiring
compression [26], [34]. Secondly, the technique has the gmtal to be
less operator-dependent than ultrasound imaging, and autated signal
veri cation has been included in recent microwave imagingystems which
can be used to guide the operator [21]. Thirdly, the technigqucan be
implemented with low-cost and well-understood hardware,na it has been
suggested that leveraging developments in microwave tedbogy from other
applications can improve the e cacy and lower the cost of thelevice [101].
Finally, both the hardware acquisition and imaging can be p&rmed more
quickly than mammography or magnetic resonance imaging miak the
DAS beamformer comfortable, tolerable and easy-to-use.

The rest of this section reviews the design of microwave imag systems
in detail. Each stage of the imaging process is reviewed, lregng with
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the patient interface in Section 2.3.1 which is used to coupkhe microwave
energy into the patient breast. The acquisition hardware &=l to sample
the total eld is reviewed in Section 2.3.2 and it is importahthat both the
patient interface and acquisition hardware are designed ticlinical use in
mind. Artefact removal algorithms that are used to remove thekin re ection
are reviewed in Section 2.3.3. Artefact removal is an impomastage in the
imaging process as the skin re ection may be orders of magmite larger
than the re ections from the breast interior. Next, the imagng algorithms
are discussed in Section 2.3.4, many of which are variantstbé original
DAS beamformer shown in Eqg. (2.2). Finally, the results of the gdient
imaging studies published to date are reviewed in Section3%, comparing
the patient populations, abnormalities detected and key $sons learned. The
review presented in this section helped inform the design thle experimental
imaging system described in Chapter 3, and also to identifysaumptions
inherent to the imaging operator that are discussed in Chagt 4.

Particular focus is given in this section to systems which ka been
used in clinical studies, termed \operational systems" inhis thesis. Seven
such operational systems have been used with healthy voleets or with
patients with both benign breast abnormalities and invas® cancers. These
seven operational systems are listed below in order of therdast trial
conducted with each system. Beginning with the rst clinichdemonstration
of microwave imaging in 2000 [14], microwave imaging has beested on
hundreds of women across the seven systems:

1. a system developed at Dartmouth College, NH, USA (DC) that has
been used in a number of clinical trials beginning in 2000 [[{A.8].
The largest trial to date consideredl50 patients with and without
disease [15];

2. the MARIA ® system was developed at the University of Bristol, UK
and a number of clinical results have been published sincel®Q19)
[25]. The system is now being commercially developed by Mioa
Ltd., Bristol, UK and has been tested with86 and 223 patients with
and without disease in [21] and [25] respectively;

3. the Tissue Sensing Adaptive Radar (TSAR) system was developed
by the University of Calgary, AB, Canada and was tested with a
clinical trial involving 8 patients published in 2013 [26]. The system is
currently being used in ongoing clinical trials [27]{[29]Additionally,

a complementary system for bulk permittivity measurement &s been
developed tested with two women with no history of breast démase [30],
[31];
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4. aradar-based system has also been presented in 2017 fromSbathern
University of Science and Technology, China (SUST) [33]. Rdsu
were presented from a Phase | clinical investigation with1l women to
date;

5. a handheld, radar-based system developed at Hiroshima Unisty,
Japan (HU) [32] has been trialled with ve women with breast disase
in 2017;

6. a wearable system has been developed at McGill University, €uec,
Canada (MU) [102], [103]. The repeatability of the imaging rcess,
patient comfort and variations due to the menstrual cycle we analysed
in a clinical trial with 13 healthy women in 2016.

7. a conformal system has also been developed at Shizuoka Ursitgy
Japan (SU) [36], [37]. Three di erent models were developeding 6,
18 and 30 antennas respectively to accommodate di erent patient
breast cup sizes.

MARIA ¥ is being used in an ongoing study (Clinical Trials Identi er
NCT03302819) with an estimated enrollment d®94 participants. A compet-
ing system, Wavelia, developed by Microwave Vision Group (\dbon-sur-
Yvette, France) is currently being used to image patients athte National
University of Ireland Galway [39], [104].

Many di erences can be observed between the designs of theese
operational systems and the clinical studies. For exampl&ée following
features can impact signi cantly on clinical use:

how the patient is positioned: prone, supine or seated;
system portability: wearable, handheld or integrated;

how the breast is positioned relative to the antennas: immsed in a
coupling medium, in contact with a coupling shell or in direccontact
with antennas;

design complexity: moving internal parts, calibration regired, is the
scan automated?;

and clinical study populations and study outcomes.
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2.3.1 Patient Interface Design

Firstly, the patient interface is considered. A number of pagoning methods
have been proposed for microwave breast imaging systems. tk¥ systems
examined in this work, ve (DC, MARIA *, TSAR, SUST and SU) are
designed so that a prone patient lies on an examination tablavith the

breast pendant through an opening in the table. This means ¢éhbreast
can be illuminated from all angles in the coronal plane, reking in many

transmission paths through all parts of the breast. Tumourtocated close
to the chest wall could be potentially more di cult to image compared to
tumours located closer to the antennas with this approach asas found
with one of eight participants in [26].

Of the ve table-based systems, three (DC, TSAR and SUST) are
completely integrated into the examination table requirig a tank of coupling
medium to operate. One (SU) is also integrated into a table butises
suction to maintain contact between the breast and the anteras. The
fth (MARIA *®)is integrated into a compact unit that can slide beneath
the examination table to facilitate breast sizing and cleang between each
patient [21], with a small volume of coupling medium used. Tde-based
systems do not image the axilla as well as the other portion§the breast [26],
attributed to the minimum distance between the antenna andtie chest wall
in the sagittal direction due to the thickness of the table (ften 2 cmor more
for patient comfort).

In the ve table-based systems (DC, MARIA®, TSAR, SUST and SU),
there are three main possibilities for securing the pendabtreast:

the breast hangs freely in air and the shape is determined byagity;

the breast is immersed in a coupling medium and the breast $ace is
deformed naturally by the medium (DC, TSAR, SUST);

the breast is tted to a surface within the system, directly h contact
with the antennas or a coupling shell of a biocompatible mateal
(MARIA ® and SU).

Air-based systems have been considered experimentally [[LB&t air-based

systems are susceptible to breast movement during the scaaused by
patient breathing or movement. Coupling medium-based syains are also
susceptible to patient movement during the scan, and dise€tion between
scans can involve emptying the tank of coupling medium. Meats to quantify

the di erences between successive scans due to patient mmoeat have been
proposed [100].
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Table 2.1: Comparison of operational breast imaging systems in terms of patient populabns, patient positioning and interface, and

acquisition hardware.

DC MARIA ~ TSAR HU SUST
=2 ey ii'i ' :
-y - =
Largest trial: 150 223 8 5 11 13 2
Scan time: 5min 10s 30min 14 min 4 min 5min 3min
Position: prone prone prone supine prone seated prone
Coupling: medium shell medium shell medium shell shell
Table: 3 3 3 7 3 7 3
Array type: synthetic hardware synthetic synthetic synthetic stationary hardware
Acquisition: frequency frequency frequency time frequency time frequaay
Antenna: monopole slot vivaldi planar slot horn microstrip  stacked patch
Multistatic: 3 3 7 3 3 3 3
Artefact: | rotation neighbour-based averaging adaptive ltering dierential rot ation
Imaging: tomography IDAS DAS DAS DAS DAS DAS
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Coupling shell based systems can have poor contact betweée breast
and the shell, and require manual or automated checking ofdlguality of the
contact. Early clinical experience with the MARIA® system identi ed this
as a challenge to repeatability [19], [20]. Coupling shelbbed systems often
use small volumes of a medium to ensure e cient coupling of mrowave
energy into the breast, as in MARIA® [21], particularly for breasts smaller
than the radome.

In contrast, the wearable system from MU has all hardware irgrated
into a bra. The bra is slightly undersized to ensure good caatt between
the breast and the antennas. Additionally, a thin layer of copling medium
Is needed to maintain contact between the antennas and thedast. The
system at HU is designed to be placed on the breast of a supindigat and
the breast is in contact with a plastic dome covering the antmas. Both
HU and MU are compact systems, with antennas, excitation anccquisition
hardware and signal routing integrated into a single systerd(].

Early studies based on numerical simulations indicated sepor imaging
performance when the breast is surrounded by antennas due ghorter
average propagation paths [106]. Recent studies have alsarmained planar
imaging systems with promising initial results [107]. Theeated (MU) or
supine systems (HU) may have di culty in adequately covering & parts
of the breast surface; particularly, the surface of all fouguadrants, where
approximately 16% of tumours are located [108]. However, both systems
(MU and HU) are compact, facilitating use outside a clinical g8ng. This
could be particularly useful in monitoring applications soh as neoadjuvant
chemotherapy, where assessing the tumour response to thmrés important.

Antenna arrays can be designed in three primary ways:

synthetic arrays: where a small number of transmitting antenas,
receiving antennas or both move during the patient scan to eate a
larger synthetic array (e.g. DC, TSAR, SUST, HU);

hardware arrays: where the individual antennas do not movéut the
entire array may be rotated for repeated scanning for artetaremoval
or other processing reason®(g. MARIA * and SU);

stationary arrays: where there are no moving partse(g. MU).

Stationary arrays simplify the system mechanically as therare no
moving parts. However, due to the comparatively larger numbef antennas
typically used compared to synthetic arrays (such a%6 in the wearable
system by MU), calibration of the acquisition hardware and sitching matrix
can be di cult. Hardware arrays typically do not have any moving parts
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that could potentially collide with the pendant breast, whch increases the
safety of the design. Hardware arrays can also be challengiogcalibrate
due to the large number of antennas and the rotation of the aay. Moving
arrays, with typically fewer antennas, are easier to calibte, however, there
can be a decreased noise oor due to the movement of the systelagually,
care needs to be taken so that the antennas or mechanical pac@snnot
collide with the breast in the case of error. The system from © consists of
a ring of 16 antennas than can be moved vertically to image di erent corwl
slices of the breast, whereas TSAR consists of a rotating sie@ntenna with
four degrees of freedom that is moved to 200 positions aroutiee breast.

2.3.2 Acquisition Hardware Design

DC, MARIA ®, TSAR, SUST and SU all acquire data in the frequency
domain using a stepped frequency sine wave, whereas MU and Hillects
backscattered data in the time domain. Historically, time dmain acquisition
hardware has been cheaper than the equivalent frequency dmmacquisition
hardware. However, in recent years, the cost of frequency dam acquisition
hardware has reduced, as demonstrated by an experimentak®m from
the Politecnico di Torino [109], [110].

Many antenna types have been used in operational systemsgluding:

monopole antennas in DC;

cavity-backed slot antennas in MARIA® .

Vivaldi antennas in TSAR;

planar slot antennas in HU;

horn antennas in SUST;

exible microstrip antennas in the wearable system from MU,;
and stacked patch antennas in SU.

The exible microstrip antennas used in the wearable systerinom MU are
designed to easily conform to a wearable system, and one peth circuit
board (PCB) with exible substrate was used to provide all gjnal routing,
simplifying system assembly and calibration.

The time to image a single breast (the patient scan time) vaes depend-
ing on the acquisition hardware, the antenna array type and athanical
movement required. As the patient is required to remain motidess through-
out the scan, faster scan times help mitigate the negative ects of patient
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movement and breathing during acquisition [20]. Stationgrarrays have
the potential to be the fastest, as the patient scan time isrhited only
by switching and hardware acquisition time. Hardware arragy can also be
very fast, although the total acquisition time is increaseés multiple scans
need to be taken at di erent rotation angles. The total pati@t scan time
using hardware arrays can still be very fast: for example, ¢hmaximum
acquisition time using MARIA® can be as short as a minute per breast,
including time to position the patient breast. Synthetic arays can require
longer patient scan times, up to approximately thirty minues in the case of
TSAR. In comparison, the total time for mammography and ultrgound is
often between ten and fteen minutes depending on the type a@ést and
image quality, similar to the total patient time for MARIA ® . Magnetic
resonance imaging may take forty- ve minutes or more, whicts comparable
to the total patient time for patient imaging using TSAR.

These features are summarised in Table 2.1.

2.3.3 Artefact Removal Algorithms

The acquisition hardware and patient interfaces describad the previous two
sections are used to sample the total eld around the breasftar illumination
with energy in the microwave frequency band (typically beteen0.5 GHzand
9 GH2). The raw scattered signalsg2"(a%, contain a number of additional
signals that may obscure the tumour responses, including ard¢e re ection
from the skin, noise and antenna e ects. These artefacts ree& be removed
before beamforming with Eq. (2.2) or any tumour response Wipotentially
be obscured.

Many artefact removal algorithms have been proposed in thédra-
ture [111]{[118]. In many cases, the artefact removal algthrms are most
suited to one particular patient interface or system. Most gorithms rely

on some simplifying assumptions:

that the raw scattered signals are dominated by early-timertefacts
before the tumour response;

and that artefacts recorded at neighbouring antennas arensilar
whereas the tumour response at neighbouring locations arsgimilar.

Of the six operational systems that use radar-based imagimgviewed
in this chapter|[MARIA *, TSAR, HU, SUST, MU and SU|a variety of
artefact removal algorithms are employed:

MARIA ® and SU use rotational subtraction [116];
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HU uses averaging subtraction [111];

TSAR and SUST use variants of adaptive Itering techniques [14],
[113];

and MU uses di erential imaging [34].

Rotational subtraction employs the physical rotation of a hrdware
antenna array to collect two scans of the patient breast [1160Dbjects not
on the axis of rotation should have a di erent response aftaotation, and
the skin response is assumed to not change due to the rotatiddo studies
in the literature have examined this assumption in detail, ar determined
the optimal angle of rotation. Recent work from an experimeal system
from Ewha Womans University has investigated similar methadwhich may
perform better for tumours located on the axis of rotation [19].

Averaging subtraction artefact removal rst averages all sattered signals
in the time domain and subtracts the average signal from eadtattered
signal individually [111]. Early-time re ections, such aghe skin, appear
similarly in all scattered signals and are removed, whereas ections from
the breast interior appear at di erent locations in time in each scattered
signal and are preserved after application of the artefacemoval algorithm.

Adaptive ltering extends averaging subtraction by estimaing the early-
time artefact as a Itered combination of all scattered sigals [112], [113].
Compared to averaging subtraction, adaptive ltering is Ies a ected by
variation in the scattered signals due to local variation irskin thickness.
The operational system at SUST has used adaptive ltering fothe rst
phase of the clinical trial with 11 healthy women, and the stily suggests
that adaptive lItering performed similarly to rotational s ubtraction but
without having to acquire two patient scans [33].

Finally, it is envisaged that the wearable system from MU woudl be used
to regularly monitor breast health and that a number of prevaus scans of a
given patient would be available for comparison [34]. MU Uises di eren-
tial imaging, where after processing to compensate for bistgositioning
variations, a scan of a patient on a previous occasion is sudtted from
the current scan. The di erences between successive scaosld be used to
monitor the breast changes that occured between the sucdgssscans.

2.3.4 Imaging Algorithms

DAS was the rst radar-based algorithm to be proposed and haseken used
with both monostatic and multistatic acquisition hardware[120], [121]:
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monostatic DAS uses only signals where the total eld(r), is sampled
at the same location as the generation of the incident eldE'(r): i.e.
a= a’in Eq. (2.2);

and multistatic DAS where the total eld, E(r), is sampled at other
locations spaced around the breast, i.@ 6 a’in Eq. (2.2).

A number of modi cations and extensions of the basic algohin have been
proposed, though many have been tested with simulated or eximental
data only. In general, all of the modi cations and extensios of the basic al
gorithm are suitable for use with both monostatic and multigatic acquisition.
Additionally, comparative studies have primarily focused o improvements
in image quality in test cases containing tumours only, witbut analysing
the e ects in test cases without tumours.

Three main types of additions to Eq. (2.2) have been proposedhich
include methods to:

calculatew(r) to reward points where tumours are more likely based
on epidemiological studies or based on the scattered signal

estimatew,.4o(r) to prioritise certain signals in the imaging summation
based on distance to the points of interest or antenna pattes;

improve the quality of the input signals prior to applying the imaging
operator.

However, although many extensions to DAS have been proposedtimre
literature, the majority of radar-based patient imaging stidies have used
DAS for image reconstruction as is shown in Table 2.1.

Two common extensions to DAS are called improved delay-astim
(IDAS) and modi ed delay-and-sum (MDAS). IDAS has been used faoall
patient imaging studies involving MARIAF® | the only operational imaging
system to use an algorithm other than DAS.

IDAS calculates a \quality factor" to measure the degree of ¢mrence at
each synthetic focal point within the imaging domain. The qality factor is
calculated by tting a polynomial to the cumulative energy simmation [122].
Using the quality factor rewards points with a high degree ofaherence,
while suppressing points with a low degree of coherence, bersuppressing
clutter in the image.

MDAS estimates a \coherence factor" which is used ag(r) in Eq. (2.2).
The coherence factor is calculated as the ratio of the totahergy of the
summed signal to the sum of the energy of the input signals [56oints
with a high degree of coherence should show much greater gyein the
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summed signal than the sum of the energies in the input sigsalrewarding
points with a high degree of coherence.

Channel-ranked delay-and-sum (CrDAS) calculate®/,.,o(r) based on
the estimated propagation distance to the synthetic focalgnt [123]. This
extension to DAS assumes that signals from closer to the pandf interest
will carry more meaningful information and be less distorté than those
that have propagated further.

Finally, delay-multiply-and-sum (DMAS) extends DAS by improvng
the quality of the input signals to the imaging operator. DMASoperates
by pairwise multiplying the input scattered signals prior b summation
and after synthetic focusing [124]. Although this does not arease the
amount of independent information, this method arti cally increases the
number of channels in the summation. The DMAS beamformer asses that
signals with a high degree of coherence should be rewardedyltiplication,
whereas incoherent signals should not increase in energieafmultiplication.

Rewriting the generic beamforming equation shown in Eq. 2) in the
time domain is the most common practical implementation, ghough it has
been suggested that imaging in the frequency domain can ingpe the image
quality due to discretisation errors in the time domain saming [125]. In
the time domain, Eq. (2.2) can be written as:

z7zz
1(r) = w(r) Waao(F)Saao(t  amo(r)) dadaldt (2.3)

0 A AO

where the time domain response of each chann8l,,o(t), can be calculated
using the Inverse Fourier Transform or equivalent:

2
Saao(t) = Eay(@)expft! ]d! (2.4)
1

Windowing the synthetically focused signals is common in theéme
domain, typically using a rectangular window as in Eq. (2.3) The win-
dow length, T, can vary from as short as a single time sampl® ps used
in TSAR [26]) to 50% longer than the excitation pulse $5nsused in
MARIA ® [21]). Windowing is more computationally intensive in the fe-
guency domain (complex convolution compared to real multiigation) and
is not typically performed [125].
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2.3.5 Patient Imaging Studies Results

A number of clinical trials with the seven operational syst&s have been
conducted, with patient populations varying from2 to 223 patients. Despite
di erences in acquisition hardware and image reconstructiotechniques,
many of the patient imaging studies highlighted encouraggresults.

Dartmouth College, NH, USA (DC)

A study with the DC system was conducted with patients underging

neoadjuvant chemotherapy [18] to monitor the response to ¢htreatment.
Eight patients with locally-advanced breast cancer were iaged between
ve and eight times during their treatment. Two patient cases are presented
in detail:

rstly, a patient with locally advanced cancer on the right sde of
the breast. By Day 44 of treatment, microwave images showed a
diminished tumour size which correlated well with the sizeatermined
during surgery;

secondly, a patient whose tumour did not respond to treatménlimages
from Day 52 indicated increased dielectric properties in the tumour
region compared to Day 0, which was also consistent with théirgcal
observation from surgery.

This study found that conductivity was correlated with the pathological
response at30 days for all eight patients. This indicated that the microwae
images could predict the clinical outcome, helping oncolists determine
the most appropriate future treatment. Although using tomogaphy, these
results are also very promising for radar-based imaging, gy indicate
that there is anin vivo contrast in dielectric properties in the microwave
frequency band. One of three primary outcome measures of amgoing
trial with MARIA F is also considering monitoring of patients undergoing
neo-adjuvant chemotherapy or endocrine therapy (Clinicalrials Identi er
NCT03302819).

MARIA &, Micrima, Bristol, UK

Two generations of the MARIA® system have been evaluated with patients:
M4 [21] and M5 [25]. Both M4 and M5 have similar hardware, but Bl was
redesigned to facilitate improved clinical use by reducintpe acquisition time
and processing data immediately so that an image compatiblativ Digital
Imaging and Communications in Medicine (DICOM) was reconatcted
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within two minutes [22]. In total, 223 patients cases have lea@ analysed
with both generations [25], All recruited patients had an ultasound and
mammogram, as well as cytological or histological examinan if appropri-
ate. The patient scan using MARIA® was conducted before any surgical
intervention or biopsy. The breast was inserted into a coujplg shell with a
small amount of coupling medium with similar dielectric prperties to the
coupling shell applied to improve contact. The quality of catact between
the breast and shell was evaluated, and two scans were takepgroximately
one minute in total) where the antenna array was rotated beteen each scan
to facilitate removal of skin re ections and other signal aefacts.

The rst trial with 86 patients found overall sensitivity of the MARIA*
system to be74%7([21]. All images were generated and analysed blind to
the clinical status of the patient. Most interestingly, of tie 42 patients with
dense or very dense breasts (according to Breast Imaging|R@rting and
Data System (BI-RADS) classi cation), sensitivity was86% compared to
69% and 79% for the original radiologist report and a blinded review by
another radiologist respectively. Although the number of géents is still too
small to draw de nitive conclusions, the study notes the verencouraging
results among patients with dense breasts. Patients with dee breast are at
higher risk of developing breast cancer and patients with dee breasts are
considered a more challenging case for mammography complai@ patients
with lucent breasts.

A further trial with more participants is underway with a next generation
system, technically identical to the previous system but designed with
clinical use in mind. Early indications from this trial are ©nsistent with the
previous study [22]{[25]. In particular, overall sensitiity across both trials
is 75% with sensitivity of 86%for cancers in dense tissue28 cases to date).

TSAR, University of Calgary, Alberta, Canada

The largest trial with TSAR was conducted using8 patients with varied
clinical history, including patients with and without breast disease [26].
The latest generation TSAR system uses a single antenna witbufr de-
grees of freedom, and further clinical trials are planned thi this newest
generation [27]{[29]. All patients in the study had suspicigs areas in the
breast. However, only suspicious areas not located in the Biof the breast
were included as it can be challenging to cover this area withble-based
systems [26]. Each patient was scanned using magnetic resmare imaging
prior to a patient scan with the TSAR system.

Considering three patients with distinct disease (Group A)two patient
images showed responses consistent with the known clinib&tory of the
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patient. The third patient image may have shown a response rgesponding
to a focal lesion of invasive ductal carcinoma, however it it certain if the
extensive disease in the patient's breast was within the irgang region. For
three patients with multiple suspicious lesions (Group B),esults are more
di cult to interpret as the clinical cases were complex and eme malignancies
were removed prior to imaging with TSAR. However, in one notablcase,
DCIS that was only found during post-mastectomy histology des appear
to have been detected by TSAR and not from mammography or magie
resonance imaging. For two patients without disease (Group), the images
showed responses with comparable signal-to-clutter raigSCRS) to images
of patients from Groups A and B. This may suggest that it is di cult to
distinguish false positive and true negative cases. Howeyeverall image
magnitude was lower for images of patients with disease (G C) when
compared to patients with disease (Groups A and B), which indates that
the imaging magnitude may be important when distinguishindalse positive
and true negative cases.

Southern University of Science and Technology, China (SUST)

A trial with eleven healthy patients with varying levels of typerplasia has
been presented with the system at SUST [33]. The eleven womeara/
recruited as a rst phase of a large-scale clinical trial antvere aged be-
tween 22 to 47. The preliminary results presented show more energy in
the reconstructed image of a breast with hyperplasia compat to both the
contralateral breast of the same patient, and a di erent paent without
hyperplasia. Future phases of trials using this system ardgmned in China,
which will be the largest with predominately Asian women. On\&rage,
Asian women have denser breast composition than European wem sug-
gesting that these results will be important in estimating he clinical e cacy
of microwave imaging in dense breasts.

Hiroshima University, Japan (HU)

A trial with ve patients was conducted with the compact sysem from
HU [32], [126]. Patients had invasive ductal carcinoma or DSl Images
were reconstructed by engineers without knowledge of theaet clinical
history of the patient. One example is shown where the tumouocation
in the microwave image matches a magnetic resonance imagehef same
patient. Images of the other patients are reported as beingusistent with
the clinical history of the patient.
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McGill University, Quebec, Canada (MU)

Trials with thirteen healthy volunteers were conducted wit the wearable
system from MU [34]. The study goals were to evaluate the scaamfort and
to account for both measurement and biological variabiliéis in measurement.
In general, scans were found to be repeatable, however mayrees of
variability were identi ed, such as patient positioning. These factors are
especially important in a monitoring context, where the sam patient is
repeatedly scanned to identify changes in breast structuréds only healthy
volunteers were imaged, no sensitivity or speci city infonation could be
reported for this study, so the clinical e cacy of the wearale system is
yet to be determined. However, the repeatable scans with a nber of
volunteers is encouraging.

2.3.6 Remaining Challenges for Clinical Translation

In summary, clinical results have been demonstrated in stigb ranging
from 2 patients [37] t0 223in the largest trial to date [25], with a variety
of breast diseases and none. The studies have hinted at thetqraial of
microwave imaging in specic patient populations, and motiate future
clinical studies with larger patient populations and more werse breast
abnormalities. However, the studies also identi ed poterdil challenges such
as imaging the axilla with TSAR [26] and reliably positioninghe breast
using the system at MU [34]. It is important that these ndings are used
to inform and improve both the system and algorithm designsof future
imaging prototypes [38], [101].

Many of the challenges faced when imaging patients identi eflom the
clinical studies to date can be categorised in four broad a®

1. ine cient coupling of microwave energy into the breast [2];
2. changes in the imaging domain during acquisition [19],4B [127];

3. intrapatient variation due to the menstrual cycle, hormonachanges
or weight di erences [34];

4. and interpatient variation in breast size, shape and conggition [17].

These four challenges can have a large impact on image qualif microwave
energy is ine ciently coupled into the breast (Challenge 1)the tumour
response in the scattered signals may be very small or everideethe noise
oor. Practical solutions employed by the operational sygms to overcome
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these challenges are discussed in this section, includitg taspects of these
challenges yet to be resolved.

The patient interface design (as reviewed in Section 2.3.tan help
address Challenge 1. The design of biocompatible couplingedma which
are stable over time, have appropriate dielectric propeds and cheap and
easy to replace between patients [128]{[130] improves thaaljty of the
total eld recording acquired. Coupling media are often degned with lossy
dielectric properties to reduce re ections from the tank bondaries and any
other unwanted re ections which may hamper reconstructiofl30]. Later
generations of MARIA® also include automated quality checking to ensure
e cient coupling at all antennas [20].

The acquisition hardware summarised in Section 2.3.2 carsalhelp ad-
dress Challenge 1. For example, the latest generation of TSAfs designed
to increase the penetration of energy into the breast by auteatically repo-
sitioning the antennas perpendicular to the breast surfadé31], Other types
of radome design and acquisition hardware have also beengsed and are
being tested experimentally, which could help ensure e ci@ coupling of
microwave energy into the breast. For example, a multi-faetl metal cham-
ber in the general shape of a hemiellipsoid with magnetic fdbop probes
has been presented [132]. The irregular shape has been shtwimprove
the reconstruction quality in initial tests and the chamberis designed to
maximise penetration of microwave energy into the breast32].

The imaging domain is also subject to change during the scas @enti ed
in Challenge 2: the breast can move due to patient breathing discomfort, or
blood ow or temperature changes may occur in the living bres tissue [19],
[127]. Shorter acquisition times can help minimise the e & of these
changes during acquisition, and later generations of MARIA were designed
to acquire the complete scan in under one minute [20], [21]. sAwith
Challenge 1, improved coupling medium design can help imniisie the
breast during the scan [128], [129].

Studies using TSAR have looked at the repeatability of the sna consid-
ering Challenges 2 and 3, highlighting the types of di erems that can occur
between patient scans and proposing metrics which can be dde quantify
these di erences independently [100]. Studies with heaithvolunteers from
MU have also evaluated the e ects of patient position and m@ment during
the scan and analysed the e ect of the menstrual cycle and ahnatural
changes on the images [34].

As microwave imaging is used with more diverse study populatis, Chal-
lenge 4 is becoming increasingly important. Patient inteaices, acquisition
hardware and coupling media are now being designed to accoodate more
breast sizes and shapes, as highlighted earlier in this cle@p In terms
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of interpatient variation in breast tissue composition, may studies have
identi ed that breast composition can a ect microwave ima@ quality [27],
[57){[59], [133]{[136]. However, most published patient iaging studies
do not adjust the breast composition assumptions on a patieby-patient
basis [21], [26], [32]{[34], [37]. Patient imaging studiéom the University of
Calgary did identify interpatient variance of breast tisse composition as an
important parameter [26] for imaging. Subsequent studiesatie considered
patient-speci ¢ beamforming to account for interpatient \ariance [27], [31],
but no comprehensive study on the potential improvements iterms of
sensitivity of radar-based imaging have been published.

The exact dielectric properties of human breast tissues iscertain,
although many studies have considered the problem [43]{[4$137]{[148].
These studies are discussed in detail in the following sewmtiwith particular
emphasis on two aspects which make Challenge 4 di cult to addss:

the large variance in dielectric properties of breast tises observed
between healthy individuals in the population;

the small contrast between the dielectric properties of hi#hy and
cancerous tissues in a given individual.

2.4 Dielectric Composition of the Breast

Fundamentally, microwave imaging relies on a contrast be&en the dielectric
properties of healthy and cancerous breast tissues. If a t@st exists,
re ections from cancerous tissues can be isolated and usedréconstruct an
image. A large number of studies have investigated the dietec properties
of human breast tissues, and the current understanding of ¢éhdielectric
properties of human breast tissues is discussed in this sent Evidence
from two types of studies is reviewed:

rstly, dielectric properties studies which used open-eretl coaxial
probe measurements in Section 2.4.1;

and secondly,in vivo imaging with operational microwave imaging
systems yiz. systems from DC and TSAR) which have focused on
the dielectric properties of healthy or cancerous breastsgues in
Section 2.4.2.

Finally, in Section 2.4.3, the current understanding of theiélectric properties
of human breast tissues is compared to the reported contrast x-ray
attenuation coe cient (the fundamental basis of x-ray mamnography).
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2.4.1 Open-ended Coaxial Probe Measurement

Early studies on the dielectric properties of the human tisges at microwave
frequencies primarily focused on the therapeutic use of migvaves [137]{
[139]. Several subsequent studies have measured a wide taoénormal and
cancerous human tissues (including breast tissue) [140Q4B] and extensive
reviews of these studies have been published [144]{[148]l WMs&toric studies
report a signi cant contrast between the dielectric propeies of healthy and
cancerous breast tissues in the microwave frequency band.wéwer, reported
contrast between dielectric properties of healthy and caemous tissues varies
from betweenl:2.3to 1:10across these di erent studies [147]. Inconsistencies
in measured dielectric properties of both healthy and canaais tissues were
highlighted and analysed in [146]{[148].

In order to address the historical discrepancies, two largeale studies
measured the dielectric properties of healthy and cancembreast tissue
between0.5to 20 GHz [43], [44]. The dielectric properties reported are
shown in Fig. 2.4. Distinctive features of [43], [44] when cqrared to the
historical studies [137]{[143] include:

comparatively large sample size (289 patients in total);
broad frequency range (0.5 to 20 GHz);
histopathological analysis of the tissue samples;

correlation of the histophatholgical analysis with the mesured dielec-
tric properties;

breast tissue samples sourced from the breast reduction geries to
ensure healthy breast tissues only were measured in the rstudy [43];

use of a broadband small-diameter precision open-ended xiahprobe
with a small sensing volume to precisely measure the dielectproper-
ties of the tissue just beneath the probe;

and statistical analysis of the resulting data.

Tissues were categorised into three groups depending on fhercentage
adipose content of the tissue:

1. high-water-content, containing less than 30% adipose $iges;
2. containing between 30% and 85% adipose tissue;

3. low-water-content, containing more than 85% adipose ges.
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Figure 2.4: Comparison of the dielectric properties of healthy (left) and canceros (right)
breast tissues from ve studies [14], [43]{[45]. The relative permittiity (top row) and
conductivity (bottom row) from the following ve studies are shown : healthy Group
I, 11, and Il tissues (R, Ry and Ry, ) from breast reduction surgeries [43]; healthy
Group I, Il and 11l tissues and tumour tissues (G, G;, G, and G) from cancer
surgeries [44]; adipose, glandular and tumour tissuesSy, Sg and St) from cancer
surgeries [45]; average propertiesDy) estimated from tomographic images [14];
and properties of regions of adipose and glandular tissue®({ and Dg) estimated
from tomographic images [17]. Figures (a) and (c) highlight how the dielectic
properties of healthy breast tissues reported by [14], [43]{[45] vary sultantially
more than those initially reported in older studies [137]{[143], [145]. Figurs (b) and
(d) indicate that the tumour properties measured in two leading ex vivo dielectric
properties studies|[44] and [45]|are broadly in line ( G- compared to St).
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Considering only tissues from breast reduction surgeriesdm [43], shown
asR in Fig. 2.4), a consistent trend of decreasing dielectric pperties with
increasing adipose content was found. Additionally, measement variability
was lowest when the sample consisted mainly of adipose tisspattributed
to the homogeneity of the tissue. The highest measurementriability was
observed in Group Il, which is attributed to the heterogengy in the tissue
composition of this group.

Comparing measured dielectric properties of healthy breasssues from
breast reduction surgeries and from breast cancer surgarieccomparing
[43] to [44];R to Cin Fig. 2.4), di erences were found between Groups
and Il from both types of surgeries, but within the variabiity of each group.
Larger di erences in dielectric properties were found in Gup Il between
tissues excised in reduction compared to cancer surgerigfiese di erences
were attributed to the characterisation of normal tissue saples; as tissue
samples from reduction surgeries tended to have higher adge content than
those from cancer surgeries. When comparing normal tissugglacancerous
tissues, healthy samples with no more thah0% adipose tissues were chosen
so that the comparison was not biased by high adipose contert contrast
of between8% and 10% was observed in the permittivity and conductivity
respectively, although no statistically signi cant di erences between normal
and cancerous breast tissues were observed.

In summary, the dielectric properties of cancerous tissuebserved in [43],
[44] were consistent with the historical studies [140]{[24. However, reported
contrast between dielectric properties of healthy and caamus tissues was
no more thanl:1.1 compared to a minimum contrast in permittivity of 1:2.3
found historically in [146]. The higher contrast reportedri the historical
studies was attributed to higher adipose content in the measad healthy
tissue samples. The small contrast reported by Lazebnét al. in [43], [44]

would potentially impact the viability of microwave breastimaging in two
ways:

di culty isolating re ections corresponding to tumour tis sues from
re ections corresponding to glandular tissues, particuldy in dense
breasts (a ects the sensitivity);

di culty distinguishing images of healthy breasts with glandular tissues
from images of breasts with tumour tissues (a ects the specity).

However, patient imaging studies have presented more encaging re-
sults. An imaging study with 150 participants (using the DC system)
indicated there may be a su cient contrast between the dieletric proper-
ties of healthy glandular and cancerous tissues su cient famaging [16].
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Moreover, a small study with66 participants found that the sensitivity was

higher for the patient cohort with dense breasts86% of 42 participants)
compared to the sensitivity for the cohort with less dense basts 64% of

24 participants). The encouraging results from the small @hpreliminary

patient imaging studies to date have motivated further resach in clinical

evaluation of microwave breast imaging but also into otherattors that

may explain the apparently contradictory results from diedctric properties
studies (very small contrast: imaging dense breasts di ct) and patient

imaging studies (imaging dense breasts potentially poskp [101]. These
in vivo imaging studies that have analysed the dielectric propegs of the
breast are analysed in the following section.

2.4.2 Microwave in vivo Imaging Studies

In tandem with the dielectric properties studies reviewedithe previous
section, operational microwave imaging systems have alseen used to
estimate the dielectric properties of human breast tissue$n contrast to

the dielectric properties studies in the previous sectiothe in vivo imaging

studies do not measure tissue dielectric properties on a himietre-scale, but
rather, they measure the bulk dielectric properties on a cémetre-scale.

Dartmouth College, NH, USA (DC)

In 2000, Meaneyet al. published the rst clinical evaluation of a microwave
breast imaging system (DC from Section 2.3) with ve women agl between
48{76 who had no abnormalities detected in recent mammogranand were
all post-menopausal [14]. This study suggested that the dgetric properties
of healthy breast tissues may be higher than previously reged. For
example, the average relative permittivity estimated at900 MHz ranged
from 17.22for an older patient to 36.18for a patient with dense breast
tissue, compared to approximatelyl8 recorded in [142]. The estimated
conductivity (0.6to 0.7 SnTl) was also higher than thed.2 S nT! measured
in [142]. There was also a suggestion of a weak correlatiorivieen breast
radiographic density and dielectric properties.

Further studies using the same imaging system with 43 heajtiwomen
were conducted [15], [17]. The women were aged between 40 @@dand
recent mammograms showed no abnormalities. Images wereoretructed
between0.5 GHzand 1.7 GHz and good agreement was found in estimated
properties of the contralateral breast for all women. Regns of interest
were de ned corresponding to areas with predominantly adgse tissues,
Da, and to regions with primarily glandular tissuesD¢. Average dielectric
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properties increased with radiographic density, and the t@ between the
dielectric properties of areas of glandular tissues and amlgeas of adipose
tissues also increased with radiographic density. Repodt@verage properties
for the four BI-RADS breast density classes for each tissuepg| D and
Dglare shown in Fig. 2.4.

Studies were also conducted including patients with abnoratities [16].
150 women aged between 35{81 years of age were included. Th&BDS
criteria were used to categorise the patients:

53 control patients were categorised as healthy (BI-RADS I);

the remaining 97 patients had suspected abnormalities (BI-RADS IV
or V).

The 97 patients with suspected abnormalities were later diagnodevith can-
cer, brocystic disease, broadenoma and some other benigbnormalities.
Regions of interest were de ned corresponding to the abnoatity, and the

ratio of the dielectric properties of the region of interesto the background
calculated. An increased ratio was observed for cancerousitas greater
than 1 cmwhen compared to benign and other abnormalities; potentisl
indicating that the dielectric properties of cancerous tsues may be di erent
to those of healthy or other abnormal tissues.

TSAR, University of Calgary, Alberta, Canada

A dielectric properties estimation system has been demorasted and the
system trialled with two patients [31]. The transmission-bsed system
is designed to complement TSAR. Measurements of each indival are
repeatable, although the system is expected to overestineathe dielectric
properties of human tissues due to dispersion across theqguency band.
The estimates are intended to improve a time-domain imaginglgorithm
which uses a similar averaging e ect across the frequencynmh so the
overestimation of dielectric properties is not considerggroblematic. Two
patient cases are discussed and mean relative permittivityalues of51
and 20 were measured. Direct comparisons to other relative permiitity
estimates are di cult due to the expected over-estimation ad the e ect
of averaging over the frequency band. Recent work has suggesthat
alternative estimation methods such as those described ihi$ thesis are
more useful in the context of imaging [27], [59], [100], [149
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MARIA &, Micrima, Bristol, UK

Finally, a classi cation approach has been considered usid@ patient cases
acquired using MARIAR [24]. For 17 malignant diagnoses and1 benign
diagnoses consisting af2 broadenomas and19 cysts, the mean ratio of
the high frequency response to the low frequency responge4(to 8.9 GHz
compared to3 to 4.6 GH2 could distinguish between cancerous and benign
diagnoses with a positive predictive value 0f6% Although only 44 cases
were considered, the study suggests that the dielectric grerties of benign
and cancerous tissues at di erent frequencies may be helpiiu distinguishing
between benign and cancerous tissues.

2.4.3 Current Understanding of Breast Tissue
Dielectric Properties

Both the microwavein vivo imaging studies and the dielectric properties
studies agree that a large variance in dielectric properseof healthy and
cancerous breast tissues exists between patients. This largariance moti-
vates the primary research question of this thesis: invegating if accounting
for the patient-speci ¢ breast can improve radar-based intang quality and
e cacy. However, in other aspects, apparently contradictoy conclusions
can be drawn from the two types of studies. A number of posslities have
been identi ed that may explain some of the di erences betwan these two
types of study, which can be broadly summarised as follows:

di erences betweenex vivoand in vivo dielectric properties measure-
ment [150[[153];

breast tissue heterogeneity and subsequent histologicaladysis [45];
sensing depth and volume and metrological technique use®4], [155];

challenges in reporting results due to averaging in light afterpatient
variance [18], [45], [46];

and di erences between the dielectric properties measurem a small
scale compared to the bulk dielectric properties [154].

For example, it is reported in [44], thatin vivo dielectric property mea-
surement of cancerous tissues would not report higher prafies compared
to the equivalent ex vivo measurement. However, previous studies had
reported di erences betweerex vivoand in vivo dielectric properties mea-
surement [150], [151]. A subsequent study also contends ttligelectric
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properties measurecex vivo di er from those measuredin vivo [152]. A
decrease in measured dielectric properties was observedrahe microwave
frequency range, which is attributed to tissue dehydratiomnd ischaemic
e ects. Although there were di erences in thein vivo and ex vivo mea-
surement technique and a small sample size of just six womeinis study
suggests the need for further investigation of the e ect ofxeision on tissue
dielectric properties.

A more recent study characterizes the change in dielectricqperties
with respect to time from excision [153]. Measured dieleatrproperties of
murine liver were consistent with the literature, but a chage of as much
as 25%was observed between measurements takenvivo and taken3.5h
after excision. The change is attributed to tissue dehydrain and indicates
that the e ect of ex vivo measurement must be considered when measuring
dielectric properties.

Additionally, a key nding of [44] is that breast tissues are ghly het-
erogeneous. The 60 cancerous tissue samples measured irstivdy were
primarily composed of not only cancerous tissues, but alsedithy glandular
and adipose tissues. The tissue composition was visuallyaated by a
pathologist, and some samples used to measure the contrastdielectric
properties between healthy and cancerous tissues contalres little as 30%
cancerous tissues.

A recent study by Sugitaniet al. with 35 patients measured the di-
electric properties 0ofl02normal and cancerous breast tissue samples [45].
Consistent with [44], no signi cant contrast was reported btween healthy
glandular and cancerous tissues [45]. However, based on a jpoterised
method of estimating the volume fraction of cells in each sate, tumour
samples were found to contain betweeh0% and 80% glandular tissues and
negligible adipose tissues. This nding contrasts with [44vhere up t020%
adipose tissues were found in the tumour samples from viswedamination
by a pathologist. Unlike [44], signi cant variation was alsambserved in the
dielectric properties of cancerous tissues. These conti@dry ndings were
attributed to di erences in classi cation of samples in eals study: where
Lazebnik et al. used visual assessment from the pathologist, Sugitaet al.
guanti ed the volume fraction of cancerous cells in the tiage sample and
used Bruggeman's Approximation Theory to calculate the diettric proper-
ties [156]. An increase in dielectric properties was obsedvas the proportion
of cancer cells in the sample increased. The main conclusioom [45] is
that variability in measured dielectric properties of tumair tissues can be
attributed to the volume fraction of cancer cells in the tumar sample.

Furthermore, recent studies investigating the sensing wohe of open-
ended coaxial probes have found that the material within therst few
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hundred microns of the probe may have a dominant e ect on the easured
dielectric properties [154]. This dominant e ect suggesthat open-ended
coaxial probe measurement may not be suitable for estimagrthe aver-
age dielectric properties of biological tissue samples onnallimetre- or
centimetre-scale. Therefore, the study concludes that thraeasurements
in [43], [44] might need to be reinterpreted because of thdgaitations in
the dielectric properties measurement technique.

Further studies consider factors that impact the sensing dépand vol-
ume [155], [157]. It found that the sensing volume is depemdeon the
frequency of measurement as well as the dielectric propesiof the sample
being measured. The study demonstrates how the sensing okl may vary
appreciably across the microwave frequency band for samgleith dielectric
properties similar to biological tissues. Considered tother, these stud-
ies, [154], [155], indicate that care may need to be taken whmmterpreting
dielectric properties measurements of heterogeneous tissamples in the
microwave frequency band using open-ended coaxial prob&5{].

Finally, data presented by Sugitaniet al. in [45] demonstrates how the
contrast between the dielectric properties of healthy and oaerous tissues can
vary substantially between individuals. For example, Paénts 20{ 24 among
others from [45] exhibit a large contrast between the dielei properties
of healthy and malignant tissues whereas Patient3 30 show almost no
contrast between these tissues. Moreover, recent work haghlighted that
careful analysis is needed and that comparing averaged étic properties
of certain tissue types may obscure contrasts in individugdarticipants [46]:
These e ects make it di cult to estimate the exact dielectric properties to
expect within the breast, but all studies agree that the diglctric properties
and breast tissue composition vary substantially betweenagients.

In short, the exact dielectric properties of breast tissuei® vivo on a
millimetre-scale are not known, and the optimal measuremetechnique is
uncertain in light of di culties in sample handling, tissue heterogeneity and
histology and unknown probe sensing volumes. However, aletBtudies agree
that the dielectric properties of healthy breast tissues vg substantially
(5 ", 50 at3GH2 in the microwave range, and that contrast between
the dielectric properties of healthy and cancerous tissuesay not be as
large as thel:10 originally reported [147]. Dielectric properties studiesalso
suggest that interpatient variability may be very high, makng it di cult to
determine average dielectric properties representativé the population[46].
Finally, promising patient imaging results, even in patierd with dense breast
tissue, suggest that it is important to consider evidencedm both dielectric
properties studies and microwavén vivo imaging studies when evaluating
the contrast between the dielectric properties of healthyral cancerous
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breast tissues.

In summary, the current understanding is that a contrast betreen the
dielectric properties of healthy and cancerous breast tigss does exist at a
centimetre-scale. However, the magnitude of the contrast wde very small
in certain patients, and some studies have observed that a@rous tissues
from one patient may have lower dielectric properties thandalthy tissues
from another patient [45], [46]. To help understand if thisxpected contrast
between the dielectric properties of healthy and cancerotissues is su cient
for imaging, the following section compares the current umdstanding of
the dielectric properties of breast tissues to the currentnalerstanding of
X-ray attenuation coe cients of breast tissues, the fundarantal basis of
X-ray mammography.

2.4.4 Comparison to X-ray Attenuation Coe cient

As discussed in Section 2.2.2, the leading asymptomatic ssmeng imaging
modality, x-ray mammography, fundamentally exploits the ontrast between
the x-ray attenuation coe cient of healthy and malignant tissues. However,
the contrast between the x-ray attenuation coe cient of heéthy glandular
and cancerous tissues is no largérl.1[84], meaning the reported contrast
between x-ray attenuation coe cients is no larger than the wrst case
contrast between dielectric properties of healthy and caamus tissues
reported by Lazebniket al. in [44]. Despite this small contrast between
the x-ray attenuation coe cient of healthy and cancerous tssues, x-ray
mammography is currently recommended as an asymptomaticreening
imaging modality [5]. However, the sensitivity of x-ray mamragraphy is
known to be poorer in dense breast tissue, due to the maskinga of the
glandular tissue with similar attenuation to cancerous tisues [9].

It is di cult to compare the contrast between the dielectric properties
of healthy and cancerous human breast tissues and the repagtcontrast
between the x-ray attenuation coe cient of healthy and canerous human
breast tissues due to di erences in the imaging modalitiedditionally, a
large body of clinical evidence is available for x-ray mamrgoaphy which
informs any study of the inherent contrast or method of actio. Randomised
control trials studying the bene ts of mammography with as nany as60,000
participants have been reported as early as 1966 [81], ancephalf a million
women have participated in prospective randomised contietl trials of
mammography [67]. In comparison223 patients have participated in the
largest microwave patient imaging studies to date [16], [B5and a current
trial with the MARIA ® system is expected to include 994 women.
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Additionally, little evaluation of the prevalence or distribution of glandu-
lar tissues in the human breast has been included in the dietdac properties
studies to date [18]. The breast is known to be heterogenous)dathe
contrast between the dielectric properties of healthy andancerous tissues
on a millimetre scale may not be representative of the breaas a whole.
Even in breasts categorised as extremely dense accordind®teRADS, there
may be as little as 20% glandular tissue by volume [159].

2.5 Conclusions

In this chapter, the background to microwave breast imaginwas presented.
The current state-of-the-art was reviewed, including recg developments
in the eld. Firstly, a brief overview of the anatomy and physology of
the human breast was presented in Section 2.1. The substaitvariance
between individuals in terms of breast composition was higiphted, and
benign breast abnormalities which can mimic cancer were dissed. Next,
the current understanding of asymptomatic breast screergnwas discussed
in Section 2.2. The current clinical indications, and advaages and dis-
advantages of each existing imaging modality were highliggd, including
the breast abnormalities, benign and invasive cancers, thaere detected.
Next, the fundamental basis of microwave imaging is introded, beginning
with the electromagnetic scattering equation, which is thetarting point
for many microwave image reconstruction techniques in usélicrowave
imaging hardware and software design is comprehensivelyieved, includ-
ing a detailed of comparison of the leading microwave imagjrsystems.
The available evidence from patient imaging studies is reawed, and the
remaining challenges for clinical translation of the teclology discussed.
Finally, the current understanding of the dielectric propeties of the human
breast is reviewed, using evidence from dielectric propes studies and
microwavein vivo imaging studies alike.

From a high-level perspective, breast cancer is a prevalentsdase which
can result in mortality. Many benign, pre-cancerous and miginant changes
can occur in the breast, and early detection of malignant chges can lead to
better patient outcomes. For screening, mammography is trenly approved
imaging modality, however, the use of ionising ratiation mas mammography
less suitable for younger women, and the sensitivity for pants with dense
breasts can be poor. Ultrasound and magnetic resonance inragare used
for certain clinical indications, but neither have been appved for screening.

Microwave imaging has the potential to address these limitians, and
encouraging results from early patient imaging studies havmotivated more
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research in the area. Microwave imaging is non-ionising almemfortable for
the patient and has the potential to be low-cost. Seven opédranal systems
have been used with patients, and the results of these patiemaging studies
are being used to guide the next phase of patient imaging stied with larger
and more diverse patient cohorts. The primary outcome of theext phase
of studies will be sensitivity and speci city.

Breast anatomy is known to change between individuals in ters of vol-
ume of brous and glandular tissues. Additionally, the dieleiric properties
of individual breast tissues are known to vary between indiguals. This
variance in breast composition and dielectric propertiesao a ect the radar-
based imaging algorithms which require knowledge of propa@n within
the imaging domain to reconstruct an image. However, althotiga number
of methods have been proposed which can estimate the patiespteci ¢
dielectric properties for image reconstruction, few studs have examined
the impact of these methods on expected sensitivity of radéased imaging.
Moreover, proposed methods have typically been tested inug positive
cases (experimental cases with tumours or patients with knm disease)
and the e ects on the speci city of radar-based imaging is umown. The
literature lacks a thorough analysis of the impact of breastomposition
on image quality and the expected sensitivity and speci ¢t of microwave
breast imaging.

The review presented in this chapter helps motivate the renrader of
this thesis, evaluating the e ect of interpatient variation of breast dielectric
properties on radar-based imaging. To help address the prmy research
objective of this thesis, a breast and tumour phantom set anchicrowave
imaging hardware and software were developed which are désed in the
following chapter. The breast and tumour phantom set modele variance
in breast composition seen in the population. The accompang hardware
and software, designed in light of the review of operationahaging systems,
is also described, including the image analysis techniquesed to determine
sensitivity and speci city.

55



Chapter 3

Experimental Test Cases

The experimental system and BRIGID phantom set described
in this chapter were developed in collaboration with Barbara
L. Oliveira, who led the design and fabrication of the BRIGID
phantom set that has been published by the IOP Biomedical
Physics and Engineering Express in a journal publication entitled
\Microwave Breast Imaging: Experimental Tumour Phantoms for
the Evaluation of New Breast Cancer Diagnosis Systems" in 2018.
Declan O'Loughlin led the design of the experimental hardware
system and imaging algorithms and acquired the scattered signals
used in the remainder of this thesis.

This chapter describes the experimental system and the BRIB phantom set
used to investigate the primary research objective of thiesis: the impact
of the variance in breast tissue composition observed in tip®pulation on
image quality, and sensitivity and speci city. The BRIGID phantom set
was developed in collaboration with Barbara L. Oliveira ad has been used
in a number of recent journal and conference publications1p [55], [59],
[160]{[162]. The BRIGID phantom set is also freely availablfor use.

The design, materials, dielectric properties and the nal RIGID phan-
tom set used in this thesis are described in Section 3.1. Theattered signal
acquisition is described in Section 3.2, including the handire design in light
of the review of operational systems presented in the preu® chapter. The
imaging algorithm is described Section 3.3 and the image dysis used to
determine tumour detection is explained in Section 3.4. Fitlg, Section 3.5
concludes this chapter.

3.1 BRIGID Breast and Tumour Phantoms

As discussed in Section 2.1, the tissue composition of the lstaaries
within a given individual with age, hormonal change and mempause, but
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can also vary substantially between individuals based on mgetic and other
factors. Studies analysing the tissue composition of the dast consider the
volume glandular fraction (VGF), which is the volume of tissas labelled
as glandular as a proportion of the entire breast volume. Hstates of the
VGF of individuals in the population can be used to inform dametry mea-
surements for mammography and phantom development for mamyaging
modalities [159], [163]. Using recent advances in three-dinsional breast
imaging, the studies suggest that breast density is visuglbverestimated
from two-dimensional mammograms, due both to the compreesi and the
two-dimensional projective nature of the imaging methodoby.

One such study consisting 02,831women of varying age and ethnic-
ity [163]. VGF was measured using both three-dimensional dast comput-
erised tomography (CT) and well-calibrated techniques fomammographic
estimation. The mean VGF was measured at9.3%for all women. Over
90% has less than27% VGF. VGF was found to decrease with age, and
one group of women, described as sedentary, over-weight amith a larger
breast size had lower VGF on average.

An expanded study looked a40women aged between 35 and 82 who
were imaged with dedicated breast CT [159]. The study foundh¢ mean
VGF varied from around 7%{ 8% for non-dense breasts up to betweetb%q
25%for dense breasts. VGF decreased with age, breast diametedacup
size, but increased with BI-RADS density.

The breast phantoms used in this study were designed to cowerange
of VGF from 0% to 30% representing more thar®0% of women [159], [163].
Although this excludes10% of women with very high VGF, this is similar
to the proportion of the population covered by existing opetional systems.
For example, MARIAF is currently designed to image breasts fror810
to 850 mL which excludes approximately50% of women in [159]. If next
generation patient imaging studies continue to show the eativeness of
radar-based imaging, it is important that future operatioral systems will be
designed to accommodate more breast sizes and densities.

The dielectric properties were chosen in accordance witheldielectric
properties studies reviewed in Section 2.4, in particulahbse by Lazeb-
nik et al. in [43], [44] and by Sugitaniet al. [45]. Although the exactin vivo
dielectric properties are not understood precisely, thes vivo dielectric
properties studies represent a worst-case for microwaveebst imaging of
minimal contrast between the dielectric properties of hetidy and cancerous
tissues.

Benign breast diseases and breast cancers can also vary tarislly
in size and shape as summarised in Section 2.1. Benign bre@shours
are typically more spherical or ellipsoidal and are charagtised by smooth
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borders; whereas invasive breast cancers have spiculatedrgins as they
tend to grow in irregular directions as the cancer invades ¢hsurrounding
tissues [86], [164], [165]. The tumour phantoms in the BRIGIphantom

set were designed to model both benign and malignant tumouo$ di erent

sizes.

3.1.1 Tissue-mimicking Materials

The materials used to fabricate the BRIGID phantom set werehosen:
to mimic the variance in breast tissue composition in termsf&/GF;
to enable a variety of tumour shapes and sizes to be fabricdte

and to ensure a large number of diverse test scenarios coutrhodelled
for thorough algorithm evaluation.

Many materials have been proposed to approximate the dietac prop-
erties of human breast tissues in the microwave frequencynge [160], [166]{
[176]. The advantages and disadvantages of these materiate discussesd
brie y in this section.

Triton X-100 has been shown to model the dielectric properteof human
breast tissues well [169], [170]. Triton X-100 is dielectally stable with
respect to both temperature and time. However, at the targetlielectric
properties of human breast tissues, Triton X-100 mixture igduid, making
it di cult to model internal tissue and skin. Plastic shells with shapes
derived from magnetic resonance breast images have beendusefabricate
anatomically realistic breast phantoms [171], [172]. Howew the e ect of
the plastic layers in the breast on the scattered signals hast been fully
characterised [177].

Oil-in-gelatin mixtures can be used to produce breast phaoins with
varied shapes and interiors [166]{[168]. Oil-in-gelatinh@antoms solidify
after mixing, and can be used to model internal broglandulatissues [167].
However, oil-in-gelatin phantoms are sensitive to environemtal conditions
and the dielectric properties can vary substantially overie [167].

Polyurethane has also been proposed for phantom fabricaticusing car-
bon black and graphite to alter the dielectric properties [43]. Polyurethane
can be easily moulded during fabrication into glandular antumour shapes,
mimicking both breast density variance and tumours of di eence shapes
and sizes. Polyurethane phantoms have been used to test bGi8AR and
MU [173], [174]. After curing, polyurethane phantoms are gdland maintain
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their shape, and have been assessed using a variety of imggimethodologies
to assess structural consistency [178].

These material features mean that polyurethane phantoms asuitable
for evaluating the research questions in this thesis. The @éed fabrication
protocol and veri cation are described in detail in [160] ath are summarised
in the following section.

3.1.2 Phantom Fabrication

Considering the breast anatomy discussed in Section 2.1réle main tissue
types are modelled in the breast phantoms [21], [167]:

a skin covering the breast exterior;

the glandular and dense, brous interlobular connective sbma, known
collectively as broglandular tissues;

and adipose tissues which form much of the interlobar loosermective
stroma.

By varing the volumes of broglandular tissue in the breast pantom, the
normal variance in VGF observed in the population can be motied.

The skin of the human breast varies betweehmm to 3 mm in thickness
depending on breast size, hormonal changes and age [1790]1The skin
of the breast may also change due to invasive breast cance?][4such as
the swelling known as \peau d'orange” (skin of an orange). H®se breast
phantoms do not model breast cancer symptoms involving chges to the
skin, as the primary research question of this thesis consid screening of
asyptomatic individuals.

Fibroglandular tissues were modelled as conical structuregich originate
from the areola, mimicking the breast lobes. Five separate dast phantoms
with VGF from 0% to 30%were manufactured, allowing the impact of VGF
on image quality to be assessed.

After the skin and broglandular structures were allowed to are (between
16 to 24 hours), the breast phantom interiors were lled with an adipse-
mimicking mixture. For all breast phantoms, a cavity was léfin which
a \plug" could later be inserted. For each phantom, one plugfdhe same
adipose material as the phantom was fabricated, which coulik inserted
into the cavity to model a \healthy" breast phantom without abnormalities.

The same polyurethane base material with dierent proportbns of
graphite and carbon black (higher dielectric properties) as used to fabricate
tumour phantoms: the material was moulded into the desirechape and
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Figure 3.1: Comparison of the dielectric properties of the tissue-mimicking naterials in
the BRIGID phantom set (used in this thesis) and the dielectric properties of human
breast tissues measure@x vivo using open-ended coaxial probes [43]{[45]. Both
(a) the relative permittivity and (b) the conductivity are shown. Considering the
variance in reported dielectric properties shown in Fig. 2.4, the délectric properties
of the modelled tissue types of the BRIGID phantom set correspond win terms
of absolute values and the contrast between the types. The conductity of the
modelled tumour tissue is higher than reported in dielectric progerties studies, which
will result in higher loss in the tumour phantom. However, due to the small size
of the tumour phantom compared to the breast phantom, this higher loss is ot
expected to unduly impact the scattered signals.

allowed to cure. Each tumour phantom was encased in a plug dfet same
adipose-mimicking material used to |l the breast phantomallowing each
tumour phantom to be used with each breast phantom.

3.1.3 Dielectric Properties of Phantom Materials

Although Section 2.4 has highlighed that uncertainty existas to the exactin
vivo dielectric properties of human breast tissues, all studieggreed that the
average dielectric properties vary substantially betweeindividuals [14]{[17],
[43]{[45], [137]{[148]. The studies by Lazebnikt al. and Sugitaniet al. [43]{
[45], are the largest measurement studies of human breaststiiesex vivo

to date and are used as a guideline for the dielectric propess of the
phantoms used in this thesis. In addition, the smallest cordast between
the dielectric properties of healthy and cancerous tissuesported in these
studies is1:1.1 [44], which can be considered a worst-case for microwave
breast imaging and therefore suitable for test platform defopment.
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Table 3.1: Measured mean dielectric properties of the BRIGID phantom set (usd in
this thesis) compared to the mean dielectric properties of the brast and tumour
phantoms used to test the operational microwave imaging systems desbed in
Section 2.3. Also shown are the mean values from leading dielectric prepties
measurement studies. Both the relative permittivity, ", and the conductivity, , at
3 GHz are compared, where this data is available for other systems.

Skin Gland Adipose Tumour

n n n n
r r r r

MARIA F [181] 36 20 36 20 9 00 54 30
TSAR [173] 24 16 36 30 5 03 | |
MU [174] 35 3.0 37 35 8 03 60 5.0
Lazebniketal. [44] | | 51 23 7 02 58 26
Sugitanietal. [45] | | 31 19 9 06 54 33
BRIGID [160] 32 20 43 17 7 01 68 7.1

The dielectric properties of the internal tissue-mimickig materials in the
frequency range of interest compared to the dielectric prepties reviewed
in Section 2.4 are shown in Fig. 3.1. In terms of both permittity and
conductivity, the dielectric properties of adipose tissiugeare very similar to
those reported by Lazebniket al. [43], [44] and Sugitaniet al. [45].

In terms of permittivity, the range of the permittivity of ph antom
glandular material lies between the median permittivity reorted in both [43],
[44] and [45]. The median tumour permittivity is approximatéy 35% higher
than measured in [44] and [45]. However, the contrast betwetre median
permittivity of the phantom glandular tissue and the tumour phantom is
1:1.5. This contrast in permittivity between healthy and canceras tissues is
in the range 1:1.1and 1:1.7 reported by Lazebniket al. in [44] and Sugitani
et al. in [45] respectively.

In terms of conductivity, the range of conductivities for bth adipose
and glandular tissues is similar to the measured values in3}4 [44] and [45].
Although, the conductivity of the tumour is much higher than the conduc-
tivity observed in [44], [45] (more than twice at3 GH2), this mainly a ects
losses within the tumour phantom. Due to the small physicalxent of the
tumour phantoms, the higher conductivity for the tumour phaitoms is not
expected to have a substantial impact on the scattered siglsg160].

The mean dielectric properties of the breast and tumour phaoms at
3 GHz are shown in Table 3.1. The dielectric properties of the BRIBG
phantom set are compared to recent experimental phantomsagwith oper-
ational systems reviewed in Section 2.3 (where available this frequency)
in addition to the mean values from leading dielectric propées studies
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Figure 3.2: Images of the interior of two breast phantoms in the BRIGID phantom set
with (a) 10% and (b) 30% VGF. Both phantoms were then lled with the adipose
material, and an opening was left to accommodate the plugs containing eitbr a
tumour phantom or the adipose material.

in [43]{[45]. Considering the uncertainty in dielectric poperties evident
from Fig. 2.4, the dielectric properties of the breast and tuwur phantoms
used in this thesis are broadly in line with other leading biest and tumour
phantoms used with the operational systems. The conducttyiof the glan-
dular material at higher frequencies (particularly greatethan 3 GHz) is
lower than the breast phantoms used with some operational sgms, but
the conductivity is within the interquartile range reported by Lazebniket al.
in [44]. The conductivity of glandular-mimicking tissue inthe BRIGID
phantom is 10% or 0.12 standard deviations lower than the mean value
reported by Sugitaniet al. in [45].

3.1.4 Summary of Test Cases

Finally, the 5 breast phantoms and22 tumour phantoms are summarised
in this section. Each breast phantom can be combined with datumour
phantom for 110test cases overall. Additionally, each breast phantom can
be scanned without a tumour phantom, for ve \healthy" compaison cases.
Breast phantoms with VGF of 0%, 10% 15% 20% and 30% were manu-
factured, and two pictures of the glandular structures befe the adipose-
mimicking material was added are shown in Fig. 3.2. The glanthr struc-
tures taper to points at the apex of the hemisphere and grow egmter in
cross-sectional area as they move towards the base of the sghere; mod-
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Figure 3.3: Images of all22 tumour phantoms included in the BRIGID phantom set
which model the variance in tumour shape and size observed in cling practice.
The tumour phantoms model both benign and malignant cases, where benign
cases are characterised by smooth margins and malignant cases are characed
by spicules. Row one P1{Pg) shows the low-spiculation tumours P, ); row two
(Po{ P14) contains the medium-spiculation tumours (Py ); and row three (P1s5{P22)
shows the high-spiculation tumours Py ).

elling how lobes converge on the areola. The mean thickne$she phantom
skin varies from1.98 mm (20% VGF) to 2.99 mm (0% VGF). The mean
relative permittivity of the adipose material varies from", = 7:63 (20%
VGF) to ", =9 (0% VGF). Cooper's ligaments ( brous connective tissue
which supports the breast and maintains the breast shape) m@&ause the
dielectric properties of the loose connective stroma to wamore than in the
BRIGID phantom set [42], but are not modelled in these breagithantoms
nor in other leading breast phantoms.

The tumour phantoms vary substantially in shape (as shown ikig. 3.3)
and in physical extent and volume (as shown in Table 3.2). Tke types of
tumour phantom were fabricated:

low spiculation (P.) which are spheres or ellipsoids of varying dimen-
sions with smooth margins and modelling benign tumours;

medium spiculation Py ) which are spheres or ellipsoids with irregular
margins modelling malignant tumours;

high spiculation (Py) which are fabricated from long thin spicules and
model highly spiculated malignant tumours.

The high spiculation casesKy ) are similar in physical size to the medium
spiculation cases Ry ), but have lower mass, as can be seen in Table 3.2.
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Table 3.2: The physical dimensions and mass of al22 tumour phantoms in the BRIGID
phantom set. Dimensions for each of the Head{Toe (H{T), Left{Right (L{R) and
Front{Back (F{B) axes are shown, along with the tumour phantom name and
spiculation degree: low P, ), medium (Py ) or high (Pg).

Details Dimensions (mm) Mass (g)
Name Type H{T L{R B{F

Py P 5.2 7.0 3.7 0.2
P, P 8.4 8.8 6.2 0.5
Ps3 P 109 11.0 10.8 15
Py PL 137 138 120 2.1
Ps PL 20.4 20.7 194 6.4
Ps P 11.3 205 8.2 1.9
P, P 21.7 131 9.1 2.1
Pg P 119 124 209 3.2
Pg Pwm 11.7 150 11.7 0.9
P1o Pwm 152 16.6 9.7 1.3
P11 Pwm 13.2 22.1 17.5 15
P1, Pwm 18.8 141 136 1.7
P13 Pwm 144 270 8.8 1.7
P14 Pwm 16.6 105 224 15
P1s Py 141 172 155 0.8
Pig Py 20.5 19.5 14.1 0.9
P17 Py 15.8 19.0 3.7 0.3
Pis Py 232 172 134 0.9
P1g Py 23.3 8.7 235 0.9
P2o Py 213 245 210 15
P21 Py 25.8 12.5 33.0 1.1
P2, Py 21.0 228 344 0.8

The lower mass of the high spiculation tumour phantomsR ) helps show
how the high spiculation tumour phantoms are composed of mwrthin
spicules. The medium and high spiculation tumour phantomsetp increase
the diversity in the BRIGID phantom set by including tumour phantoms
irregular borders as well as very spiculated tumour phantosn

3.2 Hardware Signal Acquisition

The review of operational systems presented in Section 2r8drmed the
design of the experimental system used in this thesis. Thetpnt interface
is designed to be similar to MARIA® [21]: the patient would lie prone
on an examination table with the breast pendant through an ogning. A
small volume of coupling medium would be required to ensur@gd contact
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between the antennas and the breast, particularly in the ca®f smaller breast
sizes. The imaging domain includes the nipple area and antariportion of
the breast. A2cmto 3cm mat would be required for patient comfort that
would hinder placing antennas close to the chest wall. Thisits coverage of
the posterior portion of the breast. At present, operationlasystems typically
cannot accommodate breasts of all sizes (for example, TSARlimited to
cup sizes B and C [26]) and future work will be needed to re néné designs
to include more breast sizes and all regions of the breast. rFexample,
table-based systems do not cover the axilla well [26] where to 2% of
primary tumours are located [108].

Flexible microstrip antennas from MU were used [182]; thesatannas
have been previously used with healthy volunteers over masgans using
the wearable system at MU [34]. The antennas were optimised bperate
from 2 GHz to 4 GHz and a representative sample of the frequency response
of the antenna in contact with the skin of two BRIGID breast plantoms
(20% and 30% VGF) is shown in Fig. 3.4a. The antennas ar@ cmby 2cm
square, and24 antennas are evenly spaced around the radome (as shown in
Fig. 3.5a). From an electromagnetic perspective, reciprdazhannels contain
redundant information, that is:

Ear (@)= Eao (@) 8a;a’2 A (3.1)

Therefore, the number of independent channelslc, is given by the number
of pairs in the antenna array:

Nc = = = 276 (3.2)

More independent channels are available in this system coarpd to the
120used with healthy volunteers in MU [34], and the number of clmels is
compared to the other operational systems in Fig. 3.4b.

Fused deposition modelling was used to manufacture th® mm radius
hemispherical radome which housed the antennas. The radomas printed
using polylactic acid (PLA) with an Ultimaker 2+ Extended (Ulti maker,
Geldermasen, the Netherlands). The radome has twenty-foupenings which
securely housed the SubMinature Version A (SMA) connectorstached to
each antenna.

Data were acquired in the frequency domain using a steppeeduency
sine-wave at50 frequency points linearly spaced betweeaGHz and 4 GHz
A ZNB40 2-port VNA and ZN-Z84 24-port switching matrix (Rohde and
Schwartz GmbH, Munich, Germany) acquired al276independent multistatic
channels in30 s(shown in Fig. 3.5b). Twenty-four coaxial cablegl57 mmin
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Figure 3.4: A representative sample of the frequency response of an antenna usta
acquire experimental data is shown in (a) when the antennas are in déct contact
with the skin of two phantoms in the BRIGID phantom set ( 20% and 30% VGF).
A comparison of the frequency range, number of channels, domain of acquigin
and acquisition time of the experimental system used in this thes with other
operational microwave imaging systems is shown in (b). Coupling meid systems
are shown with a dotted line (-..) whereas coupling shell systems are shown with a
solid line (==). Hardware arrays are represented with a cross+) with synthetic
arrays represented with a dot ).

(b)

Figure 3.5: Images of (a) the radome, antennas, antenna array, and (b) the ZNB40
2-port VNA and ZN-Z84 24-port switching matrix (Rohde and Schwartz GmbH,
Munich, Germany) used to acquire experimental data in this thess.
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length connected each port of the switching matrix to surfaemounted50
SMA connectors on each antenna which were housed in the radoiboth
manufactured by Cinch Connectivity Solutions, Waseca, MN, US).

Prior to use, a full 24-port calibration was conducted whictcorrected all
S-parameters §..x; Scy8(x;y) 2 f 1;2; ::1; 24g) with the reference plane at
the end of the cable connecting the switching matrix and ant@a. Due to
experimental error, the response of each antenna was di etewhich would
lead to errors in the rotational subtraction artefact remowal algorithm. A
reference scan taken with a homogeneous breast phantom wakin was
taken. This reference scan was used to compensate for dieces between
the antennas, and a single compensation was applied to albes before
artefact removal and imaging.

3.3 Beamforming Methods

Considering the generic beamformer described in Eq. (2.2)e acquisition
surfaces,A = A°can be de ned as the24 antenna locations shown in
Fig. 3.5a, and are mathematically described as:

a 2A 8i2f1;2::;249 2 N, (3.3)

A number of other discretisations are required for the praetal implementa-
tion of the beamforming equation in Eq. (2.2):

the calibrated S-parameters from VNA need to be processed taneve
artefacts such as re ections from the skin as discussed inc8en 2.3.3;

the frequency range, , is limited to between2 GHz and 4 GHz to
match the antenna characteristics shown in Fig. 3.4a, and issdretised;

and the imaging domain,V, needs to be discretised and de ned.

The hardware antenna array is designed so that for each antenpair,
(a; &), there is another antenna pair, 4; ay), that is o set by a constant
angle around the sagittal axis. The constant o set angle m&a that the
hardware antenna array is rotationally similar and that a réated scan can
be acquired without any mechanical movement of the antennaray.

Thus, rotational subtraction is used to isolate the tumour esponse
from the calibrated S-parameters (described in detail in $gon 2.3.3). For
example, antennas,, a,, az are in a concentric ring o set from each other
by 36, so the response for channé,, ., (a,) is given by:

Eayp (@2) = Siof' ] Spal! ] (3.4)
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The minimum frequency resolution required can be estimatddom the
maximum propagation time. The maximum propagation time is pportional
to the distance travelled and inversely proportional to thepropagation speed:
that is, the maximum propagation time is the longest distane at the slowest
speed. As the hardware antenna array has a maximum diameter 30 mm
the upper limit for propagation paths within the radome is twce the radome
diameter, ordmax = 280 mm The propagation speed is inversely proportional
to the dielectric properties of the imaging domain, which cabe estimated
as""® =50 for a breast phantom with mainly glandular tissues.

Thus, an upper limit for the propagation time can be estimate as follows
given the speed of light as 0.299 Gm &

P wmax P =5
Omax max 280 mm 50
t = =d L = 7 3.5
max = T M T T g299Gmst (™ (3:3)
This implies that the minimum frequency resolution is:
.1 1
fjmin = i 140 MHz (3.6)

In this thesis, the frequency resolution is 40 MHz, well belothis limit.

Finally, the imaging domain, V, needs to be de ned. In this work, it is
taken as a grid of points spaced a2 mm within the hemispherical radome.
This is convenient for visualisation and common among the epational
systems such as TSAR [26], however, the point distribution alwl a ect the
image and methods for de ning evenly spread point distribubns for spheres
have been proposed [183].

Based on these discretisations, the generic beamformer ig.E2.2) is
implemented as follows:

X X X
I(r) = Ean (8)) €xpj! aa(r;! i) (3.7)

A A0

The challenges in estimating the propagation delays, o, (r;! i), are discussed
in detail in the following chapter in Section 4.1.

3.4 Image Analysis and Tumour
ldenti cation

This section discusses how the images reconstructed usihg DAS beam-
former are analysed to determine if a tumour is detected or ho The
criteria identi ed are used to help investigate the sensitity and speci city
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in later chapters. A variety of methods for image analysis va been used
in patient imaging studies to date, although full details othe criteria for

detection are not always published. In some cases (MARfAand SUST),
images are thresholded td.5 dB of the maximum image amplitude and the
image is normalised when displayed so the maximum image aityndle is

the consistent for display [21], [33]. In studies with TSAR,He image is
not thresholded, although the study notes that reconcilinghte image to the
clinical history of the patient is di cult [26].

As highlighted in Section 2.3, radar-based imaging is a quiaiive imaging
approach: the reconstructed image does not directly repest the dielectric
properties of the entire imaging domain. Qualitative appraches instead
identify areas with contrasting dielectric properties. Hoever, the amplitude
of the image is still a ected by the dielectric properties othe breast. The
amplitude of the images will be highest for areas of large daast in regions of
low attenuation (less dense breasts) and lowest for areasnoihimal contrast
in regions of high attenuation (more dense breasts). Furthmore, size and
shape of scatterers is not directly preserved in microwavadar-based images,
but can also a ect the amplitude of responses in the images 6

In this thesis, detection was carried out in two stages:

1. an image was annotated as a positive if a response with SCR ofajer
than 1.5dB was observed in the breast;

2. images annotated as positive were considered true positvé the
response was within the physical extent of the actual tumoui.e. the
localisation error was less than the tumour radius.

The SCR is de ned as the maximum amplitude within the tumour aea
divided by the maximum amplitude of the clutter, where the dltter is the
area of the image outside twice the full width at half maximum(FWHM) of
the main response in the image. The bene ts of using the maxim image
amplitude for detection in terms of speci city are analysedn Chapter 4.
Overall, 70% of images were annotated as containing a tumour response,
and 30% were annotated as negatives. Selection of a threshold10% dB
was determined empirically, and also the threshold was clessin line with
operational systems such as MARIA [21] and SUST [33].

In the 70%annotated as containing a tumour, exceptions to the detectn
criteria above were made, if:

the secondary response was withibtO mmof the main response2%of
cases): this can occur with large and spiculated tumours iradicular.
Visually, this appears similar to a single response;
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the secondary response was withilhmm of the boundary of the imaging
domain (29%of cases): this can occur as a result of artefact removal
algorithms [60].

These exceptions were also chosen empirically based on aisskamination
of the images. In addition to further examination of the detetion criteria,
determining the optimal image domain in terms of point distibution and
the boundaries of the imaging domain are outside the scopetbis thesis,
but these could impact the image detection algorithms.

In the 30% annotated as not containing a tumour,94% were deemed
negative as the response was withihO mm of the boundary of the imaging
domain or touching the boundary. In these cases, the respenappeared
similar to an artefact due to poor performance of the artefaaemoval
algorithm. The remaining 6% did not meet the SCR criterion nor the
exceptions listed above.

To determine the changes in sensitivity due to reconstructh permit-
tivity estimation in the following chapter, the 70% of images annotated as
containing a tumour were divided into true positives and fale positives. Of
the images annotated as containing a tumouf2%were considered true pos-
itives as the primary response was within the tumour area. Thremaining
8% were considered false positives, as the tumour was not cathe detected.
Of this 8% false positives, ve cases83% of all false positives) were in the
most dense breasts and in three of those cases, a tumour woli&le been
reported but in the wrong quadrant of the breast.

3.5 Conclusions

In this chapter, the experimental platform used to evaluateéhe primary
research objective of this thesis were described. The BRIGbreast and
tumour phantom set, as well as the experimental hardware arichaging
algorithms, have been presented.

The BRIGID breast and tumour phantom set design was descride
including how the BRIGID breast phantoms model a realistic ariation in
VGF from 0to 30% VGF is a useful way to quantify the volume proportions
of the breast occupied by broglandular tissues and by adie tissues. In
addition to the dielectric properties of healthy and cancewus tissues, the
VGF is an important factor when designing representative l@ast phantoms.

The imaging system in terms of signal acquisition, hardwardesign,
artefact removal and imaging algorithms have also been pesged. To date,
patient imaging studies with microwave imaging have been sthin terms
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of patient numbers, making extensive statistical analysidi cult. Image
analysis and evaluation has also varied: images from manyevgtional
systems (TSAR, SUST, HU, MU and SU) are qualitatively compared tohe
known truth from other imaging modalities or images are congped using
guantitive metrics such as SCRs. Images from MARIA were reconstructed
and analysed by an engineer blind to the clinical history ofhie patient.
An image was considered a true positive if responses in the igeawere
consistent with ultrasound and mammaography, with subjectie allowance
for di erences between the imaging modalities and uncertaties as to the
exact ground-truth. Empirical quantitive detection criteria were proposed in
this chapter which are used in the later chapters to determinthe expected
changes in sensitivity and speci city due to reconstructio permittivity
estimation. Although subjective, the quantitive detectioncriteria described
in this chapter are an important rst step and necessary to ivestigate the
e ects of reconstruction permittivity estimation on sensiivity and speci city
in the following chapter.
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Chapter 4

Patient-speci ¢ Beamforming

Work from this chapter was published in the IEEE Transactions
on Medical Imaging in 2018 in a journal paper entitled \Sensitiv-
ity and Speci city Estimation Using Patient-Speci ¢ Microwave
Imaging in Diverse Experimental Breast Phantoms".

A key assumption of radar-breast imaging is that the scattecesignals can
be synthetically focused to points within the imaging domai. As described
in Section 2.3, an estimate of the propagation delay for a sigl transmitted
from antennaa, scattering from a contrast located atr and received at
antennaa®is used to implement synthetic focusing. Given knowledge tife
dielectric properties of the imaging domain, the propagain delays could
be calculated exactly. However, in a practical imaging scema, this exact
knowledge is not available, and the assumptions necessaoyestimate the
propgation delay in patient imaging studies are discussed Bection 4.1.

As breast tissue composition can vary between individualsp €an the
dielectric properties estimates used to calculate the prapation delays.
Existing methods to calculate these estimates are categeed and reviewed
in Section 4.2. However, the bene ts of these methods are unizén, and
no comprehensive study on the bene ts of dielectric propeeis estimation
on image quality exists. Three idealised estimation methgdare compared,
based on existing algorithms from the literature. The thre@ealised methods
are used to identify the bene ts and disadvantages of di erd approaches
in accounting for breast tissue composition variation bet®en individuals.

The results in Section 4.3 are presented in three sectionsiadysing in
turn:

the impact of patient-speci c beamforming on the expectedp®ci-
city using images of breast phantoms without tumour phantons in
Section 4.3.1;

the improvements in sensitivity achieved using patient-gxi c beam-
forming in Section 4.3.2;
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CHAPTER 4. PATIENT-SPECIFIC BEAMFORMING

nally, the e ect of errors in the estimation process on the gpected
speci city in Section 4.3.3.

These results can help determine if robust methods for patiespeci ¢
dielectric properties estimation can positively impact tk sensitivity without
negatively impacting the speci city. These data also higldght the potential
challenges to be overcome when designing robust patienespc estimation
algorithms.

4.1 Challenges in Propagation Delay
Estimation

Given exact knowledge of the dielectric properties of the mging domain,
the propagation delay between two points for a wave travetig between
those two points can be calculated as follows:

Z

1
aao(r;!) = 0

) D] dr (4.1)

whereC(! ) is the propagation path for the wave transmitted ata, scattering
due to a contrast in dielectric properties atr and received ata® and
c(r®!) is the propagation speed along the propagation pattG(! ). As the
dielectric properties of human breast tissues are frequegndependent, both
the propagation speedg(r®! ), and the propagation path,C(! ), can vary
depending on the frequency of interest.

The propagation speed can be calculated from the dielectipecoperties
of the imaging domain as a fraction of the speed of light in feespace co:

Co

There are many challenges in estimating the exact propagati delay:

1. the exact frequency-dependent dielectric properties of éhimaging
domain are not known;

2. the exact propagation paths through the imaging domain areat
known;

3. the breast is heterogeneous and comprises many di erefggues;

4. and the breast tissue composition varies from individual tondividual,
as discussed in Section 2.1.
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A corresponding set of assumptions has be used to addresssthehal-
lenges and design a practical beamformer which can be usedifoaging
in realistic scenarios. These simplifying assumptions cé® summarised as
follows, that:

1. the dielectric properties are frequency-invariant withirthe frequency-
band of interest;

2. the propagation path is a straight line between the antennaand the
point of interest and multipath propagation does not occur;

3. the breast interior is a homogeneous layer of spatially-iaviant dielec-
tric properties;

4. and that a population mean of the breast dielectric properéis exists
that can be used when imaging all individuals, regardless bfeast
composition.

Together, these assumptions are known as xed-value estitian in this
thesis and are used in all patient radar-based imaging std to date.

Assumptions 1{3 have been considered in other work. For exatap
frequency-dependent dielectric properties have been usachumerical stud-
les [57], [185] but all operational systems use Assumption fidaassume
frequency-invariant dielectric properties for reconstrction. Recent stud-
les have suggested that this assumption has a minimal e echamage
quality [27]. As can be seen from Fig. 3.1a, the permittivity ngorted by
Sugitani et al. and Lazebniket al. for all tissue types [43]{[45] varies by
less than10%in the frequency range of interest in this thesis, which wodil
result in an error of less than 5% in the propagation path lernly at most.

A straight-line propagation path (Assumption 2) has also beeassumed
by all operational systems and no practical methods to estexe the actual
path have been proposed. Studies looking at the e ect of Assgton 2
have suggested that it results in, at most, @ mm underestimation of the
actual propagation path length [28], [186]. Additionally, gnals travelling
along the shortest path will arrive earliest with the least #enuation, so
are expected to be more dominant in the imaging summation press than
signals travelling via other propagation paths.

All operational systems use Assumption 3, that the breast inter is a
single homogeneous layer with spatially-invariant propges. In most cases,
operational systems also assume that the skin and coupling dngm have the
same dielectric properties, with the exception of TSAR. Themaging domain
is divided into three regions when imaging using TSAR: couply medium,
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skin and breast interior [26]. The skin surface is located ing a laser ranging
system mounted on the same arm as the microwave antenna, ark tskin
is assumed to b& mm thick. However, TSAR still uses Assumption 2, that
a straight-line propagation path exists. Other numericaltsidies have also
divided the imaging domain into three separate layers [57Preliminary
numerical studies have investigated if more complex repesgations of the
dielectric properties of the breast interior could be usedtimprove image
reconstruction [187]{[189]. However, no practical method® determine
either the internal breast structure or the exact propagatin paths exist.
Using Assumptions 1 and 3, the frequency-invariant estimatef the
breast interior dielectric properties is known as the \reaastruction permit-
tivity", "9, in this thesis. The propagation speed can be estimated frotine
reconstruction permittivity as follows by simplifying Eq. (4.2):

Co
or) . = P (4.3)
r r
and used with Assumption 2 of a straight-line propagation p#tto simplify
the contour integral from Eq. (4.1):
P agh [
ao(r) | = cor kr ak+ kr a% (4.4)

The propagation time from Eqg. (4.4) is used with the practicebeamformer
shown in Eqg. (3.7) for imaging in the remainder of this thesis
The primary reseach objective of this thesis addresses Asqtion 4:

whether a population mean of the reconstruction permittivy exists
that is suitable to use when imaging breasts of varied comptisn;

and practical methods to nd an optimum reconstruction pernittivity
estimate for the patient-speci ¢ breast.

Correct estimates of the reconstruction permittivity maxmise energy at
the tumour location while minimising energy outside the turaur area.
Correspondingly, incorrect estimates of the reconstructn permittitivity can
lead to incorrect tumour localisation, or greater clutter m the image which
can obscure any tumour response.

Due to the assumptions and uncertainties identi ed in this sction, there
are many factors that can impact the reconstruction permiivity. The
correct reconstruction permittivity is dominated by the dielectric properties
of the imaging domain, in particular, the correct estimated a weighted
mean of the dielectric properties of the dominant propagain paths in the
imaging operator summation. However, other factors can alsmpact the
correct estimate, in particular:
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the reconstruction permittivity will be closest to the permittivity at
frequencies dominant in the imaging summation;

propagation paths are underestimated due to the straightde as-
sumption which may result in overestimation of the reconstrction
permittivity to compensate;

the skin thickness and dielectric properties can vary fromagtient to
patient which can impact the reconstruction permittivity depending
on the tumour location;

artefact removal algorithms can change the tumour responsempared
to the idealised tumour response from that location, which ay impact
the optimal reconstruction permittivity;

re ections come from the margins of the tumour rather than fom a
single point at the centre, the reconstruction permittiviy could be
a ected by the size and shape of the tumour;

and the location of the tumour could mean that di erent pathsare dom-
inant in the summation which could a ect the optimal reconstuction
permittivity.

The following section reviews existing methods for recomsttion permit-
tivity estimation, in particular, how existing methods addess the four
challenges identi ed in this section and how the factors lied above can
impact the resulting estimate.

4.2 Existing Methods for Patient-specic
Beamforming

Several methods have been proposed to estimate the optimatonstruction
permittivity [31], [57]{[60], [149], which can be broadly kassi ed in three
categories:

1. time-of- ight methods [31], [58];
2. complementary microwave imaging techniques [57];

3. and parameter search algorithms [59], [60], [135], [149]
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Fundamendally, time-of- ight methods assume that the reaestruction
permittivity can be estimated from a number of propagation pths through
the imaging volume. Time-of- ight methods are subject to unertainties in
the propagation path, multipath propagation and dispersio in the time-
domain. However, they can be used to estimate the spatial digtution of
dielectric properties [31]. Time-of- ight methods, themslves, can be divided
into two categories:

1. those using a common hardware system for properties estinoat and
imaging such as [58];

2. or those that use additional hardware such as the complemany
system used in [31].

Dedicated hardware in addition to the imaging hardware haslso been
proposed in the case of TSAR [26], although recent studies leasuggested
that this method is potentially less e ective than paramete search algo-
rithms [100].

Complementary imaging methods use additional microwave aging
reconstruction techniques such as microwave tomography éstimate the
e ective dielectric properties [57]. Microwave tomographhas been success-
fully used in clinical investigations with up to 150 patients [16]{[18] but
can be computationally intensive, particularly for threedimensional recon-
structions at high resolutions [190]. Assuming that the biest consists of
one homogeneous layer, as in [57], can reduce the computaiocomplexity
while estimating the frequency-dependent dielectric prapties of the breast
interior.

Thirdly, parameter search algorithms use characteristicsf the recon-
structed images to optimise the reconstruction permittity [59], [60]. Param-
eter search algorithms assume that the characteristics ofiages reconstructed
with incorrectly estimated reconstruction permittivity are di erent from
those reconstructed with correctly estimated values. Thesalgorithms rely
on a cost function that rewards images reconstructed with gol estimates
and penalises those reconstructed with poor estimates.

Three types of reconstruction permittivity estimation areexamined in this
chapter to identify the most important factors in uencing the reconstruction
permittivity. The three methods| xed-value (FV), glandular -dependent
(GD) and patient-speci ¢ (PS)|are described below, and allow for increasing
levels of exibility in the selection of the reconstructionpermittivity estimate:

1. xed-value estimation: where a single estimate of the recetruction
permittivity is used for all tumour phantoms in all breast prantoms
representing the population mean;
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2. glandular-dependent estimation: where the reconstructiopermittivity
is varied based on the VGF of the breast phantom, but not varege
based on the tumour size or shape: one estimate is used to restouct
images of all tumour phantoms in a given breast phantom;

3. and patient-speci ¢ estimation: where the reconstructiorpermittivity
is varied based on both the VGF of the breast phantom, but alsfor
di erent tumour phantoms in a given breast phantom.

Glandular-dependent estimation builds on xed-value estiation by allowing
the reconstruction permittivity to vary depending on the breast phantom
density; and patient-speci ¢ estimation extends this agai by selecting a
unique reconstruction permittivity estimate for each indvidual imaging
scenario. These three methods can be used to identify factampacting
the reconstruction permittivity estimate, but also, whethe the increased
exibility of patient-speci ¢ estimation compared to glandular-dependent
estimation can negatively impact the expected speci city.

Fixed-value estimation has been used in all patient imaging wslies
to date. Glandular-dependent estimation is similar to timeof- ight or
complementary imaging methods where the estimate is primbrbased on
a global average of dielectric properties of the breast, amétient-speci ¢
estimation is similar to parameter search algorithms wherhe estimate can
vary based on other factors such as tumour shape and size.

4.3 Results

The three estimation methods outlined in the previous secin are used with
images of the BRIGID phantom set in Chapter 3 to evaluate the dne ts of
patient-speci ¢ beamforming. Firstly, images of the ve brast phantoms
without tumours are analysed in Section 4.3.1. This analysiis used to
estimate if patient-speci ¢ beamforming negatively impats the speci city.
Secondly, the sensitivites using the three reconstructigrermittivity estima-

tion methods are compared in Section 4.3.2. This sensitiyicomparison
is used to identify if the increased exibility of patient-eci ¢ estimation

compared to glandular-dependent or xed-value estimatiohas a tangible
impact on the expected sensitivity. Finally, the change in sesitivity due

to errors in the estimates are discussed in Section 4.3.3. Bgalysing true
and false positives using di erent xed-value estimates,hte possibility of
identifying a population mean estimate suitable for imagig all patients
is considered. In the following sections, the optimal glamthr-dependent
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reconstruction permittivity estimates are represented as
"X 8X 2 f 0%; 10% 15% 20% 30%g (4.5)

where"X represents the optimal glandular-dependent estimate fohé breast
phantom with X VGF.

4.3.1 Factors A ecting Speci city

The BRIGID phantom set presented in Chapter 3 contains ve beast
phantoms which can be imaged without any tumour phantoms psent.
The images of these ve phantoms are discussed in this seatim order
of increasing VGF. This analysis is used to evaluate the e edf patient-
speci ¢ estimation on the expected speci city, and identif challenges in
distinguishing between images containing tumours and imag without
tumours.

For the least dense phantom (%), no image at any reconstruction
permittivity estimate was annotated as a tumour. There is ttle internal
variation in dielectric properties in this breast phantomhence few re ections
from the breast phantom interior, meaning the overall imagamplitude is
very low. Also, signal attenuation within the breast phantomis much lower
than more dense breast phantoms (due to the lower dielectjczoperties),
meaning that re ections from any tumours in this phantom wold have
a high amplitude. This implies that it is possible to distinglish between
images of tumours and images without tumours based on the maum
image amplitude for non-dense breast phantoms.

The next most dense breast phantom10% includes a case where
glandular-dependent estimation can have a positive impaoh the speci city.
These two images are shown in Fig. 4.2a andFig. 4.2b respedipvethe
image reconstructed using xed-value estimation (Fig. 4.9ks incorrectly
annotated as containing a tumour; whereas the image reconstted using
glandular-dependent estimation (Fig. 4.2a) is correctly arotated as not
containing a tumour.

Examining images from the more dense breast phantorhi5%9 highlights
a potential di culty for parameter-search estimation. Two images are
shown in Figs. 4.2c and 4.2d reconstructed using two di eremeconstruction
permittivity values within the acceptable range. Figure 4.2 is reconstructed
using underestimated reconstruction permittivity,"® = 9; whereas Fig. 4.2d
is reconstructed using the glandular-dependent estimaterfthe 15% breast
phantom, "15% = 10:25. Both the images selected by xed-value estimation

r
and patient-speci ¢ estimation contain a response that cod be annotated
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Figure 4.1: The diculty in discriminating between true and false positive ¢ ases is
shown in this gure by comparing the maximum image amplitudes and SCRsof
images of all22 tumour phantoms in four breast phantoms of increasing VGF. The
image amplitude and the SCRs of images are highest in breast phantoms witthe
least VGF. It is more di cult to separate true positives and true negat ives based
on SCR or image amplitude as the VGF of the phantom increases. True posities
are shown in green, false negatives in red and images without tumours aréa@wn in
black for all 22 tumour phantoms in each of the four breast phantoms.

as a tumour, suggesting that patient-speci ¢ estimation n#éer impairs nor
improves the speci city in this breast phantom (15%).

In the most dense breast phantoms> 20%), there are many re ections
from within the breast phantom due to the glandular structues, and many
of the reconstructed images are annotated as containing twurs. In these
dense breast phantoms, all three estimation methods ( xedalue, glandular-
dependent and patient-speci c) select an image annotatedsa tumour,
even though no tumour is present. Additionally, as the signattenuation
is much higher in these dense breast phantoms, the maximum pitude
of the tumour images is much lower than for less dense phantemFor
example, it can be seen in Fig. 4.1 that the amplitude and SCR ah image
without a tumour is higher than one of the correctly identi ed tumours
in the densest phantom 80%). Additionally, comparing the di erence in
amplitude between tumour and no tumour images in less densedamore
dense phantoms, it can be seen that separating images of detseast
phantoms from images of tumours can be dicult. These ve tescases
hint that clinicans will not be able to rely on the image ampliude alone
for diagnosis and that new features are needed to distinghisealthy and
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Figure 4.2: This gure highlights the advantages and disadvantages of reconstuction
permittivity estimation in breast phantoms with VGF of (a) and (b) 10% and (c)
and (d) 15% In the rst breast phantom ( 10%), glandular-dependent estimation
in (a) identi es an image where the tumour is correctly not detected, whereas
xed-value estimation in (b) incorrectly identi es an image where a tumour is
detected. In the second breast phantom 15%), two images (c) and (d) within the
reconstruction permittivity range are incorrectly annotated as containing a tumour,
highlighting a di cult for parameter search algorithms to reward the cor rect image.
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Table 4.1: This table shows how the sensitivity in a given patient cohort can suer
without reconstruction permittivity estimation by comparing the t hree di erent
estimation methods| xed-value, glandular-dependent and patient-s peci c. Both
sensitivities for 22 tumour phantoms in a given breast phantom (with VGF of
between 0% and 30%) are shown, as well as the mean sensitivity for allL10 test
cases.

Estimation Method Sensitivity
0% 10% 15% 20% 30% Al

Fixed-value 91% 59% 86% 68% 18% 65%
Glandular-dependent 95% 73% 86% T7% 27% T72%
Patient-speci ¢ 95% 86% 91% 82% 45% 80%

diseased breasts.

Furthermore, Fig. 4.1 shows how although it can be di cult to ®parate
tumour and not tumour images on SCR alone, the maximum amplide of
the images can be helpful, particularly in less dense bregdtantoms. In the
less dense phantom20%and below), the maximum amplitude can reliably
separate the images of tumours from the image without a tumou

In summary, these results indicate that achieving high specity using
microwave radar-based imaging in dense breasts may be chadling irrespec-
tive of the reconstruction permittivity estimation used. In these challenging
cases, reconstruction permittivity estimation does not ghi cantly impact
the expected speci city, positively or negatively. In the éss dense breast
phantoms, reconstruction permittivity may improve the expcted speci city
as is shown in Fig. 4.2, although the maximum image amplitude ialso
useful to discriminate between images with and without tumars in these
cases.

4.3.2 Estimated Sensitivity

The sensitivities achieved using the three estimation metis| xed-value,
glandular-dependent and patient-speci clare shown in Table 4.1. Both
the sensitivity for 110 test cases and the sensitivities for th@2 tumour
phantoms in a given breast phantom (VGF fromD% to 30%) are compared.
A number of trends are visible from these data, which are higighted in
this section.

Firstly, the sensitivity decreases as the density increasts all three esti-
mation methods, and is particularly poor in the most dense @mntom (30%).
This is consistent with previous work from other experimemt systems such
as [116]. Conversely, patient imaging studies using the saraystem showed

82



CHAPTER 4. PATIENT-SPECIFIC BEAMFORMING

sensitivities 0f54%in less dense breasts an86%in dense breasts [21]; this
may be explained by the use of a higher constant reconstrumti permittivity
estimate of"? = 10 in the later study. However, future work is needed
in larger patient populations to determine the causes for th unexpected
disparity in sensitivities achieved in the two cohorts of dering breast den-
sities. Advances in three-dimensional breast imaging haveasvn that even
for dense breasts by BI-RADS classi cation, the mean volumdandular
fraction for 47 women was belowd0% suggesting that this worst-case for
microwave imaging is more rare than might be expected from ¢nBI-RADS
classi cation [159].

Secondly, the mean sensitivity using both glandular-depdent and
patient-speci ¢ estimation is higher than the mean sensitity of the current
standard method, xed-value estimation;72% and 80% compared t065%
respectively. This trend is visible in all ve breast phantons. In particular,
the sensitivity in the most dense phantom is as low as3%for xed-value
estimation compared to a possibld5%for patient-speci ¢ estimation. Even
in a less challenging imaging scenarid@% VGF) xed-value estimation
detects just 59% of tumour phantoms compared t086% detected using
patient-speci ¢ estimation.

Thirdly, the optimal reconstruction permittivity when estimated using
glandular-dependent estimation increases with breast phimm density, from
"0% = 8:5 for the least dense phantom up td30% = 12:5 for the most
dense phantom as would be expected. Additionally, the rangé acceptable
estimates narrows with increasing density, meaning that agccurate estimate
is more important for denser breast compared to less densesésts. For
example, the tumour phantomP;; is detected in the range & " % < 10.25
for a less dense phantoml10%; whereas the same tumour phantom is only
detected in the correct location at'® = 10:25 for the most dense phantom
(30%).

Finally, considering patient-speci ¢ estimation, the recostruction per-
mittivity varies more due to the phantom shape and size in thelenser
phantoms compared to less dense phantoms. This suggestst tine dom-
inant paths in the imaging summation are changing. One recstruction
permittivity estimate, "° = 8:5, is suitable in less dense phantoms regardless
of the tumour phantom shape or size, whereas the optimal astites range
from "% = 8 to "? = 14 in denser phantoms 80%9. However, as discussed
in the previous paragraph, small changes in the estimate iredse breast
phantoms can mean the tumour response is obscured, meanihgttno sin-
gle value can be used to reconstruct images identifying albgsible tumour
phantoms.

To illustrate this point further, Fig. 4.3 shows images of turour phantoms
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Figure 4.3: The images of a dense breast phantom (VGF 0of30%) shown in this
gure, show how tumour size can impact the reconstruction permittivity estimate
substantially. Images (a) and (b) are reconstructed with lower recomstruction
permittivity of "9 = 10:25 and images (c) and (d) are reconstructed with higher
reconstruction permittivity of "0 = 12:25. Images (a) and (c) are of a smaller
tumour phantom, Pj;;, whereas images (b) and (d) are ofP;; which is larger.
Underestimating the reconstruction permittivity allows the smal ler tumour phantom
P11 to be detected in (a), whereas overestimating the reconstructiorpermittivity
enables the larger tumour phantom to be detected in (d), although neitler are visible
if images of both tumour phantoms are reconstructed at the same reconstraion
permittivity estimate.
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P11 and P17 in a dense breast phantom30%). Using one reconstruction
permittivity estimate, it is not possible to reconstruct images where both
tumour phantoms are identi able, although P, is clearly visible in Fig. 4.3a
reconstructed using'? = 10:25 andP;- is clearly visible in Fig. 4.3d recon-
structed using"? = 12:25. Underestimating the reconstruction permittivity
means that re ections appear to come from further away thanhtey actually
originate, compensating for the larger tumour size d#;; compared toP;;.
Hence,P;; is visible in Fig. 4.3a but not Fig. 4.3c (lower estimate) wheees
P17 is visible in Fig. 4.3d but not Fig. 4.3b (higher estimate). Ths e ect
can also be seen when comparing the sensitivity using glafaudependent
and patient-speci ¢ estimation from Table 4.1 in the most dese phantom
which improves from 27% to 45%.

4.3.3 Analysis of Errors in the Dielectric Estimate

In this section, the sensitivity with respect to errors in the reconstruction
permittivity estimates is analysed. The sensitivities usig the three idealised
estimation methods are compared, which helps identify if @reconstruction
permittivity estimate exists which is suitable to use for dlindividuals in
the population.

The sensitivity for 22 tumour phantoms in four di erent breast phantoms
is shown in Fig. 4.4 as the xed-value reconstruction permiitity estimate
varies between'? = 8 and "? = 12:5. Even within this range of xed-value
reconstruction permittivity estimates, the sensitivity g1 ers by assuming a
xed-value for all breast phantoms regardless of breast phtom density.

For example, where36 out of 44 tumour phantoms (82% can be detected
in the least dense phantoms(Q% and 10% using glandular-dependent
estimation ("°%), only 33 out of 44 (75%) can be detected using xed-value
estimation ("1°%). Overestimating further and reconstructing images at2°”,
only 24 out of 44 (55% tumour phantoms can be detected in these less dense
breast phantoms,30%less than the optimal sensitivity. Conversely, for the
more dense phantoms20%, only 6 out of 22 (27% tumour phantoms are
detected when reconstructing images using” compared to17 out of 22
(77%) using the optimal estimate,"20%.

The mean sensitivity varies from69% to 76% as the reconstruction
permittivity estimate increases from"? =9 to "9 = 11:25. The sensitivity
in breast phantoms of a given density varies much more withitis range:
when reconstructing using a xed-value of? = 9, the sensitivity in the two
less dense breast phantoms 80% higher than 59%when using"? = 11:25.
Conversely, in the two more dense breast phantoms, the sdiviy increases
from 65%to 75% across the same range. As the reconstruction permittivity
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Figure 4.4: The potential to use one xed-value estimate of the reconstruction pemit-
tivity for image reconstruction in breast phantoms of varying density is investigated
in this gure. Overall sensitivity for 88 cases is broken down into sensitivities in
the four phantoms with VGF of 0%, 10% 15% and 20%, i.e. maximum sensitivity
would be to detect the tumour phantom in all 88 test cases. As the xed-value
estimate varies, lower reconstruction permittivity estimates increase the sensitivity
in less dense phantoms and higher estimates increase the sensityvin more dense
phantoms.

estimate increases, the higher sensitivity in the more dem$®reast phantoms
helps o set the lower sensitivity in less dense breast phamis; so although
the mean sensitivity varies by7%, the subset of tumour phantoms which
are detected does change as the reconstruction permittiyiestimate varies.

As expected, the overall optimal xed-value reconstructiorpermittivity
estimate is"®%, lying in the middle of the range of reconstruction per-
mittivity estimates. Using this value, there is optimal dete&tion in the
breast phantom with 15% glandular fraction, but also the sensitivity for the
other breast phantoms isl0% below optimal. These results indicate that
the optimal xed-value estimate would depend on the particlar patient
population and that one ideal estimate does not exist. Furérmore, using
glandular-dependent estimation instead of xed-value eshation in these
88 cases could increase the true positive rate from 76% to 82%

Finally, a challenging case for patient-speci ¢ estimations shown in
Fig. 4.5. Images of a tumour phantomR;3) in a dense breast phantom
(2099 are shown reconstructed at? 2 f 9:5;11:75g in Figs. 4.5a and 4.5b
respectively; both within the acceptable range of reconsiction permittivity
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Figure 4.5: These images highlight a key challenge in the design of patient-spea
beamformers: multiple images in the reconstruction permittivity range of interest
can contain images which can be annotated as tumours. Images of a tumour
phantom P;3 in a breast phantom with VGF of 20% are shown reconstructed at (a)
"0 =9:5 and (b) "? = 11:75. Both images could be annotated as tumours, although
the tumour would be reported in the wrong breast quadrant in the case of ).

It is important for reconstruction permittivity estimation method s to be able to
distinguish these cases.

estimates for these breast phantoms. In Fig. 4.5b, the tumouesponse
is clearly visible in the correct location, however, when threconstruction
permittivity is underestimated as in Fig. 4.5a, a spurious 1gponse in an
incorrect location is visible with an SCR ofl.1 dB and similar amplitude
to Fig. 4.5b. Although patient-speci ¢ estimation can increae sensitivity,
particularly in dense breasts, it is important to ensure a p#nt-speci c

estimation algorithm can distinguish between cases such #sse shown
in Fig. 4.5.

4.4 Conclusions

This chapter establishes the growing need for patient-sgecbeamforming
as microwave radar-based imaging is rolled out to larger pant studies
with more diverse patient populations. Firstly, the challeges of estimating
the propagation delay are discussed in Section 4.1 includithe necessary
assumptions required for practical implementations. The etent under-
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standing of the impact of these assumptions on image quality discussed,
and the need to estimate the e ect of propagation delay estiation on
sensitivity and speci city identi ed.

Existing methods for patient-speci c beamforming are reewed in Sec-
tion 4.2 in light of the inherent assumptions identi ed in Setion 4.1. Current
methods can be broadly categorised into three groups|timesf- ight, com-
plementary microwave imaging techniques and parameter sela algorithmsj
and the advantages and disadvantages of each are highlighteAlthough
many methods have been proposed, these methods have not bested
on images without tumours, meaning only sensitivity could & estimated.
The existing methods from the literature are used to develojnree idealised
approaches which can examine the bene ts and disadvantagafsexisting
methods. Three idealised approaches of increasing exibilare examined
in this chapter to evaluate the potential bene ts of patientspeci c beam-
forming. The results of applying these algorithms to the exgrimental test
cases described in the previous chapter are shown in Sectba.

Firstly, the challenges to achieving high speci city in dens breasts
are discussed in Section 4.3.1. Although the maximum image plitude
can reliably discriminate between images of tumours and irgas without
tumours in less dense breast phantoms, images of dense krphantoms and
images of tumours can have similar characteristics. Howeyé¢hne data from
Section 4.3.1 suggest that patient-speci ¢ beamforming ds not negatively
impact the expected speci city compared to xed-value estnhation, although
the number of test cases (ve) is too small to draw de nitive onclusions.

Secondly, the expected sensitivities using the three estation methods
are shown in Section 4.3.2. These sensitivities suggestttipatient-speci ¢
beamforming can improve the mean sensitivity substantigll from 65%to
80% Similar to previous experimental work, sensitivity in vey dense breast
phantoms (0% is very poor at less than< 50% Unexpectedly, patient
imaging studies have found that the sensitivity in dense basts was86%
compared to54%in less dense breast, but the sample size was too small
(66 cases in total) to draw de nitive conclusions [21]. Howevethe data
presented in this chapter suggests that patient-speci ¢ 8sation may be
needed to achieve consistent sensitivity results in both dee and non-dense
breasts.

Finally, the data presented in Section 4.3.3 suggests thatig di cult to
nd a population mean of the reconstruction permittivity without impacting
the sensitivity. In particular, sensitivity in patient cohorts of a given
breast VGF will vary depending on the reconstruction permttvity estimate
employed. For the breast phantoms in this work, no one recadnsction
permittivity estimate can achieve high sensitivities for & breast phantoms.
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The results in this chapter suggest that patient-speci ¢ bamforming
is important for microwave radar-based breast imaging. Thdata suggest
that patient-speci ¢ estimation that can select reconstration permittivity
estimates based on many factors including breast VGF can qérform
xed-value estimation, without impairing the specicity. T he following
chapter identi es suitable cost functions for parameter sgch algorithms
which can be used to identify and reward images reconstrudtevith correctly
estimated reconstruction permittivity.
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Chapter 5

Parameter Search Algorithms

Work from this chapter was published in Sensors in 2017 in
an open access journal publication entitled \Parameter Search
Algorithms for Microwave Radar-Based Breast Imaging: Focal
Quality Metrics as Fitness Functions".

This chapter identi es suitable cost functions which can beised to estimate
the optimum reconstruction permittivity. Suitable cost functions reward
images reconstructed using good estimates of the reconstian permittiv-
ity and do not reward images reconstructed using poor estires of the
reconstruction permittivity.

Firstly, a simpli ed analytical model is used in Section 5.1d estimate the
point spread function (PSF) of the imaging system. This simpéd analytical
model is later used to estimate the e ects of reconstructiopermittivity
misestimation in Section 5.4.1. The metrics used to compaead select
the cost functions are described in Section 5.2. Next, focalality metrics
(FQMs) are proposed as cost functions which are described$ection 5.3.
The results of applying the evaluation criteria in Section 2 to the FQM in
Section 5.3 are shown in Section 5.4, and Section 5.5 conelsidhis chapter.

5.1 Simpli ed Analytical Model

The PSF of a simpli ed radar-based imaging system is calcu&d in this
section which is used in Section 5.4.1 to identify charactstics of images re-
constructed with correct and incorrect reconstruction penittivity estimates.
The simpli ed analytical system allows the e ects of underand overestimat-
ing the reconstruction permittivity to be identi ed, and th e trends observed
from the simpli ed system are then compared to the experiméal results
later in this chapter.

The simpli ed, skinless, two-dimensional envirnoment uskto calculate
the monostatic PSF is described in detail in [191]. In this s&on, without loss
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of generality, the total electric eld is calculated for momstatic acquisition.
The Born approximation is used to linearise the scatteringgeiation shown in
Eg. (2.1) meaning that the total electric eld recorded ata® while an incident
electric eld at angular frequency! is transmitted from a (represented by
E.. (a9), can be calculated as:

, P YA 0 P
Eai (8) = 2 P( ) K ak exp & kr ak dr (5.1)
\%

The known and lossless dielectric properties of the homogews are repre-
sented as',. In this simpli ed situation, the scatterer is assumed to bea
point scatterer located atr T, which means that the contrast function (r)
can be represented by:

n= (@ r") (5.2)

where is the known contrast of the point scatterer compared to therdown
dielectric properties of the lossless, homogeneous backgrd medium,",
Assuming (without loss of generality) that the pulseP (! ), has magnitude
of unity at all frequencies,jP(!)j=1 8! 2 , the total electric eld for
the simpli ed imaging scenario at angular frequency can be represented

as. ; P 2l P
Bau (8) = 2c krT ak P ak

Substituting the above expression for the scattered enerdng. (5.3) into
the generic beamformer equation Eq. (2.2) and using the pragation time
expression in Eq. (4.4) means the idealised PSF of the simptl monostatic

imaging system for a given reconstruction permittivity,"?, can be calculated
as follows:

(5.3)

i p"jzlzexpzi—!opwgkr ak p,,? rT a |
I (r) TY ! KT Ak da d!
A

(5.4)
where the acquisition surfa]ge is dS nedad =a;8 O < 2.

Assuming initially that ., (that is, when the image is recon-
structed with the correct estlmate) Eq (5 4) is maximised wen the distance
from the antenna to the point of interest is equal to the distace from the
antenna to the point scatterer for all antennas (i.e., whenhie reconstruction
permittivity equals the known permittivity of the homogeneous domain,
the maximum image amplitude is at the point scatterer locatin). How-
ever, as the gatio between the reconstruction permittivityand the known
permittivity, = '*=,, changes, the distance for a given antenna to maximise
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the exponential changes proportionally. Due to radial spegling (and addi-
tionally due to losses in a realistic imaging domain), this eans that the
maximum intensity of the image moves towards the antenna dest to the
scatterer. This e ect can be observed in Section 5.4.1 by exa@ing the
one-dimensional PSFs generated by integrating Eq. (5.4) namically.

The PSF of the system described in Chapter 3 is also measuregberi-
mentally. A dielectric point source can be approximated byraobject that
has a maximum radius less than a quarter of the wavelength ilé object,
Mmax < % min [186]. For a spherical scatterer with relative permittiviy,
60 "%t 74 such as the tumour phantoms in this work, the maximum
radius should be less thantax < 2:5 mm, if the maximum frequency in
the reconstruction is,f ax = 3 GHz. The experimental PSFs are compared
with the simpli ed theoretical analysis and the suitability of the metrics is
assessed on the PSFs.

5.2 Cost Function Evaluation

A number of cost functions from other applications are prom®d and com-
pared in this chapter, both on the analytical PSF describechithe previous
section and using the experimental images from Chapter 3. ikdamentally,
suitable cost functions reward images reconstructed witfogd reconstruction
permittivity estimates and do not reward images reconstried with poor
reconstruction permittivity estimates. This fundamentalproperty has been
expressed as a number of qualitative characteristics in thigerature, for
example:

accuracy: that the extremum lies at the correct value [1921{94];

reproducibility: that the extremum lies at the top of a narrawv peak [192]{
[195];

broad range: that the extremum lies at the top of a peak with lwad
tails in either direction [192];

generalisability: that the cost function is suitable for dlcases [192],
[195];

and monotonicity: that the cost function is monotonic with espect to
the paramater being optimised [195].

It is also important that these qualitative characteristics can be measured
guantitatively, for example: range of peak [193], [194],96], [197]; width
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of peak [193], [194], [196], [197]; number of false extrerh3], [194], [196],
[197]; accuracy of peak [193], [194], [197]; and noise 1¢¥8K]. However, not
all of these quantitative criteria are directly applicableto the evaluation of
cost functions for reconstruction permittivity estimation [59]. In particular,
the e ects of reconstruction permittivity misestimation are complex and
unknown, particularly in light of the variance in breast conposition observed
in the population, and it may not be fair or true to assume thata cost
function varies monotonically with respect to the reconstrction permittivity.

For this reason, four evaluation criteria are proposed in th section to
evaluate cost functions:

1. the accuracy, ( "9): which measures the di erence between the recon-
struction permittivity selected by the parameter search gorithm and
the true permittivity;

2. the localisation error, ( r): measuring the di erence between the
location of the image maximum and the true location of the sti@rer;

3. the SCR of the selected image, SCR,;
4. and the signal-to-mean ratio (SMR) of the selected imagéMR.

These evaluation criteria help determine if the given costuhction can
identify:

1. images where the maximum image amplitude is in the target lation
without knowledge of the tumour location;

2. images of high quality which can be annotated as images of tonrs.

This chapter proposes the use of FQMs as cost functions focomstruc-
tion permittivity optimisation. The existing use cases for RQMs and their
methods of action are described in the following section.

5.3 Focal Quality Metrics as Cost Functions

This chapter proposes the use of FQMs as cost functions focomstruction
permittivity estimation. FQMs are currently used in autofocus applications,
where the goal is to nd the optimal focal length for imagingfor example,
in:

microscopy [198]{[200];
telescopy [201], [202];
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digital still cameras [203]{[205];
and digital video [206].
As well as autofocus applications, FQMs have been used for:

shape from focus (also known as depth from focus or range from
focus), where depth information about a scene is inferredofn the
focal quality of various regions of the image [207]{[209];

and multi-focus, where multiple images of a scene taken at elient
focal lengths are fused to form one image with all objects indus [195].

In an optical system, a defocused image is blurred in compson to
a focused image [192], [204], [210]. Similarly, an incorreeconstruction
permittivity estimate means that the scattered signals areut of phase
after synthetic focusing. Rather than coherent addition athe locations of
dielectric scatterers, energy is spread around the site dig dielectric scatterer
after synthetic focusing using poor reconstruction perntivity estimates.
This similarity suggests that FQMs may be suitable for recastruction
permittivity estimation, and is evaluated in Section 5.3.

A well-focused image contains a large number of sharp edgesl ahus a
lot of high-frequency spatial content. A defocused image, biturred image,
on the other hand contains less high-frequency spatial cemt. The majority
of FQMs therefore estimate the frequency content of imagesdi can be
broadly classi ed based on their method of frequency conteastimation. In
this paper, ve families of FQM were compared [211] which amescribed
brie y in this section and in more detail in Appendix A.

Metrics based on the spatial derivative or gradient of the iage have
been widely used as FQMs, [193]{[195], [197], [198], [202],1]. The rst
spatial derivative of the image can be used as a FQM since dientiation is
analagous to high pass Itering, rewarding the higher freqency content of
the image which correlates with clear and focused images. @@drent-based
metrics, ©, are computationally simple and theoretically well undetsod.

While © uses rst-order di erentiation to estimate image quality, second-
order di erentiation has also been applied in Laplacian-tsed methods, ‘.
The energy of the Laplacian is a commonly used FQM [201], [2{[@12] and
many kernels for estimating the discrete Laplacian in variss axes exist.

The discrete wavelet transform (DWT) measures the frequenayontent
of an image and hence the image quality. The high-frequencylsbands of
the DWT have been used as wavelet-based FQMsY', [211], [213]{[215].
Many Iters and combinations of the wavelet have been studie
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The discrete cosine transform (DCT) is a Fourier-based trafiorm that
directly measures the frequency content of an image to inféne image
quality, which has been used in Fourier-based FQMs,", [196], [206], [211],
[216]. Many di erent window sizes can be used, and di erentaenbinations
of the components have been investigated.

Finally, statistics-based FQMs, S, have also been constructed by
analysing the grey-level luminance of the image. The variaa of the grey-
level luminance is a commonly used statistic and is analysedthis paper
[193]{[195], [197], [204], [205], [211]. Statistics-bdsSEQMs, S, can often
be computationally simple, and easy to implement.

5.4 Results

This results section identi es suitable cost functions frm the FQMs de-
scribed in the previous section, which can be used reward iges with the
characteristics of correctly reconstructed images. The tdaare presented in
three sections:

1. the e ect of incorrectly estimating the reconstruction pemittivity is
analysed in Section 5.4.1 using the simpli ed theoretical$F developed
in Eq. (5.4) and by estimating the PSF of the system describeid
Chapter 3 with the BRIGID phantom set;

2. promising cost functions are identi ed in Section 5.4.3 bywaluating
all FQMs described using the homogeneous breast phantom frohet
BRIGID phantom set;

3. nally, the best performing metrics from Stage 2 are analyskin
Section 5.4.3 in more complex and challenging test scenatio

5.4.1 Characteristics of Incorrectly Reconstructed
Images

The e ects of incorrect average dielectric property estinteon are rst

analysed using the theoretical PSFs in Fig. 5.1. Figure 5.1a st® the

PSF of the ideal system obtained by numerically integratindeq. (5.4).

Additionally, the location of the strongest response in themage is shown in

Fig. 5.1a. The true location of the dielectric point scattenreis at T = 0:2R.
A number of observations can be made from Fig. 5.1:
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Figure 5.1: E ect of incorrectly estimated reconstruction permittivity on th e PSF of

an idealised microwave radar-based imaging system in terms of (a) clﬁm and (b)
localisation error. If the reconstruction permittivity is undere stimated,  "7=, < 1,
the apparent location of the scatterer is closer Ep the nearest antennéocation; if
the reconstruction permittivity is overestimated, = "'=, > 1, the apparent location

is closer to the center of the imaging domain.

in general, the maximum amplitude of the PSF is when the recen
struction permittivity, "/, is equal to the true relative permittivity of
the lossless mediunt;,, as is expected,;

i

if the reconstruction permittivity is underestimated (i.e = "=, <

1), the apparent location of the scatterer moves towards thelosest
antenna (closer toR). This localisation error is due to re ections
appearing to come from closer than their true origin and thehannels
closest to the scatterer are dominant in the coherent summianh;

conversely, if the reconstruction permittivity is overedtnated, the
apparent location of the scatterer moves towards the centraf the
imaging domain (closer to 0). This localisation error is dut re ec-
tions appearing to come from further away than their true ogin;

the number of sidelobes increases as the reconstruction ipétivity
estimate increases, in other words, there is higher spatiméquency
content in,PSFs generated using over-estimated reconstrian per-

mittivity, = "=, > 1;

it can be seen that as the reconstruction permittivity is oveestimated,
the width of the peak response decreases.
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Figure 5.2: E ects of under- and overestimating the reconstruction permitti vity on
the estimated experimental PSF using the BRIGID phantom set. Thelocalisation
error, SCR and spatial fre‘guency content of the image change as the recdnsction
permittivity changes: (a)  "7=, = 0:5 shows the atpparent location of the scatterer
move towards the edge of the imaging domain; (b) "=, = 1 shows the maximum

oo,

response of the image in the correct location; and (c) "=, = 1:5 shows the
apparent location of the scatterer move towards the centre of the imagig domain..

the localisation error is greater when underestimating theeconstruc-
tion permittivity compared to overestimating the reconstuction per-
mittivity.

Similarly, the same analysis is repeated for the estimate thfe experi-
mental PSF. Coronal slices of the experimental PSF at the desdtric point
scatterer location are shown in Fig. 5.2; Figs. 5.2a to 5.2c amreconstructed
with e ective average dielectric properties of ¢ 2 f 1:5; 6; 1359 respectively,
where fatty breast interior has dielectric properties of, = 6. Hence,
Figs. 5.2a to 5.2c are reconstructed with ™=, 2 f 0:5; 1; 1:5g respectively.
Comparable trends can be observed in the PSF of the theoreticand
experimental systems:

the maximum amplitude of the images with incorrectly estimged
e ective average dielectric properties is much lower thanhe ideal
image, 40% when underestimated and 9% when overestimated;

the apparent location of the scatterer moves towards the dest anten-
nas Ia;vhen the e ective average dielectric properties are uerkstimated,
e. =, < 1;

the apparent location of the scatterer moves towards the cea of the
imaging domain W@en the e ective average dielectric propies are
overestimated, i.e. "=, > 1;
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Fig. 5.2c has more clutter with greater magnitude than Fig. 5& This
is similar to the theoretical case where the image reconstted with
overestimated e ective average dielectric properties (.e "=, > 1)
has higher spatial frequency content;

the area of the response decreases as the estimated e ectiverage
dielectric properties increases;

the localisation error when overestimating the properties less than
when underestimating the properties.

Together, the idealised and experimental PSF analyses seggthat the
reconstruction permittivity can have a substantial impacton the image
quality. Speci cally, the maximum image amplitude and the €R can be
much lower, the apparant location of the scatterer in the remstructed image
can change and the spatial frequency content of the image cha a ected.
The following section examine23 FQMs to identify potentially suitable
cost functions which reward images with the characteristscof correctly
reconstructed images.

5.4.2 Cost Function Identi cation

To determine suitable cost functions for further evaluatin, all FQMs were
evaluated using tumour phantoms in a homogeneous breast pitam (0%).
The mean value of the evaluation criteria] "?, r, SMR and SCRjare
shown in Table 5.1 along with the rankings of each FQM. Within &ch
type of FQM|Fourier-based ( ), Gaussian-based (), Laplacian-based
( 1), statistics-based ( °) and wavelet-based (")|each FQM is listed in
order of rank and this rank is shown in the rightmost column. Aditionally,
the overall rank for all 23 FQMs is shown. The rank for each individual
evaluation criterion is also indicated in parentheses.

Of all FQMs analysed, two FQMs appear to be appropriate costifictions
for this application, the Central Moment, 3., and the Gaussian Energy,

Sss- The Central Moment, 3., rewards images close to the known

reconstruction permittivity, being on average within "°=0:7 of the known
value of"; = 6. However, the Gaussian Energy, Sss, rewards images that
are of a high quality, rewarding images that have the smallekcalisation
error, r, and the best clutter suppressionSMR and SCR. Other FQMs
based on the gradient, ©, or statistics, S, of the image also reward images
of high quality, ten of the top eleven FQMs use these method$ action.

All FQMs based on the Laplacian of the image, -, perform very similarly,
selecting images with almost the same accuracy,"?, localisation error, r,
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Table 5.1: Evaluation of performance of all metrics in homogeneous scenarios. Two
overall ranks are shown, one within each method of action and another for all
metrics analysed [local/global].

Metric "0 r SMR SCR  Ranks
F 25(1) 109(1) 7.6(1) 38(1) [L21]
Fe 302 133(2 50(2) 25(2) [2/22]

®

S 14() 46(1) 183(1) 85(1) [L/2

e, 13(1) 662 167(2) 802 [2/7]
S 143 74(3) 145(Q3) 71(Q3) [3/8]
Ss 15() 74(4) 145(4) 7.1(4) [4/10]
S. 15() 74(4) 145(4) 7.1(4) [4/10]
S. 15(6) 76(6) 145(6) 7.1(6) [6/15]

S 19(7) 89(7) 11.8(7) 57(7) [7/18]
L 15() 7.3(1) 145() 7.0(4) 9]
L 15@3) 7.3() 145(2) 7.0() [2/12]
L 15(3) 7.6(4) 14.4(4) 7.0(2) [4/16]
L 15(3) 7.6(4) 14.4(4) 7.0(2) [4/16]
Sy 07(1) 52(1) 171(2) 83(1) 1]
s 08(2) 55(3) 17.1(3) 83(2) [28]
S, 1.3(5) 59(4) 175(1) 82(3) [34]
S¢ 13 522 164(5) 79(5) [4/6]
s 1.3(3) 6.6(5) 16.7(4) 8.1(4) [45]
S 23(06) 98(6) 75(7) 3.6(7) [6/20]
S. 24(7) 11.0(7) 7.8(6) 3.9(6) [6/19]
w 15(2) 7.3(1) 145() 7.0(1) [12]
W 15(2) 732 145() 7.0(2) [2/14]
w 50(3) 31.0(3) 0.0(3) 00(3) [3/23]
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and clutter supression,SMR and SCR. Five more FQMs perform very
similarly to FQMs based on the Laplacian, \: three based on the gradient
of the image, ©, the Tenengrad mean, |,, the Squared Gradient, §,s,
and the Gradient Energy, Seg; and two based on wavelet decomposition

of the image, ", the Detail Variance, ', and the Absolute Detail Sum,

W
A

S
The two FQMs based on the Fourier transform, ¥, do not perform well as
cost functions in these simpli ed experimental scenariogjentifying images
with poor clutter suppression,SMR and SCR. Additionally, the Fourier-
based metrics, F, select images with localisation errors that are, on averag
greater than10mm, r > 10mm As shown in Fig. 5.2, irlyag_es generated
with underestimated e ective average dielectric properéis, "=, 1, are
characterised by large responses much closer to the neamstenna than
the true scatterer location. FQMs based on the Fourier trafierm, F,
reward these images resulting in poor performance [135]. 8de Fourier-
based FQMs, 7, were rst proposed for low-constrast images where they
can be more e ective [216], whereas the contrast evident wheterpreting
the radar-based energy reconstruction as an image is highéithough the
High-Low Reduced Ratio, &5, performed better in noisy images than the
High-Low Ratio, F in experimental photographs, that was not found for
the radar-based images.

The Detail-Coarse Ratio, [, fails to reward any correct image. Simi-
larly to FQMs based on the Fourier transform, F, the Detail-Coarse Ratio,

® heavily rewards imag)es_generated with underestimated etae aver-
age dielectric properties, "=, 1, such that it always rewards images
reconstructed with premittivity equal to free space;'? = 1.

Three candidate tness functions were selected for furthemalysis in the
subsequent section: the Gaussian Energygss; the Modi ed Laplacian, ;
the Central Moment, 3., - The three FQMs use three di erent methods
of action based on the image gradient, the image Laplacian cstatistics of
the image respectively.

5.4.3 Detailed Analysis

Table 5.2 analyses the three FQMs identi ed from the previaaisection|
the Gaussian Energy, &es, the Modi ed Laplacian, [, and the Central
Moment, 3. | in breast phantoms of increasing VGF, from 10% to
30% Five spherical tumours from the BRIGID phantom set P.{Ps) of
increasing diameter fromd = 5:3mmto d = 20:2 mm are used to estimate
the suitability of the candidate FQMs. The many factors whib a ect the
optimal reconstruction permittivity estimate are discused in Chapter 4
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Table 5.2: r, SMR and SCR evaluated for spherical targets of increasing diameter in
phantoms of increasing heterogeneity.

r (mm) SMR (dB) SCR (dB)

G L S G L S G L S
GSS M ACM GSS M ACM GSS M ACM

10% VGF

d=5:3mm 12 11 12 ¥ 17 19 156 157 156

d=7:8mm 14 14 14 3P 36 39 178 178 178
d=10:9mm 1 1 1 15 19 19 166 166 166
d=13:1mm 2 63 2 05 29 05 143 140 143
d=20:2mm 8 8 8 23 19 23 137 137 137

20% VGF

d=53mm 83 83 83 H 35 35 149 149 149

d=7:8mm 21 76 21 1 07 11 146 140 146
d=109mm 45 52 45 @® 08 09 128 128 128
d=13:1mm 3 4 3 38 36 38 179 179 179
d=20:2mm 7 8 7 24 25 24 155 156 155

30% VGF

d=53mm 36 16 36

d=7:8mm 21 21 21
d=109mm 29 29 29
d=13:1mm 39 28 39
d=20:2mm 13 9 13

06 01 118 104 118
02 02 121 121 121
09 G5 119 121 119
10 06 130 111 130
I3 12 165 156 165

K& &§ B R

which makes it di cult to determine the \true" reconstructi on permittivity
for these three breast phantoms; hence, the accuracy,’?, is not shown
because the accuracy, "?, is of limited value when the true reconstruction
permittivity is not known exactly.

In the least dense breast phantom (row%{5 of Table 5.2;10% VGF),
the Gaussian Energy, &g, and the Central Moment, 3., , perform very
similarly, rewarding images with reconstruction permittvity estimates within

"9 = 0:25 of each other for all ve tumour phantoms. The SCR for the
chosen images for all three FQMs in this case is withih3 dB of the maximum.
The Modi ed Laplacian, },;, rewards almost the same images except for the
fourth tumour model where the maximum response in the mostwarded

101



CHAPTER 5. PARAMETER SEARCH ALGORITHMS

image is not in the correct location. In this particular cas€éd = 131 mm),
the Modi ed Laplacian, [, rewards an image with a higher SMR and
similar SCR than the Gaussian Energy, Sss, and the Central Moment,

Scm » but the maximum response is in the wrong location.

Figures 5.3a and 5.3b show the images rewarded by the Gausdtaergy,

¢ss, and the Modi ed Laplacian, L, respectively in this case. Although
the Gaussian Energy, &ss, rewards an image where the tumour target
is clearly identi able in the correct location, the Modi ed Laplacian, §,
rewards an alternative image more highly. The image shown Fig. 5.3b is
reconstructed with underestimated reconstruction permiivity and exhibits
the characteristics of underestimated images identi ed eer: the primary
response in the image is much closer to the nearest antenna.

As the VGF increases ta20%and 30% the quality of the optimal image
decreases due to increased re ections from other structgreithin the breast.
In particular, the maximum response within the image is mucfurther from
the true tumour phantom location and the tumour phantom locéon is not
correctly determined. The Gaussian Energy, &ss, and the Central Moment,

acm » again reward similar images for all tumour models.

Coronal, sagittal and axial slices of the reconstructed inge@s ofP, in a
phantom with 30% VGF are shown in Figs. 5.3c and 5.3d, corresponding
to the image most rewarded using the Gaussian EnergySss, and the
Modi ed Laplacian, };, respectively. In this challenging case, no image
Is reconstructed that accurately identi es the tumour phatom location,
the Modi ed Laplacian, [, rewards an image reconstructed with lower
average dielectric properties with a large apparent respsa close to the
skin. Both the Gaussian Energy, Sgs, and the Modi ed Laplacian, ,
reward an image with a bright response in this case, althoudhe location of
this response is approximatelyd0 mmaway from the true tumour phantom
location.

Many FQMs are found to have very similar performance in this ark, in
both simpli ed and realistic scenarios. For example, gradnt-based metrics,

G.

can be calculated easily from the image using simple and wietiown
kernels in two and three dimensions;

have a well-understood method of action as di erentiationsi analagous
to high-pass ltering;

and identify the optimal image in heterogeneous phantoms thidi er-
ent tumour sizes.
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Figure 5.3: Shown are coronal, sagittal and axial slices of images of the tumour model
P4. (a) and (b) are in a phantom with 10% VGF and (c) and (d) are in a phantom
with 30% VGF. (a) and (c) are the images selected by the Gaussian Energy, &g,
and (b) and (d) are the images selected by the Modi ed Laplacian, },. The actual
target location is marked by the dotted, red ellipse in each slice.
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Additionally, the Gaussian Energy, &ss, is shown in this work to be a
suitable cost function in three-dimensional images with adistic artefact
removal.

5.5 Conclusions

In this chapter, promising cost functions for estimating tle reconstruction
permittivity are proposed and evaluated in complex and chinging experi-
mental test scenarios. The FQMs evaluated have been used utafocus
applications for more than forty years and a variety of FQMsdenti ed from
the literature are evaluated in this chapter.

A simpli ed analytical scenario is rst used to identify characteristics of
images reconstructed with incorrectly estimated reconsiction permittiv-
ity. This analysis highlights how the maximum amplitude andthe spatial
frequency content of the image can be impacted by under- orerestimat-
ing the reconstruction permittivity. Similar trends are observed from the
experimental PSF including how the location of the maximumesponse in
the image moves compared to the true scatterer location asetlieconstruc-
tion permittivity varies. These characteristics of imageseconstructed with
under- and overestimated reconstruction permittivity sugest that FQMs
may be suitable cost functions for reconstruction permittity estimation.

Five types of FQM are compared based on di erent operators, ¢tuding
the image gradient, Laplacian, wavelet-decomposition, kder Transform
and statistics of the image. Gradient-based and statistidsased were found
to perform well overall while also being well-understoond;omputation-
ally simple and are robust in challenging experimental imagg scenarios.
Many cost functions based on the image gradient or statissgerform simi-
larly, which is an indication that FQMs are appropriate costfunctions for
reconstruction permittivity estimation.

In the following chapter, the identi ed cost function is appied to ve
clinical case studies. Although with a small sample size, tHellowing
chapter helps to evaluate if the identi ed cost function is obust in realistic
and complex situations, for patients with and without diseae.
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Chapter 6

Clinical Case Studies

The preceeding chapters of this thesis, Chapters 3 to 5, f@ead on evaluating
the bene ts of patient-speci c beamformers and proposed sbfunctions
which could be used to design and implement a practical patiespeci c

beamformer. The advantages and disadvantages of patieqexi c beam-
forming and the proposed cost functions were evaluated ugiexperimental
data from the BRIGID phantom set (presented in Chapter 3 and1[60]).

In this chapter, the performance of the proposed cost funcins is anal-
ysed in ve clinical case studies from the TSAR system develed by the
University of Calgary and described in Section 2.3. These mltal case
studies were rst published in [26] using xed-value recongiction permit-
tivity estimation with the DAS beamformer, in a preliminary sudy of a
parameter search reconstruction permittivity estimationalgorithm in [27],
and used in a beamformer comparative study in [53]. In this #sis, these ve
clinical case studies are used to investigate the potentiaf patient-speci c
beamforming to improve the sensitivity without impairing the speci city
of radar-based breast imaging algorithms. Although only velinical case
studies are available, this analysis helps to identify if atitional challenges
presented by patient data such as patient movement and brdahg, a ect
the patient-speci ¢ cost function identi ed in the previous chapter. Results
from the three cases studies without carcinoma help evalwaif patient-
speci ¢ beamforming increases the risks of false positiyedthough a more
comprehensive clinical dataset would be required to estitneathe change in
sensitivity and speci city due to patient-speci ¢ beamfoming compared to
xed-value estimation.

As well as the challenges identi ed in Section 2.3.6 such asupting
of microwave energy into the breast and patient movement dung the
microwave scan, a number of additional complexities existhen assessing
reconstruction permittivity estimation algorithms using clinical data:

1. radar-based images are typically compared to images fromhet modal-
ities such as mammography, ultrasound or magnetic resonanienaging
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which are acquired from di erent orientations;

2. images from other modalities exploit di erent properties bhuman
tissues (such as x-ray attenuation using mammography) wiienakes it
di cult to compare the breast structures between images frm di erent
modalities. For example, microcalci cations are very proment in
mammograms but may not be visible at all in radar-based imagg

3. the breast often contains multiple regions of interest, foexample,
metaplastic carcinoma and benign lesions in the right bretasf Patient
1in Section 6.2.1, and it is not clear what the optimal radar-ased
image should look like in these cases;

4. the true dielectric properties of the breast are not known cantitavely,
only qualitative assessments of breast density from mammaghy are
known, which measures the proportions and distribution oflgndular
tissues but not the dielectric properties.

In light of these complexities, ve clinical case studies isot enough to
permit de nitive conclusions to be drawn, however, theseidical case studies
are useful to help identify weaknesses of patient-speci @hmforming not
apparent from the experimental evaluation in previous chders.

6.1 Patient Population and Clinical
Procedure

In this section, the patient population and clinical procedre is outlined. All
patient images were reconstructed using scattered data ameed from the
TSAR system developed at the University of Calgary and were ginally
published in [26]. The operational system itself is desced fully in [217]
and the next generation system is described in detail in [2JL8ther patient
imaging studies using these data, such as [26], [27], [53F eeviewed in
detail in Section 2.3.5.

All patients were recruited from the Breast Health Clinic, Fothills
Medical Centre, Calgary, AB, Canada and provided written irdrmed consent
to participate in the study (E-22121 approved by the ConjoinHealth
Research Ethics Board, University of Calgary, AB, Canada). Reents with a
breast size corresponding to a B or C cup with suspicious aseia the breast
not located in the axilla were considered for inclusion in #study. Only
patients who were eligible for magnetic resonance imaginip example, no
metallic implants) were included.
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Table 6.1: The clinical history of each case study is summarised, including ta patient age
at the time of the scan, breast scanned and BI-RADS breast density categ@ation
from mammography.

Case Age Breast Density (BI-RADS) Abnormality

1 53 Right Heterogeneous Metaplastic carcinoma

2 64 Left Extremely dense Fibroadenolipoma

3 35 Left Scattered heterogeneous Invasive ductal carcinoma
4 44 Left Heterogeneous Necrosis and cysts

5 32 Left Heterogeneous No abnormalities

Prior to the radar-based imaging scan of the breast with TSARthe
ipsilateral breast was scanned using magnetic resonanceaging no more
than four days before the TSAR scan, except for one patient wdti was
twelve days earlier. The magnetic resonance image was acgdiusing
a 1.5T scanner with breast coils, and both pre-contrast and subtcted
images were used as part of the clinical history of the patienAdditional
clinical information such as recent mammograms, ultrasodrstudies, image
reports, biopsy results and pathology report were also assed to provide a
complete clinical history of the patient.

Five clinical case studies are analysed in detail in this chigy, and the
relevant clinical information for each case is summarised Table 6.1. The
case studies cover three BI-RADS density categories: scaéd heterogeneous
(category b) in the case of Patient3, heterogeneous (category c) in cases
1, 4 and 5, and extremely dense for case 2. Cases 1{3 are caliedup A
and are characterised by having clearly identi ed disease€Cases 4 and 5
are called Group B in the original study in [26], and multiplesuspicious
lesions were identi ed from the complete clinical historyThe ndings of
the original study in [26] are discussed in detail in Sectio®.3.5.

For each patient scan, the patient lay prone on the examinath table
with the breast pendant through an opening in the table. The teast was
immersed in a tank of canola oil which has relative permittity of 2.5
and conductivity of 0.04SnT! up to 12 GHz A single balanced antipodal
Vivaldi antenna with director (BAVA-D), described in [219], was used to
acquire the scattered signals from up t@00 antenna locations around the
breast. The antenna can move in the sagittal direction (veitally) and the
tank and antenna rotate to illuminate from all angles in the oronal plane
(horizontal).

Scattered data were acquired betweef0 MHz and 15 GHz and three
measurements were averaged to improve the noise oor. A sedoscan
using the same antenna locations but without the patient biest was also
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performed. This scan without the patient breast was used faralibration.
After calibration, the scattered data were shaped with a di eentiated
Gaussian pulse with centre frequency &fGHz and a FWHM of 6.3GHz A
phase shift was also introduced to compensate for the antenaperature
location.

The Neighbourhood-based Skin Subtraction artefact removalgorithm
was employed to isolate re ections from the breast interiof220]. TSAR
includes a laser ranging system mounted on the same positiggnarm as the
antenna, which measures the distance to the skin for each anha location.
After artefact removal, the signals are synthetically focued and the image
is reconstructed using the DAS beamformer. The imaging donmais divided
into two regions:

1. the coupling medium with a known relative permittivity of "t™ = 2:5;

2. and the breast interior with an assumed reconstruction perttivity,
"7, as in previous chapters.

The imaging domain is con ned to the area within the breast asalculated
from the laser data and the cost function from the previous epter, S,
is used to calculate the tness of each image in the followingection.

6.2 Results

This section analyses the ve patient results in detail bagkon the application
of the cost functions identi ed in previous chapters and theegions of interest
identi ed from the clinical history of the patient.

The cost function values for each of the ve patients are shawin Fig. 6.1.
Considered together, some trends are visible. Firstly, witthe exception of
Patient 3, the majority of local maxima of tness occur for approximagly
"0 10. Similarly, the tness of images reconstructed with lowereconstruc-
tion permittivity tends to be higher than those reconstruced with higher
reconstruction permittivity: in cases such as Patien2, a downward trend
in tness is visible as the reconstruction permittivity increases.

Secondly, the tness for many patients show multiple local exima. In
some cases, such as Patiefif the local maximum at"? = 10:4 is 25% lower
than the global maximum at"? = 5:4. In other cases, such as Patiert, the
local maximum at"? = 5:4 is only 5% lower than the global maximum at
"0 = 6:6.

Finally, the images analysed in the original study were recstructed
at "% =9 in all cases. In these ve patient cases, the original imageare
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Figure 6.1: A suitable cost function identi ed from Chapter 5, &qq, is used in ve
clinical case studies from the TSAR system from the University of Calgay. This
gure helps investigate the robustness of this metric when used irclinical cases. The
curves are normalised so that the maximum amplitude is equal to one for idplay,
where higher amplitude indicates high tness.

not rewarded highly by the cost function, the original image reconstructed
at "% = 9 are not local or global maxima. The results of each indivigal
patient are discussed in detail in the following subsectign

6.2.1 Metaplastic Carcinoma (Case 1)

The right breast of the 53 year old Patientl was scanned. Three regions
of interest in the breast were identi ed from mammography, he magnetic
resonance image and the microwave image from the originaugy, [26],
which are described here:

R1 corresponding to al0 mm mass detected at the 4 o'clock radian
using mammography. The same mass was detected at the 5 o'kloc
radian using magnetic resonance imaging. Postsurgical patogy
indicated that the mass inR} was a grade II/11l metaplastic carcinoma;

R1 is a possibly benign lesion detected at the 7 o'clock radiahrough
magnetic resonance imaging but not mentioned in the pathaly report;

R1 refers to a cluster of glandular tissues located at the 11 twck
radian.
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Figure 6.2: Images of high tness and the image from the original study of Patient 1 are
compared in coronal, sagittal and axial slices, as well as in three dimensisn The
clinical regions of interest (corresponding to the metaplastic cargioma, a possibly
benign lesion and broglandular tissues) are also shown.

The approximate locations of the three regions|R}, R} and R}| are shown
in Fig. 6.2 by the solid, dashed and dotted lines respectively

Two images are highly rewarded by the cost function in Fig. 6.fbr this
patient: a global maximum at"? = 5:4 and a local maximum at"? = 10:2.
To compare the images, the regions of high intensity from blotimages
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Table 6.2: Images of high tness and the image from the original study corresponding
to Patient 1 are quantitatively compared. The maximum amplitude and lo cation of
large responses in the images are compared to the clinical regions of ingst. In
this case, the cost function rewards an image with one clear response cesponding
to the location of a metaplastic carcinoma identi ed from the clinical history of the

patient.
"0=5:4 "9=10:4 "9=9:0
M, Mi M, Mz M; M, M;
Max. (dB) 0 -1.65 -7.65 -784 -548 -6.10 -6.88
Region R1 R} Ri R} R1 Ri R1

are shown in Fig. 6.2. Regions from the image at the global maxum at

"9 = 5:4 are shown in purple whereas those from the image at the local
maximum at "? = 10:4 are shown in blue. The image reconstructed at
"9=9:0is also shown in red in Fig. 6.2. Sagittal, orthographic, conal and
axial projections of the high intensity regions from both irages are shown
in Figs. 6.2a to 6.2d in addition to the skin surface.

Considering the image at the global maximum at? = 5:4 alone (blue in
Fig. 6.2), a large response is visible ne&} corresponding to the malignant
tumour. The response is elongated along the sagittal axis (FWHRBF 41 mm
as can be seen in Figs. 6.2a and 6.2d), but is smaller along treetical and
axial axes with an average FWHM o® mm in the coronal plane (shown
in Fig. 6.2c). The other response in the image at the global mamum is
6 dB lower in amplitude, considerably smaller (less thatO mm maximum
FWHM) and located at the edge of the imaging domain.

The image at the local maximum at'® = 10:4 (shown in red in Fig. 6.2)
contains three main groups of responses in the three regiafsinterest, R%,
R1 and RL. The response with the highest energy is located close R
and corresponds to a possible benign lesion. This maximunspense has
an average FWHM of8 mm in the coronal plane. The other responses in
the image are at leas6 dB lower in amplitude than the maximum response.
The next two responses are located iR} and R} respectively, corresponding
to a broglandular cluster and the malignant lesion. Simila to the image
at the global maximum, the responses are elongated along tbagittal axis,
with FWHM of 23 mm 38 mmand 25 mmin this direction for the rst three
responses.

Comparing the three images, the maximum amplitude of the ingge
reconstructed at"? = 10:4 is 1.6 dB lower than the image reconstructed at
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"0 = 5:4, the global maximum for this patient. Both images show some
energy inR?1 corresponding to the malignant tumour, and the response in
R} at the global maximum is the response of maximum amplitude iall
images.

The two images rewarded by the cost function at® = 5:4 and"? = 10:4
are quantitively compared to the image used in the originaltsdy, [26], in
Table 6.2. The amplitudes are normalised such that the maxim amplitude
is 0dB. The image from the original study, [26], showed energy inldhree
regions of interest, with the maximum energy correspondirtg the malignant
lesion inR}. The maximum energy in the other two regions of interest|R3
and Rijwas 1.4dBand 0.6 dB below the maximum energy. The maximum
energy inR1 is 5.48 dB below the global maximum image reconstructed at
"0= 54,

6.2.2 Fibroadenolipoma (Case 2)

Case 2 involved a 64-year-old woman with a broadenolipoma ithe lower
inner quadrant of her left breast. The mammography report nes the
breast tissue is extremely dense (BI-RADS Category D). As disssed in
Section 2.1.1, broadenolipomas (also known as hamartomaare typically
benign masses containing an admixture of ducts, lobules, rdwus stroma
and adipose tissues in varying proportions. The contrast beeen the
broadenolipoma and the surrounding tissue is uncertain, grticularly in a
breast noted as heterogeneously dense.

The global maximum of the cost function in Fig. 6.1 is locatedta
"0 = 4 with a local maximum at " = 6:8. Both images are shown in
Fig. 6.3 in blue and red respectively. The image reconstructat the local
maximum at "% = 6:8 shows many responses in the lower inner quadrant,
which is consistent with the clinical history of the patientreporting a
broadenolipoma in that quadrant. However, the image is vendi cult
to interpret with multiple responses of similar magnitude. The image
reconstructed at the global maximum at'® = 4 also shows a lot of energy
in the lower inner quadrant, but also some smaller responselsewhere in
the breast, including in the upper outer quadrant, althouglhthis response is
6 dB lower in amplitude than the main response in the image a¢ = 4. The
image reconstructed at'? = 9:0 is similar to the image at"? = 6:8 but with
lower overall amplitude @ dB lower). Although the image reconstructed at
"0 =9:0 also contains a response in the lower inner quadrant whichagn
correspond to the broadenolipoma, there is also many otheesponses with
similar magnitude in the image.
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Figure 6.3: Images of high tness of the left breast of Patient 2 are compared. Response
in the images may be consistent with a broadenolipoma in the lower imer quadrant,
although interpretation of the images is challenging due to the dense natre of the
breast tissue and the large number of responses in the images.
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Extremely dense breasts such as that of Patiert would be expected
to have higher dielectric properties as they contain a lot obrous and
glandular tissues. However, the cost function rewards imagjeeconstructed
at lower dielectric properties very highly. Although it is dicult to draw any
de nite conclusions as the dielectric properties of the bast are not certain,
it is likely the images rewarded by the cost function are reostructed below
the average dielectric properties of this particular breasand the images
contain mostly spurious noise and clutter.

However, across the entire reconstruction permittivity rage, no one
image is characterised by one single response. As may be etgrbfrom
a breast noted as extremely dense, all images contain mangpenses of
similar magnitude. The poor image quality of this clinical ase study may
also be explained by a number of other factors, such as:

uncertain contrast between the broadenoma and the glandal and
brous tissues in the rest of the breast;

di culty in isolating re ections from the benign lesion fro m the re ec-
tions from the other glandular and brous structures in the beast;

or acquisition challenges due to high attenuation in the deasoreast
tissues;

Due to these confounding factors, it is di cult to predict what a \correct"
radar-based image should look like for this clinical caseusty.

6.2.3 Invasive Ductal Carcinoma (Case 3)

The left breast of the 35-year-old Patient3 was scanned. The mammogram
indicated extensive microcalci cations around the 3 o'clek position in the
lateral aspect and the magnetic resonance report showed anbements
from the 2 o'clock to 6 o'clock radian. Additionally, the magetic resonance
report showed a focal mass near the nipple. A region of invesiductal
carcinoma in the upper outer quadrant of the breast was repted after
post-mastectomy pathology. The invasive ductal carcinomaas measured
as4dcm 2cm 2cm, although due to the location of the diseased tissue
near the chest wall, it is uncertain how much of the disease wgresent
within the imaging domain.

A prominent global maximum is present in the cost function at? = 15:2.
This corresponds to an image with a single response locatedhe centre
of the breast about3 cm from the nipple. This response has an SMR of
44.98dBand is nearly 11dB larger in magnitude than the next highest
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Images of high tness of the left breast of Patient 3 are compared. The
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response. This prominent response may correspond to thedbmass that
was identi ed in the magnetic resonance image or, similar tBatient 2, this
may be an artefact. The minor peak at'? = 12:8 also shows a response in
the same location as the global maximum, but with an SMR of 4l

The image in the original study, reconstructed at? = 9, is shown with
the image at the local maximum at"? = 4 in Fig. 6.4. In the original
image, the maximum response is located just above the nippidnich could
potentially correspond to the focal mass detected in the magtic resonance
image. In the image at the local maximum at? = 4, the maximum responses
in the image are located towards the chest wall.

Although the breast contained extensive disease in this castidy, no
image clearly shows a response which could de nitively beidao corre-
spond to the invasive ductal carcinoma. The breast was notex$ scattered
heterogeneous according to the mammogram, meaning the age dielectric
properties of the breast would be expected to be low. Howevéne image
reconstructed at"? = 15:2 is highly rewarded. Although this may correspond
to a focal mass noted in the clinical history of the patient,timay also be
an artefact due to reconstruction with overestimated dietdric properties.

6.2.4 Necrosis and Cysts (Case 4)

Patient 4 was 44 years old when her left breast was scanned with TSAR.
Ultrasound and magnetic resonance imaging of the left breaslhowed an
11mm 7mmlesion at the 10 o'clock radian which was determined as a fat
necrosis from pathology. Two cysts were also reported neduetfat necrosis.
Similarly to the broadenolipoma for Patient 2, neither the exact contrast
between the necrotic tissue and the surrounding breast is é&wn, nor the
exact locations where responses would be expected in theaatlased image.

The global maximum of the cost function is located at® = 6:6 with
a local maximum at"? = 5:2. These two images, along with the original
image at"? = 9 are shown in Fig. 6.5. As can be seen, all three images
contain many responses scattered throughout the breast.

Firstly, considering the global maximum at"? = 6:6, the highest mag-
nitude response is located in the upper outer quadrant. Thigesponse
is nearly 5dB higher than the next highest response and has an SMR of
25.61dB Two other responses located in the upper inner and the lower
outer quadrants were within5dB of the highest amplitude in the image,
and had SMRs of 20.69dB and 20.26 dB respectively.

Secondly, looking at the image at the local maximum at? = 5:2, the
highest magnitude response is located in the lower inner glrant. Similar to
the global maximum at"? = 6:6, a number of responses are visible in all four
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Figure 6.5: Images of high tness and the image from the original study of Patient 4
are compared. The patient breast contained multiple benign lesions iduding a fat
necrosis and multiple cysts. All three images contained multiple reponses, but due
to di culties reconciling the clinical history and the microwav e images, it is not
certain if these responses correspond to the benign lesions.
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breast quadrants. For example, responses withkdB of the main response
can be seen in the lower outer quadrant and the upper outer gdiant with
SMRs 0f18.74 dBand 18.36 dBcompared to21.62 dBfor the main response.

Finally, comparing the images rewarded by the cost functionot the
image reconstructed at'? = 9, all three images show responses in many
quadrants of the breast. Due to the di culties in reconciling the complex
clinical history of the breast with the image, it is not clearf these responses
correspond directly to any of the benign lesions in the breas

6.2.5 No Breast Disease (Case 5)

Patient 5 was 32 years old when her left breast was scanned. The patient
had no history of breast disease and the mammography reponticated the
left breast was heterogeneous (BI-RADS) with some glandulissue both on
the inner and outer sides of the breast. An initial magnetic sonance image
suggested an unidenti ed lesion at 4 o'clock which was not pprent from
mammography, a follow-up ultrasound or on a second magnetiesonance
image.

The image at"? = 4 is the most highly rewarded by the cost function,
with a local maximum at "° = 6:4. These images, as well as the image
from the original study at "® = 9 are shown in Fig. 6.6. In all three
images, responses on the inner side of the breast are visitllese to the skin.
These possibly correspond to broglandular tissue in thedecations. In all
the three images at increasing reconstruction permittit the SMRs were
21.77dB 26.28dBand 28.2dB and the main response waé dB, 4.89dB
and 5dB higher than the next strongest response. In the images rewad
by the cost function and image in the original study, this caswould likely
be a false positive.

6.2.6 Discussion

It is di cult to draw de nitive conclusions from these clini cal cases studies
due to the small number of cases examined in detailed and theatlenges
associated with comparing images from di erent imaging madities. In
addition to di erences in the orientation of the patient, breast compression
between modalities, it is not often clear what the optimal rdar-based image
should look like when multiple lesions of uncertain dielegt properties are
known to be in the breast. Despite these challenges, thes@éidal case
studies are useful for identifying potential limitations & patient-specic
beamforming in representative screening cases.
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Figure 6.6: Images of high tness as well as the image from the original study of
Patient 5 are compared. Although the initial magnetic resonance images suggesl
an unidenti ed lesion, no disease was identifed from subsequeninvestigations.
Although no known disease was present, all images contain a response dianiin
magnitude to those identi ed as corresponding to lesions.
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Considering the case with known disease in a known locatioGgse 1), the
cost function correctly rewards the image where the metaggac carcinoma is
detected. Compared to the image in the original study, the iage rewarded
by the cost function has higher amplitude (bys.5 dB) and no other prominent
response exists in the image. In contrast, the image in theiginal study
shows multiple responses of similar magnitude which corpesd to another
suspected benign lesion and possibly to some broglandulassue. Although
only one isolated case, this improvement in the image is a giggtion that
patient-speci ¢ beamforming may be useful to improve tumaudetection.

However, Case 1 also highlights a potential challenge for mowave
imaging. The patient breast contains multiple lesions (bdt benign and
malignhant) and also some clusters of broglandular tissue®lthough the
cost function correctly identi es an image where the maligant tumour is
most prominent, reconstructing with overestimated propeies results in an
image where the benign lesion is most prominent. For breasisth multiple
lesions, it may not be possible to see all lesions in an imageonstructed
at a single reconstruction permittivity. Although broad corclusions cannot
be drawn from an individual clinical case study, this is sinar to the e ect
observed in Fig. 4.3 where changing the tumour phantom shapadsize
changed the optimal reconstruction permittivity requiredto see the tumour
phantom in the image.

Cases 2 to 4 are challenging to interpret due to uncertaingeas to the
dielectric composition of the respective patient breastsAlthough some
responses in the image may correspond to lesions identi edather imaging
modalities, it is unclear where exactly these lesions arecdawhat the expected
contrast between the dielectric properties of these lesi®rand the other
healthy tissues would be. A further complication is obserden Case 3 where
the extensive disease in the breast may or may not be in the igiag domain
of TSAR. However, these cases demonstrate the potential forusmus
responses if the reconstruction permittivity is selecteddm a very broad
range. For example, in Case 2 which is noted as a very denseasteimages
reconstructed with very low estimates were highly rewardedA similar trend
was previously observed in early numerical work and may suggehat it
IS necessary to restrict the reconstruction permittivity b a range of likely
values [135].

Comparing Case 1 and Case 5 considers the a patient with knodisease
in a known location to healthy breast with no known disease @hti ed from
magnetic resonance imaging, ultrasound or mammogram. As gegted
in the previous chapter, images of healthy breasts can oftérave similar
characteristics to images of tumours, such as the prominergsponse visible
in the three images shown in Fig. 6.6. The previous chapter al&xamined
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the image amplitude as a means of distinguishing true and $a& positives,
and suggests that the image amplitude may be useful in lessnde breasts.
In the original study, the image in Case 5 i4.6 dB lower than the image
in Case 1. However, the images rewarded by the cost functiorednigher

in amplitude for Case 1 and lower in amplitude in Case 5, meang the

di erence grows t010.4dB Although this improvement in the di erences

between the amplitudes of diseased and healthy breast image encouraging,
it is di cult to draw any conclusions from a single comparisa.

6.3 Conclusions

In this chapter, the parameter search algorithm proposed ithis thesis is
tested in ve clinical case studies. The clinical case stues were obtained
from the rst generation TSAR operational system developedtahe Univer-
sity of Calgary and the microwave images were analysed usikigowledge of
the clinical history of the patient including recent mammogams, magnetic
resonance images and pathology reports where available. No wmiéve
conclusions or trends can be drawn from only ve clinical casstudies, and
in three of the ve cases, a lot of uncertainty exists as to theielectric com-
position of the breast and the location and extent of lesioria the patient
breast. Despite these limitations, some interesting resslwere observed
from the clinical case studies.

Firstly, in one case study (Case 1: the only case with known éigse
in a known location), reconstruction permittivity estimation rewards an
image where a response corresponding to this tumour is ideetl. When
compared to the xed-value estimate used in the original stly, the tumour
response has a higher SMR, SCR and amplitude. While this is cistent
with the conclusions of the previous chapter, it is merely auggestion that
patient-speci ¢ beamforming may improve the sensitivity.

Secondly, it may be possible to reconstruct two images witthé char-
acteristics of correctly reconstructed images (tumour) \thin the relative
permittivity range as seen in Patients 1. In the case of Patie 1, this may
correspond to another benign lesion within the breast. It mabe necessary
to reconstruct multiple images with various reconstructio permittivity esti-
mates to obtain a complete picture of the entire breast. At th very least,
this clinical case study suggests that further testing in l@asts with multiple
regions of interest need to be investigated further.

Thirdly, these images are consistent with the hypothesis #t obtaining
high speci city with radar-based imaging may be di cult, but that patient-
speci ¢ beamforming does not increase the false positiveBor example,
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images reconstructed using xed-value estimation and pa&tnt-speci c esti-
mation in the case of Patients 1 and 5 show a main response wdimilar
SMR and SCR. However, it is interesting to note that the di erece in
amplitude between the healthy and diseased breast increafeom 1.6 dB
for xed-value estimation to 10.4 dB for patient-speci ¢ bemforming.

Finally, these cases studies are useful for identifying potéad limitations
of patient-speci ¢ beamforming. In many of the clinical cass, images re-
constructed with very low reconstruction permittivity estimates are highly
rewarded, including for a breast which was classed as extrelyndense from
mammography (contrary to expectations). It is di cult to un derstand why
exactly this may be as the dielectric properties of those kasts are not well
known, but this surprising result does suggest that if a verpproad recon-
struction permittivity search space is used, images with spious responses
may be reconstructed.
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Chapter 7

Conclusions

This chapter summarises the research objectives, experimea methods and
results of this thesis. The motivation and main ndings of ths thesis are
summarised in Section 7.1 including the main conclusions thiis thesis.
Appropriate future work to further develop and extend the ndngs of this
thesis are presented in Section 7.2 which concludes this $iwe

7.1  Summary and Conclusions

Breast cancer is a leading cause of morbidity and mortalitpof women of all
ages and ethnicities. Breast anatomy varies between indilials in terms
of size, shape and tissue composition, and many breast abmatities from
benign breast diseases to invasive breast cancers can océdany modi able
and non-modi able risk factors for breast cancer have beedeanti ed, but in

the absence of reliable methods to prevent breast cancer iegly, the WHO
recommend programmes for the early detection and early diagsis.

Early detection of breast cancer is primarily achieved thtmgh asymp-
tomatic breast screening. Mammography is the current golskandard screen-
ing methodology, although no consensus exists as to the apél screening
frequency or bene ts of asyptomatic mammographic screemgrn terms of
individual morbidity and mortality. However, the sensitivity and speci city
of mammography are known to su er in individuals with more brous or
glandular tissues, known as dense breasts. Higher breast signis more
common among younger women, meaning that mammography is uiable
for asymptomatic screening of this cohort.

Chapter 1 introduces the motivation for this thesis in detdj in particular,
how microwave imaging can address the limitations of mammgphy in
younger women or those with denser breasts. The primary coittutions
of this thesis include a comprehensive analysis of the e ecbf breast
composition variance on sensitivity and speci city of micowave radar-based
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imaging and the design and evaluation of methods to addredsg variance
in a realistic screening scenario.

Chapter 2 discusses the background of breast anatomy, breaancer,
microwave imaging and the challenges facing microwave iniag in detail.
The diversity of breast abnormalities that are observed inhe population
are identi ed, including those associated with increasedaacer risk, those
that can mimic cancer or precursors to cancer, and the compgl@ature
of breast cancer in terms of presentation and prognosis isnsmnarised.
Leading existing imaging modalities are discussed and thenltations of
these modalities are identi ed. Next, the theory of microwee imaging
and reconstruction techniques is discussed and the leadingerational
microwave breast imaging systems (those that have been useith patients)
are reviewed in detail. Finally, the remaining challenges fanicrowave
imaging are discussed, including both challenges assoedivith: patient
movement, interpatient variation and intrapatient variation.

Chapter 3 describes the experimental hardware and breast aftoms
used to help answer the primary research question of this t#ie. The breast
phantoms are designed to model the normal variation in breasomposition
seen in the population, including breast phantoms which aomposed of up
to 30%glandular tissues by volume. A variety of tumour phantoms we also
manufactured which mimic the di erent shapes and sizes of east tumours
that are observed in clinical practice. Each of the ve breagphantoms can
be combined with each of the twenty-two tumour phantoms for @aomplete
test platform of 110test cases. In addition, microwave imaging scans of
each of the ve phantoms without a tumour phantom present wex acquired.
The acquision hardware was designed in light of the review operational
microwave imaging systems conducted in Chapter 2 and eaclpast of the
imaging system is described. The challenges associatedwihage analysis
are also discussed, as well as the metrics used in this thdsislistinguish
images of cases with cancer and images of cases without cance

Chapter 4 establishes the importance of breast compositias a parame-
ter for radar-based imaging. Using the diverse breast and tumophantoms
test cases described in Chapter 3, the bene ts of using a patit-speci c
beamformer that adapts to each individual patient, and howhe assumptions
of radar-based breast imaging algorithms may a ect the reostruction per-
mittivity estimate. The results suggest that a patient-spei c beamformer
can improve the sensitivity of radar-based imaging withouimpairing the
speci city, although the number of cases is too small to drawuly de nite
conclusions. The data indicate that the reconstruction penittivity varies
due to the VGF of the breast, but also due to other factors, peintially the
tumour size, shape and location.

124



CHAPTER 7. CONCLUSIONS

Chapter 5 proposes suitable cost functions which can be usedopti-
misation algorithms to design the patient-speci c beamfaner. Firstly, the
characteristics of images reconstructed with poor estimes of the breast com-
position are identi ed, rst from simpli ed analytical mod els and secondly
using the experimental system described in Chapter 3. FQMseaproposed
as suitable cost functions which reward images reconstred with good
estimates while penalising images reconstructed with poestimates of the
reconstruction permittivity. These experimental resultssuggest that FQMs
based on the image gradient can be used in the design of patispeci c
beamformers.

Chapter 6 analyses the proposed FQM in a series of ve clinicease
studies from TSAR designed by the University of Calgary (studyumber
E-22121 from the Conjoint Health Research Ethics Board [26]Despite
uncertainties as to the dielectric composition of a numberf the case studies,
the results in Chapter 6 are consistent with the previous clpéers of this
thesis. Importantly, these clinical case studies also hitipht some additional
challenges for reconstruction permittivity estimation inclinical practice, and
potential limitations of the algorithm. In the one case of kown disease
in a known location, the parameter search algorithm selects improved
image compared to xed-value estimation. As in the experimeal study
in Chapter 4, the images of the patient cases without diseasan have
characteristics similar to those of images of patient casegth disease.
However, interestingly, in the only case of a breast withoutrey abnormalities,
the parameter search algorithm selects an image with lowemalitude than
selected using xed-value estimation in the original study

7.2 Future Work

The patient-speci c beamformer proposed in this thesis ctdibe extended
in a number of ways to improve the performance and robustnes$ the
method. The assumption of a frequency- and spatially-inveant reconstruc-
tion permittivity (as in this thesis) could be further examined. Preliminary
indications from TSAR suggest that assuming a frequency-iakiant recon-
struction permittivity has a minimal impact on image quality [27], but
future work could consider the incident frequency range, drboth mono-
and multistatic acquisition hardware. For example, prelirmary studies using
MARIA ® have suggested that the magnitude of the frequency resporafe
lesions aboveb GHz may be useful for distinguishing benign and cancerous
lesions [221]. Further small studies using MARIA have suggested that
comparing images reconstructed using di erent frequencyabdwidths may
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also be useful for distinguishing benign and cancerous tass [24]. In combi-
nation with di erences due to the shape of benign and cancars lesions [222],
these techniques provide additional information to help dtinguish images
of patients with and without cancer.

Secondly, early studies have suggested that assuming ggtatline propa-
gation paths does not impact image quality [186], but futurstudies could
estimate the bene ts of improved propagation models of thenaging domain.
In many operational systems, it is possible to determine spa and curvature
of the skin through co-mounted lasers as in TSAR or using the otbwave
energy sampled using the antenna array. This information atd be used to
determine the angle of incidence of the transmitted energyhdhe breast
surface which may improve the accuracy of the propagation gatength
calculations. However, more theoretical work is needed totdemine if this
approach could have a tangible impact on image quality.

Thirdly, a numerical study suggests that increased knowlge of the
dielectric composition of the imaging domain increases imga quality [187].
While use of a regional distribution of dielectric propertie would increase
the accuracy of the forward propagation model used for syrgtic focusing,
no realistic methods have been proposed to obtampriori knowledge of
the imaging domain, nor has an optimal method to exploit such priori
knowledge been proposed. Similarly, no analysis on the liations of assum-
ing a spatially-invariant reconstruction permittivity have been published.
More theoretical work in this area could identify if the spaially-invariant
reconstruction permittivity assumption is appropriate fo the variety of
breast compositions observed in the population.

The optimal antenna locations and spacing should also be sitered.
Some preliminary numerical studies have suggested thategular antenna
locations may improve the image quality by reducing the amat of redun-
dant information in the collected scan. Many operational stems collect
backscattered signals using a ring of antennas in the cordmdane, which
may limit the quality of the backscattered signals in caseshere the skin
of the breast is not parallel to the sagital axis (approachimthe nipple for
example). Other systems use a regular pattern which may reckithe amount
of independent information in the backscattered signals. iHee, more work
is needed to determine the factors in uencing the optimal aeinna locations
and the e ects of the antenna locations and numbers of chanseon the
image quality.

The patient-speci ¢ beamformer proposed in this thesis usehe original
DAS. Many extensions have been proposed to the DAS techniqué@]dand
many beamformer comparative studies have been publishe®@]5However,
these comparative studies have typically used xed-valuesconstruction
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estimation only [54]. The patient imaging results in Chapte6 (in particular
Patient 1 with known disease) suggest that patient-speci ceconstruction
estimation may have a tangible impact on the image quality. tRure com-
parative studies should consider both reconstruction peiittivity estimation
as well as variants and extensions of the basic DAS techniqudoreover,
beamformer comparative studies have compared performanoeterms of
SCR, SMR and localisation error [54] and not in terms of sefisity or
speci city of the algorithm on large populations. More workis needed to
evaluate the reconstruction algorithm that can best enablthe clinican to
distinguish healthy, benign and malignant patient images.

Future work should also consider optimal image visualisath methods.
Image interpretation varies between systems: some opematal systems have
not used the image amplitude as a factor in the clinical dea@m (such as
MARIA ), whereas other smaller studies using TSAR have suggestedaith
the amplitude of the image may be useful. Characteristics deatures of
images need to be identi ed which can reliably distinguish étween images
of patients with cancer and images of patients without canceAdditionally,
the method of image display which optimises the clinical vaé of the image
needs to be determined. The colour palette, discretisatidavels, two- and
three-dimensional visualisation techniques and hardwaresed for display
may all impact the clincal value of the image.

Quality assurance of microwave imaging also needs to be adesed
before imaging devices are used in large, and possibly mecetntre clinical
investigations. Initial work has been presented on develmyg a standard
phantom that can be used to evaluate and compare microwave aging sys-
tems experimentally [160], [172]. Comparative results mg these phantoms
have not yet been published. Further work in this area is nesgary, not
only to compare di erent microwave imaging systems to eachtlter, but
also to verify the correct operation of a given system during long-running
trial or while in use. For example, in magnetic resonance irgang, standard
phantoms have been developed in conjunction with standard/aduation
criteria, which allow the delity of images and signals to beveri ed [223].

The role of microwave breast imaging in the current patient @thway also
needs to be considered. Health Technology Assessments (HTAS} arcreas-
ingly used to improve decision making by regulatory and reibursement
bodies, and will be required for radar-based imaging befocénical adoption.
Can microwave breast imaging play a role in asymptomatic sening as
in [21]; as a low-cost monitoring tool to identify high risk gtients as in [34];
as an adjunct to existing technologies including multimoddy imaging [224];
or as monitoring for neoadjuvant chemotherapy [18]? This garticularly
important as countries are now beginning to question the va¢ of mammog-
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raphy screening in light of recent evidence indicating thanammography
screening has little or no impact on breast cancer mortalityates [7], [8].

Finally, future clinical studies must be designed with largepopulations,
adhering to Good Clinical Practice (GCP) and with su cient statistical
power to assess the sensitivity and speci city of the methodIt will be
important to control for bias in the selection of the populaibns, and also
to consider international variance in breast compositiorsuch as the higher
breast density observed among Asian women compared to Eurapevomen.
Careful consideration will be required to select study popations which will
help answer some outstanding questions, such as the abyliof a microwave
imaging system to help clinicians distinguish healthy patints (with and
without benign breast diseases) from those with invasive ceers.

In addition to the technical improvements suggested in thisection,
future system development will need to be guided by regulais and safety
standards. For example, any coupling medium used needs tovhadesirable
dielectric and mechanical properties, but also needs to beobompatible and
approved for use with humans. Additionally, manufacture, tansportation,
storage and disposal of the coupling medium needs to be cadesed, as the
distribution and preparation of the coupling medium a ectsthe complexity
and cost of the scan. Operational systems requiring miminamounts of
or no coupling medium both have lower operational costs in ancial and
sta ng terms, but each scan also has a lower enviromental inget in terms
of waste disposal.

Future clinical studies with optimised operational systers, in combi-
nation with improved beamformers such as those describedtimis thesis,
will help accelerate the translation of microwave imagingdm the research
bench to the patient bedside, where radar-based imaging lanlopefully have
a real and tangible impact on patient care and outcomes.
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Appendix A

Focal Quality Metrics

In this appendix, the 23 FQMs used in this thesis are described in detail. All
FQMs were originally identi ed from a review conducted by Pauz et al. [211]
and have been used in shape-from-focus and autofocus atlans previ-
ously.

In general, FQMs estimate the high frequency content of theniage, as
clear and focused images tend to feature more high-frequgroontent [192],
[210]. In the context of microwave radar breast imaging, teimeans energy
is concentrated at scatterer locations and not distributeéround the image
in clutter. FQMs can be broadly classi ed based on their metbhd of action,
that is, how they estimate the high frequency content of themage. Appen-
dices A.1 to A.5, summarise the method of action of each type oM and
describe all 23 FQMs in detail.

A.1 Fourier-based

The DCT is a Fourier transform that uses cosines as the basigictions. The
DCT directly measures the frequency content of the image, a® estimation

the image quality. The energy of the high frequency componsrof the DCT

(which is an estimate of the the variance of the luminance ohamage) has
been used as a focal quality measure [206]. However, it wasnidihat the

energy of the high frequency components is sensitive to ineagontrast and
that the ratio of the high frequency energy to the low frequezry components
is more homologous [216]. Di erent window sizes have alsoeneused, either
eight pixels square [196], [206], [211] or four pixels sqad216].

Two metrics were considered in this category:

the High-Low Ratio, F{, [216];
and the High-Low Reduced Ratio, kg, [196].
Both metrics are summarized in Table A.1. The High-Low ReduceRatio,
Fr, considers just the lower frequency components which aremdimant [196],
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Table A.1:

APPENDIX A. FOCAL QUALITY METRICS

Summary of the names, abbreviations and methods of action of the FQMs

used in this thesis. var [X ] represents the variance ofX across the imaging area,
and hXi represents the mean ofX across the imaging area..

Name Equation
Be F (n'm)2E
. - FE — n:m : xy U
High-Low Ratio R = DP( o
. . Eo_ nm y2p, Fxy (nm)?
High-Low Reduced Ratio  fg = —("" 2l

Absolute Gradient
Squared Gradient

Brenner Gradient

Gradient Energy
Gaussian Energy
Tenengrad Mean
Tenengrad Variance

Sma = pMaXp2f x;y g 15(x;y) E

Bvs = DmaXDZf xvg 15 (%Y) ZE
Cus = MaXozixvg I50GY)
Bss= 1R (GY)?+ 12(xy)?
Gss= 1LY+ 13(xy)

Su = mMaXparxy gl 5 (X y)?

8, =var maxparxyglp

Laplacian Energy L=hiL [(xy)j
Modi ed Laplacian w=hilx 1Gy)i+iky 106y
P
Diagonal Laplacian b= my)+  jLan 1(XY)]
n2f 1;2g
Laplacian Variance v=var[L 1]
Variance v =var[l(xy)]
Normalised Variance SN = Wl;y)ivar [1(x;¥)]
Localised Variance v =wvar[Ly(x;y)] +
s P P . .
Contrast 2= L(y) T(x+1iy+])
D'2WIgW oE
; S — (xy). I(xy)
Mean Ratio R=  MaX {0y —xy)
Entropy RE = H{IH)
Central Moment SeM =k h1ij P .
| y P
Absolute Detail Sum W= JWa (X Y))
* n2f LH;HL;HHg +
. . w P 1
Detail Variance W= var [W]
Dn2f LH;HL;HHg
Detail-Coarse Ratio Wz Wi Oay)Pe Wy, (Gy)7 Wi, (cy)?

WE (xy)2+ W3 (xy)2+ W3 (xy)?
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APPENDIX A. FOCAL QUALITY METRICS

in particular:
P, = £(1;0);(2;0);(1;1); (0;1);(0; 2)g (A1)

Both FQMs used the more common window-size of eight pixelsusge.

A.2 Gradient-based

Gradient-based FQMs, ©, use approximations of the gradient or the rst-
derivative of the image to estimate the high-frequency coatt and hence the
image quality. Di erentiation is considered analagous to igh-pass Itering,
so these methods reward high-frequency content in the imagPBi erent
approximations of the gradient have been used: rst-orderigrences, 12,
[194], [195], [197], [204]; Brenner gradient?, [193], [194], [197], [198];
Gaussian derivative,| ¢; and Tenengrad,l s, [194], [195], [197], [209], [210],
[225], [226].

Di erent combinations of the components of the gradient haw also
been looked at: one-dimensional approximations [193], #19[198], [227];
maximum component approximations [197], [211]; and compamt sum
[194]{[196], [204], [209], [210], [225], [226], [228].

Additionally, prior to summation, either the absolute valueof the com-
ponents of the gradient [194], [197] or the squared value dfet components
of the gradient, [193]{[198], [204], [209], [210], [223{8] can be used.

Based on these variants, seven metrics were analysed in tb&egory:

the Absolute Gradient, S, , [197];

the Squared Gradient, S5, [197];

the Brenner Gradient, §,s, [193], [194], [197], [198];

the Gradient Energy, Sss, [195], [204], [229];

the Gaussian Energy, s, [227], [228];

the Tenengrad mean, &, [194], [195], [209], [210], [226];
and the Tenengrad variance, &, , [226].

One-dimensional approximations were not used as they ungerform com-
pared to the multi-dimsional metrics [197].
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A.3 Laplacian-based

Laplacian-based FQMs use second-order di erentiation tceward higher
frequency content in the image and hence reward images of lnég quality.
The second-order derivative is approximated by convolving Laplacian
kernel (two-dimensional) with the image, where the kernel,, is given by:

1
1 1 4 1
L = 6@4 20 4A (A.2)
1 4 1

The Laplacian kernel can also be applied in each directiondapendently,
where the kernels in thex and y directions are given by:

Ly=1Ly = 12 1 (A.3)

Finally, the Laplacian kernel can also be estimated along théiagonals
where the kernels along the two diagonalg,q1 and L 42, are given by:

1 0 1
, 0 01 ; 1 00
La=p=@0 2 0A ngp_é@o 2 0A (A.4)
1 0 0 0 0 1

Four metrics were considered in this category:
the Laplacian Energy, E, [192], [201], [210], [212];
the Modi ed Laplacian Energy, £, [208];
the Diagonal Laplacian Energy, §, [230];
and the Laplacian Variance ( }) [226].

Higher-order derivatives are not considered in this paper d@swas found
that these are a ected by noise in images compared to the rsind second
derivatives [212].

A.4 Statistics-based

Statistics-based metrics analyse the distribution of vaks of the image or
the histogram of the image. Five metrics were considered:

the Variance, ¢, [193]{[195], [197], [203]{[207], [209];
the Normalized Variance, ., [194], [196], [197];
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the Localized Variance, §, , [226];
the Contrast, 2, [231];
and the Mean Ratio ( 3) [209].

Two more metrics were also considered, which use statistmfsthe histogram
of the gray-level luminance as a measure of focus:

the Entropy, g, [193], [194], [197], [205], [207], [215];
and the Central Moment, 3., [211], [232].

All metrics are summarized in Table A.1 where (X;y) represents the average
of the neighbourhood (with the neighbourhood de ned as the5lpixel square
window around the pixel of interest, &;y)) and whereW = f 1;0;1g. H(x)
represents the entropy ok; Iy represents the histogram of the grey-level
luminance of the image, withk representing each value in the histogram
and Py representing the frequency of occurance of that level.

A.5 Wavelet-based

Wavelet-based transforms use the DWT to describe the frequencontent of
the image and reward images of higher quality. The DWT decompes the
image into three detail sub-bands| W},, W3, and W3, | and the coarse
approximation sub-band,W/? . To create higher-level transforms, the coarse
approximation sub-band is successively decomposed.

Three metrics were considered in this category:

the Absolute Detail Sum, %5, [211], [213], [215];
the Detail Variance, /', [213], [215];
and the Detail-Coarse Ratio, ¥, [211], [215].

In this paper, a commonly used con guration with a rst-orde DWT with
db6 Iter (Daubechies Iter with six vanishing moments) wasused [211],
[213], [215].
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research paper

Focal quality metrics for the objective
evaluation of confocal microwave images

declan oeloughlin, finn krewer, martin glavin, edward jones and martin oshalloran

Confocal microwave imaging for breast cancer detection relies on accurate knowledge of the average dielectric properties of the
patient-speci“c breast. When accurately estimated, coherent addition will occur at the tumor site, producing a clear and sharp
image thereof. Conversely, if the average dielectric properties are poorly estimated, a blurred, unfocused image will be recon-
structed, potentially obscuring cancerous lesions. Several methods have been proposed to estimate the patient-speci“c average
dielectric properties, for example, time-of-"ight estimation. However, such methods are speci“c to the individual imaging
hardware, can be susceptible to multipath propagation and assume the chosen paths are representative of the whole
volume. In this paper, a novel method to estimate the patient-speci‘c average dielectric properties is presented, based on
focal quality metrics (FQMSs); used historically to measure the clarity and focus of microscopic or digital photographic
images. These FQMs are applied to confocal microwave breast images to assess their focus, and hence estimate the patient-
speci“c average dielectric properties. In this way, FQMs can be used to generate the optimum microwave image of the breast.
The performance and robustness of these FQMs for microwave breast imaging applications is examined in this paper and
preliminary results are presented and discussed.

Keywords:Radar applications, Quality of life/medical diagnosis and imaging systems

Received 28 October 2016; Revised 1 May 2017; Accepted 7 May 2017; “rst published online 27 June 2017

I. INTRODUCTION a new method to estimate the average dielectric properties is

presented and evaluated.
Over the last 15 years, confocal microwave imaging (CMI) has The physical basis for CMI is the dielectric contrast
emerged as a promising diagnostic method for breast candmtween healthy and cancerous breast tis§liearid the
detection. CMI has the potential to provide a safe, nonability to identify the source of re”ected microwave energy
ionizing, and comfortable method for breast cancer screenifiggm within the breast. The source of the re”ected energy is
[1.3]. An early-stage study looked at the variability in meaa signi“cant dielectric scatterer, and its precise location can
surements with repeated scans of healthy volunteers oveba&established using an estimate of the average dielectric prop-
2...8 month period, con“rming that the scan was comfortabéties of the breast. The average dielectric properties of the
and identifying some areas of variability between sc2lns [breast are used by the CMI beamformer to calculate the
Another study considered nine patients, with breasts botspeed of propagation within the breast, and ultimately recon-
with and without disease, with many of the reconstructedtruct an image of the breadi(J. An incorrect estimate of the
images being consistent with the clinical history of thaverage dielectric properties reduces coherent addition at
patient [1]. A larger, more recent study with 86 patients haslielectric scatterer locations, which in turn reduces the magni-
shown a sensitivity of 74% comparing well with radiologicalide of the image at these locations and increases the clutter in
results on the same sample. Considering only the dene image. This can make tumor detection more dif“cult or in
breasts, sensitivity was 86%, which is better than the radigeme cases impossible.
logical results for the same subset of patieds These In light of the importance of the average dielectric proper-
studies have also highlighted the requirement for good esties as an imaging parameter, several methods to estimate the
mates of the patient-speci“c dielectric properties in order tpatient-speci“c average dielectric properties have been devel-
create a sharp and focused image of the breast. Consequeiihed. These include methods to estimate the average dielectric
a number of these groups have begun to examine ngwoperties from time-of-"ight signals in the original patient
methods to estimate the patient-speci“c average dielectric progean B, 9] as well as average dielectric properties estimation
erties, as part of the breast imaging procés9|[In this paper, from a separate scan with additional hardwates] 11, 17].

A simpli“ed inverse scattering problem was used®irt¢ esti-

mate the average dielectric properties from the original back-

scattered signals. Time-of-"ight measurements were used to

National University of Ireland Galway, University Road, Galway, Ireland estimate interior properties in numerical studi@, [\Nhi|e

Corresponding author:

D. O-Loughlin promising multipath propagation measurements were used
Email:d.oloughlin4@nuigalway.ie in some experimental studie4, b, 11, 12].
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Radar-Based Breast Imaging: Focal Quality Metrics
as Fitness Functions

Declan O'Loughlin 1 @ Barbara L. Oliveira 1%, Muhammad Adnan Elahi 1@,
Martin Glavin 1@, Edward Jones 1, Milica Popovi¢ 2 and Martin O'Halloran 1
1 Electrical and Electronic Engineering, National University of Ireland Galway, H91 TK33 Galway, Ireland;
b.oliveiral@nuigalway.ie (B.L.O.); adnan.elahi@nuigalway.ie (M.A.E.); martin.glavin@nuigalway.ie (M.G.);
edward.jones@nuigalway.ie (E.J.); martin.ohalloran@nuigalway.ie (M.O.)
2 McGill University, Montréal, QC, Canada H3A 0G4; milica.popovich@mcgill.ca
*  Correspondence: d.oloughlin4@nuigalway.ie

Received: 26 October 2017; Accepted: 2 December 2017; Published: 6 December 2017

Abstract: Inaccurate estimation of average dielectric properties can have a tangible impact on
microwave radar-based breast images. Despite this, recent patient imaging studies have used
a fixed estimate although this is known to vary from patientt o patient. Parameter search algorithms
are a promising technique for estimating the average dielec tric properties from the reconstructed
microwave images themselves without additional hardware. In this work, qualities of accurately
reconstructed images are identified from point spread func tions. As the qualities of accurately
reconstructed microwave images are similar to the qualitie s of focused microscopic and photographic
images, this work proposes the use of focal quality metrics f or average dielectric property estimation.
The robustness of the parameter search is evaluated using experimental dielectrically heterogeneous
phantoms on the three-dimensional volumetric image. Based on a very broad initial estimate of the
average dielectric properties, this paper shows how these metrics can be used as suitable fitness
functions in parameter search algorithms to reconstruct cl ear and focused microwave radar images.

Keywords: biomedical electromagnetic imaging; microwave imaging; ultrawideband radar

1. Introduction

In recent years, microwave imaging has shown promising results in early breast imaging clinical
trials. In particular, an ongoing study with over 200 patients shows sensitivities equivalent to
mammography, and slightly higher than mammography in dense breasts [ 1,2]. Other studies have
analysed the variability of measurements of healthy volunteers over time-frames of two to eight
months and analysed the comfort levels of patients [ 3]. Previous studies have also shown for eight
patients with and without disease that the reconstructed images are consistent with the clinical history
of the patient [ 4].

In general, microwave radar imaging for breast cancer can be considered analogous to synthetic
aperture radar, where a synthetic aperture array of non-directional antennas sequentially illuminates
the imaging domain and backscattered signals are collected either at the transmitting antenna
(monostatic) or at the transmitting antenna and other receivers (multistatic). These backscattered
signals are then synthetically focused to points within the imaging domain and the energy of the
summed signal used as the intensity of the point. At points where dielectric scatterers are located,
coherent addition occurs resulting in a larger energy than the surrounding area.

This technique relies on a number of assumptions:

1. that suf cient contrast exists between cancerous and healthy tissues [5];

Sensorf017, 17, 2823; doi:10.3390/s17122823 www.mdpi.com/journal/sensors
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Abstract

Inthis paper, a new set of tumour phantoms for the experimental evaluation of Microwave Breast
Imaging(MBI) as a method to diagnose breast cancer is presented. The phantoms were based on
previously developed numerical models that had been clinically validated, supporting the
appropriateness of the phantoms for the development of experimental systems. The proposed tumout
phantom set was developed using polyurethane rubber with graphite and carbon-black powders and
isthe rsttoincorporate alarge number of different shapes and levels of spiculation to emulate
different levels of tumour malignancy. A series of spherical, non-spiculated targets was fabricated to
model benign tumours, and a series of targets with irregular shapes and increasing spiculation was
fabricated to model malignant tumours. The tumour phantoms can be combined with a variety of
breast phantoms fabricated with the same method, which are unique in their diversity of glandular
tissue content. The modular design of the phantom set allows for tumour and breast phantoms to be
dynamically combined, creating an experimental test platform for MBI with a total of 154 cases.
Moreover, the dielectric properties of the phantoms display good agreement with the literature, and
the phantoms are constructed using materials that have demonstrated stable properties over time.
Results also demonstrate how the shape and level of spiculation of a tumoungsrci@ microwave

re ections, and therefore impact the performance ofimaging and diagnostic systems.

1. Introduction The experimental evaluation of a prototype system
is a necessary precursor to its clinical use, as it helps to
Microwave Breast Imagir{yIBI) for the detection of examine system performance in representative, but
breast cancer has seen sigant research and com-controlled, real-word conditions. Laboratory phan-
mercial development in recent years. At the time @ms allow for an accurate assessment of key elements
writing, at least 4 experimental systems have alreaalysystem hardware and software, such as: perfor-
been tested with patientgl—7], with preliminary mance of the system in terms of repeatability, stability,
results indicating that MBI has the potential to matchesolution and Point Spread Functi¢®SH, and the
state-of-the-art breast screening methods. Howeveffect of experimental errors and noise in algorithmic
most experimental and clinical MBI studies havgerformance. In addition, laboratory phantoms can
focused primarily on the detection of tumours in thalso play a role in quality assurance of clinical MBI sys-
breast, and the diagnosis of tumours according to the#ms, as is common practice with other clinical ima-
level of malignancy is usually seen as a secondging method§13.
concern. In fact, while the automated diagnosis of Different examples of experimental phantoms for
breast cancer using MBI has already shown promigiee evaluation of MBI systems can already be found in
the vast majority of studies that have proposeate literature, e.g[14-27. The available phantoms
classication strategies for this purpose have beemostly differin the type of Tissue-Mimicking Material
tested only on numerical dgta-17. (TMM) used to recreate the properties of breast

©2018 0P Publishing Ltd
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Microwave Breast Imaging: Clinical Advances
and Remaining Challenges

Declan O’Loughlin
Edward Jones

Abstract —Objective:  Microwave breast imaging has
seen signi cant academic and commercial development in
recent years, with four new operational microwave imaging
systems used with patients since 2016. In this paper, a
comprehensive review of these recent clinical advances
is presented, comparing patient populations and study
outcomes. For the rst time, the designs of operational
microwave imaging systems are compared in detail.
Methods: First, the current understanding of dielectric
properties of human breast tissues is reviewed, considering
evidence from operational microwave imaging systems and
from dielectric properties measurement studies. Second,
design features of operational microwave imaging systems
are discussed in terms of advantages and disadvantages
during clinical operation.  Results: Reported results from
patient imaging trials are compared, contrasting the princi-
pal results from each trial. Additionally, clinical experience
from each trial is highlighted, identifying desirable system
design features for clinical use.  Conclusions: Increasingly,
evidence from patient imaging studies indicate that a
contrast in dielectric properties between healthy and
cancerous breast tissues exists. However, despite the
signi cant and encouraging results from patient trials,
variation still exists in the microwave imaging system
design. Signibcance: This study seeks to de ne the current
state of the art in microwave breast imaging, and identify
suitable design characteristics for ease of clinical use.

Index Terms —Microwave imaging, dielectric properties,
breast imaging.

M

|. INTRODUCTION

ICROWAVE imaging for biomedical applications has® e ) s
been researched for over forty years, and numerofiher than the transmitting antenna), monostatic acquisition

, Martin O’Halloran, Brian M. Moloney, Martin Glavin
, and M. Adnan Elahi

and 2016 suggest microwave imaging as a Opromising imaging
modalityO [2], [11], despite considerable research effort in
the intervening 40 years. A book chapter by Bolomey [14],
published in 2018, provides a detailed history and timeline
of microwave imaging for biomedical applications, including
comparisons to existing imaging modalities like radiography,
computed tomography (CT) and ultrasound. The chapter
identibes microwave imaging as being in a clinical acceptance
phase prior to a transition to clinical practice. The chapter also
suggests that the results of the operational microwave imaging
systems currently engaged in trials should be used as guidelines
to improve and modify microwave imaging systems with the
same clinical objectives.

As part of the clinical acceptance phase of imaging modal-
ity development identibed in [14], a number of clinical eval-
uations of microwave breast imaging systems have been
demonstrated in the literature [15]D[38]. Two of these sys-
tems are being used in on-going clinical trials [26], [34], one
of which is being developed commercially by Micrima Ltd
(Bristol, the UK). Another system is being developed com-
mercially by Microwave Vision Group (Villebon-sur-Yvette,
France) with clinical evaluation planned for the very near fu-
ture [39]. However, considerable variance in design exists be-
tween the operational microwave systems in terms of tech-
nical design parameters, patient interface and reconstructions
algorithms.

In terms of technical design, although most operational
ystems collect multistatic data (recording using antennas

reviews, books and editorials have been published on #gcording and transmitting using the same antenna) has

potential benebts [1]D[14]. However, reviews from both 1988
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en investigated in [27]. Backscattered data has been col-
lected as low as 0.5 GHz in [15] and as high as 9 GHz
in [38].

Although most operational systems require the patient to lie
prone on an examination table, some require the breast to be in
direct contact with a solid coupling shell [22], [38], while some
require the breast to be immersed in a coupling medium [19],
[27], [34]. A wearable system requiring no coupling medium
has been demonstrated [35] and a handheld system used to scan
the patientOs breast in the supine position, has very recently been
developed [33].

Clinical investigations with microwave imaging systems have
ranged in size from two patients with disease [38] to as large
as over 200 patients [24]. Patients undergoing neoadjuvant
chemotherapy have also been studied [19].

0018-9294 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Abstract: Confocal Microwave Imaging (CMI) for the early detection of breast cancer has been
under development for over two decades and is currently going through early-phase clinical
evaluation. The image reconstruction algorithm is a key signal processing component of any
CMI-based breast imaging system and impacts the ef cacy of CMI in detecting breast cancer. Several
image reconstruction algorithms for CMI have been developed since its inception. These image
reconstruction algorithms have been previously evaluated and compared, using both numerical
and physical breast models, and healthy volunteer data. However, no study has been performed to
evaluate the performance of image reconstruction algorithms using clinical patient data. In this study,
a variety of imaging algorithms, including both data-independent and data-adaptive algorithms,
were evaluated using data obtained from a small-scale patient study conducted at the University
of Calgary. Six imaging algorithms were applied to reconstruct 3D images of ve clinical patients.
Reconstructed images for each algorithm and each patient were compared to the available clinical
reports, in terms of abnormality detection and localisation. The imaging quality of each algorithm
was evaluated using appropriate quality metrics. The results of the conventional Delay-and-Sum
algorithm and the Delay-Multiply-and-Sum (DMAS) algorithm were found to be consistent with the
clinical information, with DMAS producing better quality images compared to all other algorithms.

Keywords: microwave imaging; ultra wideband radar; breast cancer; artifact removal; patient study

1. Introduction

Confocal Microwave Imaging (CMI) is an emerging imaging modality for the detection of breast
cancer. One important signal processing challenge in reconstructing high quality breast images using
CMl is the image reconstruction algorithm itself. An effective image reconstruction algorithm provides
an accurate localisation of tumours, while suppressing clutter due to healthy breast tissues and any
residual artifacts from preprocessing.

Several image reconstruction algorithms for CMI have been developed over the last two
decades [I-13]. These algorithms have been categorised as Data Independent (DI) beamforming
and Data Adaptive (DA) beamforming algorithms in the literature [  14]. Both DI and DA beamforming
algorithms are based on the principle of coherent addition of backscattered radar signals, which are
collected after illuminating the breast with Ultra-Wideband Radar (UWB) pulses. In Data-Independent
(DI) beamforming algorithms, coherent addition is performed based on an assumed propagation

Sensor®018 18, 1678; doi:10.3390/s18061678 www.mdpi.com/journal/sensors
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Sensitivity and Specibcity Estimation Using
Patient-SpecibPc Microwave Imaging in
Diverse Experimental Breast Phantoms
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Edward Jones", Milica Popovig and Martin OOHallorali

Abstract — Many new clinical investigations of microwave
breast imaging have been published in recent years.
Trials with over one hundred participants have indicated the
potential of microwave imaging to detect breast cancer, with
particularly encouraging sensitivity results reported from
women with dense breasts. The next phase of clinical trials
will involve larger and more diverse populations, including
women with no breast abnormalities or benign breast dis-
eases. These trials will need to address clinical ef cacy in
terms of sensitivity and speci city. A number of challenges
exist when using microwave imaging with broad popu-
lations: 1) addressing the substantial variance in breast
composition observed in the population and 2) achieving
high speci city given differences between individuals. This
paper analyses these challenges using a diverse phantom
set which models the variance in breast composition and
tumor shape and size seen in the population. The data
show that the sensitivity of microwave breast imaging in
breasts of differing density can suffer if patient-specic
beamforming is not used. Moreover, the results suggest
that achieving high speci city in dense breasts may be
dif cult, but that patient-speci c beamforming does not
adversely affect the expected speci city. In summary, this
paper nds that patient-speci cbeamforming has a tangible
impact on expected sensitivity in experimental cases and
that achieving high speci city in dense breasts may be
challenging.

Index Terms — Microwave, breast, evaluation and perfor-

mance, image reconstruction, analytical methods, image
quality assessment.

. INTRODUCTION

N RECENT vyears, a number of clinical investigations

Micrima Ltd. (Bristol, the UK). A competing system is
being developed commercially by Microwave Vision Group
(Villebon-sur-Yvette, France) ith clinical trials commencing

at the National University of Ireland Galway, Ireland [5].
The next phase of clinical trials will draw on the experience
of the earlier stage trials, and investigate the sensitivity and
speci city of microwave breast imaging in detail [6], [7],
including identifying the reconstruction algorithms which
achieve the highest sensitivity and speci city [8].

Although many books, reviews and open-source
implementations of microwave imaging algorithms have
been published [7], [9], [10], many practical challenges exist
in translating microwave imaging algorithms to the clinic,
broadly categorised as follows:

1) imaging living tissue with real blood ow and tempera-
ture changes [11];

2) patient positioning and movement [4], [12];

3) intrapatient variation due to the menstrual cycle,
hormonal changes and or weight differences [4];

4) interpatient variation in breast composition [13].

Challenges 1-3 have been previously analysed using results
from patient imaging studies with a variety of systems:

1) fast acquisition times (under a minute), reducing the
effect of variations [1], [12];

2) automated veri cation of position [1], [14];

3) signal and image variability using a wearable system
with healthy control subjects over a period of up to eight
months [4].

of microwave radar-based imaging have been publishefdwever, the importance of accounting for breast variability
[1]-[4]. Clinical evidence includes trials with over 200 patientin the imaging algorithms (Challenge 4) remains unknown
using MARIA® [1] which is being commercialised byand how this challenge can impact the expected sensitivity

. . and speci city of microwave raar-based imaging is examined
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OPTIMISATION OF CONFOCAL MICROWAVE BREAST IMAGES USING IMAGE FOCAL METRICS

O’Loughlin, D. *, Glavin, M. %, Jones, E. !, O'Halloran, M. 1.
1 National University of Ireland Galway
email: d.oloughlind@nuigalway.ie

INTRODUCTION

Microwave Breast Imaging (MBI) is a promising
emerging method for breast cancer screening. MBI
relies on a contrast between the dielectric properties of
cancerous and healthy tissues at microwave frequencies
(Hagnesset al, 1998). The current standard for breast
cancer detection is X-ray mammography, which is
limited both in terms of sensitivity, specificity and the
dangers associated with ionising radiation. In
comparison, MBI uses low-power non-ionising
microwave radiation to identify the presence and
location of breast cancer. Additionally, MBI does not
require the uncomfortable compression of the breast
associated with X-ray mammography, and is
potentially very low cost.

A key factor in generating a clear and focused MBI
image of the interior of the breast is estimating the
average permittivity of the breast. The average
permittivity of the breast varies between patients, and
can have a significant effect on the quality of the
reconstructed image. Early MBI algorithms used
published estimates of the dielectric properties (Fear
and Stuchly, 2001) to create images. However, as MBI
systems move towards early-stage clinical trials, this is
insufficient. One potential method to estimate the
patient-specific average permittivity involves the use of
image focal methods.

This paper discusses the use of focal quality metrics to
independently evaluate the quality of the microwave

image, and whether this approach can be used to
estimate the dielectric properties@patient'sbreast.

MATERIALS AND METHODS

Focal quality metrics (FQMs) have been used in
autofocus (Russell and Douglas, 2007) and shape-from-
focus (Pertuzt al, 2013) applications to objectively
measure image quality. In general, FQMs operate by
estimating the high frequency content of the image in
guestion (Groeret al, 1985).

FQMs can be broadly subdivided into categories based
on their method of action as identified in a recent
review (Pertuzet al, 2013): gradient-based, laplacian-

based, wavelet-based, fourier-based and statistic-based.

In this paper, one FQM from each category was
evaluated as a potential method to automatically
estimate the patient specific dielectric properties of the
breast.

40| Bioengineeringin Ireland??

RESULTS AND DISCUSSION

Preliminary results indicate that FQMs can be used to
objectively measure the image quality and in turn
estimate the patient-specific dielectric properties.
Sample images showing the importance of this
permittivity value are shown in Figure 1. These results
suggest that FQMs are valuable for estimating this
value, but further work needs to be completed to
evaluate the optimum FQM in more complex scenarios
in three-dimensional breast imaging.

(a) (b)

Figure 1 Sample images of the breast generating using
confocal microwave imaging. 1(b) shows the image gerterate
using an accurate estimation of the dielectric ptiggrwhere

the tumour is clearly identifiable in the red circl¢a) shows

an image of the same breast with an inaccurate estimeti
the dielectric properties; the tumour is in the inecrifocation
and obscured by noise in the image.
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Estimating Average Dielectric Properties for
Microwave Breast Imaging Using Focal Quality
Metrics

Declan O'Loughlin, Finn Krewer, Martin Glavin, Edward Jones, Martin O'Halloran

Abstract—Confocal Microwave Imaging algorithms syntheti- is often a considerable difference between these published
cally focus backscattered radar signals to create an image of values and the patient-speci c average dielectric properties.
the breast. Spatial focusing is achieved by delaying the received This difference in estimated average dielectric properties re-

signals by the round-trip propagation delay to the voxels of Its i . t estimati f th .
interest. A key component in calculating propagation time is Sults In-an incorrect estimation o € average microwave

a good estimate of the average dielectric properties of the Propagation speed, and therefore a poorly reconstructed CMI
breast, because the accuracy of the reconstructed image variesbreast image. Improved performance was demonstrated in [11]
signi cantly with the value of average dielectric properties used. where the average dielectric properties of the interior of the
This paper investigates the use of focal quality metrics 10 1y a55t were calculated from the backscattered signals using
estimate the optimal average dielectric properties to use to . . ) .
reconstruct an image of the breast. Focal quality metrics have inverse scattering. Time-of- ight measurements were used to

|0ng been used to nd Opuma”y focused images in microscopy estimate interior propertieS in numerical Studies [12], while
and camera systems without prior knowledge of the imaged promising multi-path propagation measurements were used in
object's location or texture. In this paper, ve common focusing some experimental studies [13], [14].

algorithms from autofocus and shape-from-focus applications — paher than adding an additional step to the microwave
are compared to investigate whether these focal quality metrics

can be used to estimate the patient-specic average dielectric Préast imaging procedure to estimate the microwave prop-
properties. agation speed, the authors propose the use of focal quality
Index Terms—focal quality metrics, microwave imaging, breast Metrics (FQMs) to optimise the assumed average dielectric

cancer detection, autofocus techniques, biomedical imaging prop_er_ties. The FQM_S presented in_this paper are anqused to
see if image quality is correlated with a well-focused image.

If good correlation is established, then there is potential to
use the FQM as a method to ne-tune the average dielectric

Microwave imaging exploits dielectric contrasts betweeggtimate, and consequently to optimise the microwave breast
cancerous and healthy tissues at microwave frequencies;

detect breast tumours. Confocal Microwave Imaging (CMI) is The.remainder of the paper is structured as follows: Sec-

one widely used method to convert the microwave re ectiong,, || gescribes the FQMs used and the rational for their
into usgful images of the breast [j:]—[8], CMI beamformer§e|ection; Section Il describes how the chosen FQMs are
synthetically focus backscattered signals from each voxel Naluated in terms of tness and the images on which they

the imaging area successively to construct an energy proje, snajysed: Section IV describes the results and Section V
of the breast. Regions of high energy in the resultant imagesnciudes the paper

suggest the presence of a signi cant dielectric scatterer (i.e.
a tumour). This image reconstruction technique is based on a I
number of assumptions [9], primarily:

that suf cient contrast in dielectric properties exists be- !N this paper, ve FQMs were described and compared.

I. INTRODUCTION

. FOCAL QUALITY METRICS

tween healthy tissues and tumours; FQMs can broadly be divided based on their method of action,
that the dielectric properties of the breast are such trfd one metric from each of the families identi ed in a recent
coherent addition can occur at scatterers: review of FQMs were chosen in this paper [15]. In general,

and that representative average dielectric properties daRMS operate by estimating the high-frequency spatial content

be found which can be used to estimate propagatiéhthe image [16].

delays and synthetically focus signals.
Many different methods have been used to estimate the aver‘g‘geG
dielectric properties to ensure a clear and focused imageApproximations to the rst derivative or gradient of the
of the breast can be formed. Originally, published dielectrimage have been widely used as FQMs, [15], [17]-[22].
properties of adipose tissues were used [1], [2], [5], [6Fhe rst-order difference of the image is commonly used
[8], [10]. Others considered the skin and immersion mediuras a computationally ef cient estimation of the rst spatial
but still used published values of dielectric properties aferivative, and is used in this work. The absolute value of
adipose tissues for the breast interior [3], [7]. However, thetke gradient is analysed here, which is commonly used as a

radient-based focal quality metric §)
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ADAPTIVE MICROWAVE BREAST IMAGING: EXPERIMENTAL PERFORMANCE EVALUATION

27/RXJKOLQ ' 20OLYHLUD % / *ODYLQ O -RQHV (
Electrical and Electronic Engineering, National University of Ireland Galway.
email: d.oloughlin4@nuigalway.ie

INTRODUCTION located, only 35%); compared to 70% for the adaptive

. ) ) . algorithm.
Microwave Breast Imaging has seen increased use in

early stage clinical trials in recent years, for example, a
commercial system has now imaged over 200 patients i
an on-going clinical trial (Bannister, 2016). The trial has
indicated microwa® imaging may be a low-cost, safe
and comfortable methodology for asymptomatic breast’
cancer screening.
Microwave breast imaging researchers are now focusing \
on translational challenges and the intended use of >
microwave imaging in the clinic. For example, the %
breast is known to vary from patient to patient, both in | 1553_
terms of size and shape, but also tissue composition an« N
associated dielectric properties (Lazebnik, 2007).

An estimate of the breast dielectric properties is a key
parameter affecting the image quality of microwave
radar-based breast images 2 /RXJKOLQ
However, all clinical trials to date have used a single
average dielectric properties estimate for all patients,
despite the variance of this parameter and the known
adverse effect on image quality.

This work looks at the potential impact af adaptive
microwave breast imaging algorithom overall system

performance, estimating the average dielectric _. dd) ) _(e) . .
properties on casey-case basis. Figur (@) The experimental microwave breast imaging

system at NUIG; (b) interior of a breast phantom wi€@®6l

MATERIALS AND METHODS glandular structures by volume and (c) the tumour fisaglged
in this study; (d) and (e) show the images for then2t

The breast was modelled using rebbased breast  diameter tumour in the phantom shown in (b) reconttciby
phantoms (Garrett 2015). Four were manufactured, the adaptive imaging algorithm and a single estimate
modelling different breast radiographic densities and respectively. The tumour is clearly visible in (d) bat im (e).
average dielectric properties as would be expected in thep|SCUSSION

population. Fig. 1(b) shows a sample phantom with 10%

glandular tissue by volume. Five tumours of between 5 This study indicates that an adaptive beamformer that
mm and 20 mm in diameter were also modelled, shown estimates the average dielectric properties on alpase-
in Fig 1(c). case basis can improve system performance. An
Microwave backscattered data were collected using an incorrect average dielectric properties estimate can
experimental prototype at NUIG, shown in Fig 1(a). A results in lower image quality and higher false
parameter search algorithm was used to estimate thenegatives. Increasingly, microwave breast imaging is
average dielectric properties for the adaptive imaging being tested clinically in patient imaging trials, and
algorithm. The image quality and tumour localisation these results suggest that an adaptive algorithm can have
accuracy using the adaptive imaging algorithm were a tangible impact on image quality and tumour
compared to the image quality using a best-case singledetection.

estimate. REFERENCES

RESULTS Bannister, BSBR Breast Imaging Research Network
Using an adaptive imaging algorithm, 14 tumours are Workshop, Manchester, UK, 2016.

located (70%) with a mean sigrtakclutter ratio (SCR) ~ Lazebnik et al, Physics in Medicine and Biology,
of 3.2 dB (meaning the magnitude of the tumour 52:6093-6115, 2007.

response in the image is 3.2 dB higher than any other 2 1/R X J l¢tGal, @hternational Journal of Microwave
response in the imageln comparison, when using a  and Wireless Technologics, 9:1365-1372, 2017.

single average dielectric properties estimate for all Garrett et al, IEEE Transactions on Antennas and
cases, 12 tumours are found (60%), with a mean SCR of Propagation, 63:1693-1700, 2015.

1.9 dB; 1.3 dB lower than for the adaptive algorithm.

Additionally, overestimating the average dielectric

properties by 10% means that only 7 tumours are

14 cm

Bioengineering in Ireland?*, January 26-27, 2018
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APPENDIX C. CONFERENCE PUBLICATIONS ARISING FROM THIS
THESIS

C.7 Advantages and Disadvantages of
Parameter Search Algorithms for
Permittivity Estimation for Microwave
Breast Imaging

This conference paper was presented at theLEuropean Conference on
Antennas and Propagation (EuCAP) in Kralow, Poland in 2019.
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