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To all women
Since women’s health care should be harmless and painfree



Reconstruction of Microwave Tomography for Breast Cancer Detection
Evaluation of a Discrete Dipole Approximation Method

EMELIE BJORKMAN

Department of Electrical Engieering

Chalmers University of Technology

Abstract

Breast cancer is the most prevalent cancer worldwide, a [edting mostly women but
men as well. The survival rates have increased dramatically over the last 50 years,
primarily due to early detection protocols and enhanced treatment options. How-
ever, today’s screening techniques consisting mainly of x-ray mammography is both
uncomfortable and contains harmful radiation. Depending on the breast type, it
is also common with both false positives and fully omitted small tumours. Recon-
struction using microwave tomography is a promising alternative, but is computa-
tionally heavy requiring tens of hours to reconstruct a single image and expensive
hardware accurately collect the data. In this thesis, an approach using a discrete
dipole approximation has been evaluated and compared to results from electromag-
netic simulations in COMSOL Multiphysics as well as results from a finite-di Lerence
time-domain method. The suggested dipole method for reconstruction is a continu-
ation of work conducted at Chalmers in collaboration with Dartmouth. The results
are positive, indicating good detection for small objects, especially those with higher
dielectric properties than the background material, which are exactly those objects
omitted with traditional screening. The reconstruction of these objects are also
good. However, for larger objects, especially those with lower dielectric properties
than the background, and for more complex geometries, more evaluations needs to
be performed.

Keywords: breast cancer, imaging techniques, microwave tomography, discrete
dipole approximation, forward solution.
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1

Introduction

Breast cancer is the most incident and prevalent cancer in the world, having recently
surpassed lung cancer on the list [1, 2]. The disease a ects both men and women,
however, in 2020 alone 2.3 million people were diagnosed globally, out of which
more than 99 % were women [3]. Breast cancer alone stands for 25 % of all cancer
diagnoses for women and out of the 2.3 million diagnosed patients almost 700 000
died from the disease, that is over 30 % [1, 2]. The prevalence after ve yearsis 7.7
million, meaning at least that many women are in this now living every day with
breast cancer [1, 2]. The cancer arises in the broglandular tissue of the breast and
what starts of as a non-symptomatic and non-threatening condition will with time, if
left untreated, progress into a life threatening situation through the metastasising of
the cancer to surrounding tissue and eventually even organs [1]. Our more Western
life-style, with e.g. less exercise and increased alcohol consumption, could be a
great cause behind the increased incidence and lowered average age of initial illness
in recent years [4]. The incidence is higher in industrialized countries than it is in
many countries in Asia and Africa [4]. It has also been seen in e.g China that the
incidence has increased accordingly with the adaption of the Western living standard
[4]. Considering the high incident for breast cancer, the mortality rate is however
relatively low compared to other cancer types. This could be explained with the
technical development and increased medical understanding, leading to regulated
screening protocols and enhanced treatment options in the last 50 years [5]. Several
reports have proved that the single most important factor for long-term survival is
early detection [1, 4, 6]. If the disease is identi ed early, the chances of treatment
being e ective is highly increased [1]. A woman in Europe has on average an 11 %
risk of developing breast cancer but in high-income countries, the survival rate ve
years after diagnosis is 90 %, while it's only 66 % in India and as low as 40 % in
South Africa [1, 4]. This proves early detection and treatment is key and should
be applied globally [1]. In high-income countries the annual breast cancer mortality
has been reduced by 2-4 %, and if this were to be the case worldwide, the lives of
around 2.5 million women could be saved in the next two decades [1].
Mammography is the most common screening method and is o ered to all women
over the age of 40 in most high-income countries [3]. However, though being the
primary screening method it has well documented weaknesses when it comes to
sensitivity and speci city [6]. Mammography is also considered uncomfortable and
even painful [3]. It is time for an a ordable, easy, pain free and harmless screening
method. Microwave imaging is proving to be a promising alternative for breast
cancer detection, using electromagnetic waves with frequencies around 500 MHz - 3
GHz [5, 6, 7]. The morphology of breast tissue seems ideal for microwave imaging
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1. Introduction

given that the dielectric properties, such as permittivity and conductivity, of adipose
tissue are lower than that of broglandular tissue, which in turn are often lower
then that of tumours [6]. Notwithstanding its performance the screening method
still remains mainly academic, gaining little clinical acceptance [6]. The reasons for
this are partly hardware and partly software related. It is hard to collect accurate
data and it takes tens of hours to reconstruct a single image from said data [6].

In an ongoing collaborating project at Chalmers University of Technology and
Dartmouth Collage, electromagnetic measurement systems are being developed for
breast cancer detection using microwave tomography image reconstruction. Several
di erent forward solution methods as well as reconstruction algorithms have been
used with successful results. The technology works, however the computational load
remains an obstacle. A PhD candidate, Samar Hosseinzadegan, at Chalmers in the
Biomedical Electromagnetics group, developed a new fast 2D reconstruction algo-
rithm for these electromagnetic measurement systems, based on a discrete dipole
approximation method. This algorithm can reconstruct images in less than 3 min-
utes and have been proven to work good with only 20 iterations for objects with
r < 2 cm and dielectric properties close to the background. However, the accuracy
of the reconstruction algorithm needs to be tested on more input data, for larger
sizes, more deviating dielectric properties as well as more complex geometries.

1.1 Aims

The aim of this thesis has been to validate and evaluate accuracy of the fast 2D dis-
crete dipole approximation method as a numerical forward solution algorithm used
to reconstruct images for breast cancer detection. In order to further explore the lim-
itations in computational resources required to reconstruct images for breast cancer
detection using Chalmers' and Dartmouth's microwave tomography measurement
systems, input data has been simulated to explore the e ect of an object's size,
dielectric properties, as well as geometric complexity. Di erent forward solution
methods have been applied to generate the input electromagnetic elds used in the
reconstruction algorithm. These di erent forward solutions have also been compared
to one another to establish the reliability of the discrete dipole approximation.

1.2 Scope

In this thesis only the accuracy of the 2D discrete dipole approximation with re-
spect to size, dielectric properties and complexity of the objects have been investi-
gated. The physical settings have been considered to be xed, as has the dielectric
properties of the background. The implementations of the forward solutions and
reconstruction algorithm has not been altered with either, aside from the number
of iterations.



2

Theory

In this chapter a description of the relevant parts of microwave tomography is given,
including breast anatomy, biological electromagnetics and the reconstruction algo-
rithm.

2.1 Breast Anatomy and Cancer Formation

The female human breast consists of two main types of tissue: adipose (fat) and
broglandular (connective tissue and glands) [7]. The ratio between adipose and
broglandular tissue in the breast varies a lot between individuals, from nearly
100 % adipose to nearly 100 % broglandular tissue [4]. Breasts can be medically
categorized into four groups depending on their broglandular densityfatty (almost
entirely fat), scattered (scattered regions of broglandular tissue)heterogeneously
dense(mostly broglandular tissue) and extremely densebreasts (almost no fat),
see Figure 2.1 [7, 8, 9].

Figure 2.1: The formation and di erences between the four breast types [10].

Breast cancer can occur with both men and women, but only around 0.8 % of all
cases are men [2, 5]. Typically, cancer and tumours are the result of gene mutations

3



2. Theory

causing uncontrolled, irregular and chaotic cell growth and cell division [5]. Tumours
can occur in both the adipose and broglandular breast tissue but primarily a ect
the glands including the lobules and ducts [5]. Depending on the growth pattern
(invasive or non-invasive) and location (ductal or lobular) of the cancer, it can
be categorized into four main kinds:non-invasive ductal carcinoma, non-invasive
lobular carcinoma, invasive ductal carcinoma and invasive lobular carcinomahere
invasive ductal carcinoma is the most frequently occurring type.

2.2 Risk Factors

There are several risk factors for women developing breast cancer, including genetics,
reproductive and hormonal changes, life style, demographic, environment and age
to mention a few [4, 5]. Genetics, ageing and reproductive factors are simply facts
of life, though it has been seen that women with a late onset of menarche or early
onset of menopause have a decreased risk of developing breast cancer, as do women
who bear children and especially those who breast feed their babies [4]. On the other
hand, our increased Western living standards have been proved to increase the breast
cancer risk; less exercise, obesity, alcohol consumption and even disturbed sleeping
patterns and decreased production of melatonin due to arti cial light have all proved

to have negative e ects on our health [4].

Breast cancer has been proven more common in dense breasts than in fatty ones,
and the risk increases the denser the breast [9]. Those with dense breasts have
a 4-6 times higher risk of getting breast cancer than those with a high adipose
ratio [3]. Almost half of all mammograms performed on women over the age of 40
showed dense breast types (40 % dense, 10 % extremely dense) [3, 9]. The density is
important in the detection of tumours [7]. Tumours, lesions and calci cations have
apparent similarities to glands and pathological breast alterations, making them
hard to identify in denser breast types using traditional mammography, since they
all appear as white regions [7, 9]. The lack of adipose tissue and high ratio of
broglandular tissue in heterogeneously dense breasts and extremely dense breasts
lowers the sensitivity of mammography and small masses may be obscured [8].

2.3 Breast Cancer Screening Techniques

There are a number of methods to examine the breasts in search of cancer, monitor
treatment progress and determine tumour development, including x-ray mammog-
raphy, magnetic resonance imaging (MRI), computerized tomography (CT) and po-
sition emission tomography (PET) [5]. Additionally, new methods such as digital
breast tomosynthesis, contrast mammography, and contrast-enhanced MRI can also
be used in both screening and diagnosis [11].

2.3.1 X-ray Mammography

X-ray mammography is the primary routine screening method for detecting breast
cancer and is recommended to all women between the ages of 40-74 in Sweden, 50-
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2. Theory

74 in USA and 50-69 in Canada, since early detection has proven vital [3, 12, 13].
Mammography is performed using an x-ray machine in order to detect and treat
breast cancer at an early stage, the operating principle being visualizing the grey-
scale contrasts between di erent breast tissues [3, 5]. A camera photographs the
inside of the breast while a plate is pressing down and squeezing the breast, creating
2D projections of the breast from two angles: craniocaudal (top-bottom view) and
mediolateral oblique (side view) [3, 5]. In the case of detecting a suspicious mass,
additional craniocaudal views or spot compression may be taken [5]. Firm and even
compression is needed to ensure high contrast and good resolution, but it also causes
the patient discomfort or even pain [5].

The advantages of mammography is that regular examination leads to early de-
tection which reduces the risk of metastasis, increases the chance of full recovery,
milder treatment and even reduces the mortality by breast cancer with as much
as e.g. 20 % in Sweden [3]. Using mammography, tumours can be detected while
they're still too small to be felt and up to 70 % of all breast cancer occurrences are
detected by mammography [3]. About 80 % of breast cancer diagnoses happen after
the age of 50 and therefore in Sweden the screening is a free and voluntary service
o ered to all women of the ages 40-74 every 18-24 months [3]. There are however a
few drawbacks of mammography, aside from the physical and psychological pain and
discomfort, such as false positives, where a harmless change in the breast is classi ed
suspect leading to further investigation and unnecessary worry [3]. Another issue is
that it is hard to identify tumours in dense breasts from a x-ray image, especially
with younger women [3]. There are also some kinds of tumours that are less visible
in images and are therefore sometimes missed [3].

2.3.2 Complementary Methods

MRI, CT and PET are the most common complementary screening methods, most
often applied when a suspicious mass have been detected using mammography. MRI
uses strong, non-ionizing magnetic elds for imaging and if given the indication
that cancer might have evolved, MRI can be used for further examination [3, 5].
Breast MRI is the most sensitive screening method for both invasive and non-invasive
cancers and the use of MRI is increasing due to its reliability [14]. It is especially
becoming the go-to imaging method for women with dense breast or those with an
intermediate to high risk of developing breast cancer [5, 14]. MRI is however a very
expensive screening method and many radiologists still lack the expertise to fully
interpret the results, which is why it is not yet widely used [5, 14].

CT uses x-rays to create cross-sectional images [5]. The detectors encircle the
whole body and measures the projections from multiple angles [5]. CT scanners
can resolve objects less than 1 mm in size [15]. PET measures the radioactivity
caused by decay of an injected radioactive labelled molecule [16]. When the injected
radiotracers decays it emits positrons, which travels a short distance before colliding
with electrons, producing two -rays [16]. It is these -rays that are detected by
the PET scanners, and out of which detailed images are recreated of the radiotracer
distribution in the body [16]. In similarity with CT, images are created using detec-
tors encircling the body [5, 11]. PET scans often appear blurry compared to MRI
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2. Theory

and CT, due to the low amount of photons that can be measured during an imaging
session [15]. Another reason for this is that PET scanners cannot correctly resolve
objects less than 4-5 mm, and in practise it is actually closer to 10 mm [15].
Palpation is the non-technical method of simply feeling through the breast with
ones ngers [3]. Another method is ultrasound, which is commonly used as a com-
plementary screening to mammography [3]. All of the above are non-invasive ex-
amination options. If a suspect change in the breast is discovered with any image
diagnostics, a biopsy of a tissue sample can be taken to be examined in a microscope

[3].

2.4 Microwave Tomography

The research and applications of medical imaging is increasing due to unique charac-
teristics such as it being an non-invasive method with possibly high sensitivity and
speci city, together with the wide applicability range, and microwave tomography
(MT) is no exception [6]. It is becoming a recognized new screening method world-
wide [17]. MT systems typically operate with frequencies between 500 MHz and 3
GHz and uses scattered electric eld data to reconstruct dielectric distributions [5].

At microwave frequencies there has been a proven contrast in the dielectric prop-
erties between di erent kinds of tissue, especially adipose, broglandular and ma-
lignant, which strongly motivates the use of MT in breast cancer detection [17]. For
a low water-content tissue such as breast tissue, the contrast between healthy tissue
and malignant can be in the range from 10 % up to as high as 400 % [6]. How-
ever, too large of a property contrast has been a hurdle for MT and kept it at the
developing stage [18]. Otherwise, MT meets several of the market demands, such
as being harmless, user-friendly, accurate and economical, the downsides being that
the reconstruction requires extensive computational time [17].

It is somewhat important to dier between tomographic imaging and projec-
tion imaging, such as mammography. Tomographic imaging utilizes data collections
from multiple angles to reconstruct a cross-sectional image, while projection imaging
uses direct transmitted radiation [7]. Tomographic imaging is therefore more com-
putationally heavy but it also has the ability to illustrate distributions along the
propagation direction and thereby presents the possibility to capture the relative
depth between objects, see the distinctions in Figure 2.2 [7].

Figure 2.2: lllustration of the di erence between projection imaging and tomo-
graphic imaging.



2. Theory

2.4.1 Physical Measurement System

In order to reconstruct 2D images, a set of 16 monopole antennas, each working as
both transmitters and receivers, are placed with even spacing in a circle of radius

7:62 cm, starting at =2 counting clockwise, see the exact positions in Figure 2.3
and Table 2.1 [5, 7]. Monopole antennas have numerous advantages, including that
their small pro le only slightly disturbs the the eld patterns [6]. In sequence they
transmit an electromagnetic wave that propagates through the tissue of the breast.
The measurements are collected by the remaining 15 antennas. Those close to the
radiator primarily measure the waves re ected o tissue surfaces while the opposing
antennas primarily pick up the transmitted waves [7]. Dielectric properties of the
transilluminated tissues can be gathered from the multi-view scattered intensity and
phase distributions [6].

The antennas are placed inside a cylindrical tank of radius = 13:95 cm, lled
with a biologically sterile glycerine and water based coupling medium [6, 7]. A highly
attenuating coupling medium e ectively diminishes eld interactions between struc-
tures such as surface waves and unwanted e ects from multi-path signals, making
sure the received signals are dominated by waves that have propagated through the
image domain [6, 7]. The coupling medium also works to lowers the contrast be-
tween the breast and surrounding by having dielectric properties closer to that of
breast tissue than air [7]. The mixing ratio should be adjusted to best t the breast
composition; a volume percentage of 80 % glycerine and 20 % water is often used
for dense breasts, while a fattier breast is better matched with 86 % glycerine and
14 % water [6, 7]. A detailed description of measurement system can be found in
[6, 7].

Antenna | x [m] y [m]
1 -1.3998e-17 -0.0762
2 -0.02916 -0.0704
3 -0.053882 | -0.053882
4 -0.0704 -0.02916
5 -0.0762 9.3318e-18
6 -0.0704 0.02916
7 -0.053882 | 0.053882
8 -0.02916 0.0704
9 4.6659e-18| 0.0762
10 0.02916 0.0704
11 0.053882 | 0.053882
12 0.0704 0.02916
13 0.0762 0
14 0.0704 -0.02916
15 0.053882 | -0.053882
16 0.02916 -0.0704

Figure 2.3: The illustrated numbering Table 2.1: The numerical numbering
and placing of the 16 antennas. and placing of the 16 antennas.



2. Theory

2.5 Electromagnetics of Biological Tissue

In order to solve the forward problem of tomography, which requires extensive
computation, some understanding of fundamental electromagnetics is required [17].
Throughout the following sections the conventiorx; x is used to represent vector
and matrix notation respectively.

2.5.1 Electromagnetic Field Theory

The physical interactions between elds, uxes and material properties can be de-
scribed by Maxwell's equations and the complex form of these in the frequency
domain are expressed as,

r D= (2.1a)
r B=0 (2.1b)
r E= 1iIB (2.1¢)
r H=J+1D; (2.1d)

whereD is the displacement eld,B is the magnetic ux density, E is the electric
eld, H is the magnetic eld and J is the current density [19]. Looking at the
parametersi is the imaginary unit, ! is the frequency and is the charge density
[19].

= o Is the permittivity (free-space and relative) and = | is the perme-
ability [19]. From here on , =1, since all relevant materials are non-magnetic. By
using the following constitutive relationships,
D=E (2.2a)
B= H (2.2b)
J= E: (2.2¢)

the displacement eld, magnetic ux and current density in Equation (2.1) can be
substituted [5, 19]. This gives a new form for the Maxwell's equations when there
Is no free charge nor current present,

r (E)=0 (2.3a)
r (H)=0 (2.3b)
r E= 18 H (2.3c)
r H=Ii E: (2.3d)

Taking the curl of Equation (2.3a) and inserting it into Equation (2.3b) results in,

r (r E) rZ%E=KkE; (2.4)
where k? = 12 s the squared wavenumber, representing energy absorbing in
material [5]. Remembering ; =1 it becomes

K2=12 4 +il o: (2.5)
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Insertingr E =0 (zero charge density) into Equation (2.4) results in the Helmholtz
equation,
r’e k®E =0; (2.6)

which is a necessary equation in order to solve the forward problem in inhomogeneous
image domains, described in Section 2.6 [5].

2.5.2 Scattering

The Helmholtz Equation (2.6) can be divided into incident eld,E;,., and scattered
eld, Escat, such that,
Etot = Einc + Escat: (2-7)

This is useful when an incident eld hits a scattering object, as seen in Figure 2.4
[5]. The problem of determining the scattered electric eld due to the object, when
the incident eld and dielectric properties of the background,,; , are known, then
becomes Equation (2.7). This is done in a bounded regidh RY;d=2;3[5].

Figure 2.4: Domain of interest for determining the scattering eld of an object.

2.5.3 Single-pole Cole-Cole Equation

The combination of permittivity and conductivity is often used to describe sev-
eral dielectric properties in materials, such as electric loss and polarizability [7].
Said properties are also frequency dependent, which is why relaxation models have
been developed to ease the understanding of that relation [7]. This knowledge is
fundamental e.g. when creating phantom studies and tissue-mimicking mixtures.
Cole-Cole models are relaxation models commonly used as physics-based compact
representations of wideband frequency-dependent dielectric properties to describe
the relaxation of said properties in polymers [20]. It has been proven that in the
frequency range 0.5-20 GHz a single pole Cole-Cole model,

()= + (2.8)

1+ -
1+(it ) il o
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is su cient to t the dielectric properties of tissue [20]. The Cole-Cole parameters
1 = s 1, s and are estimated from experimental data [20]. The
single pole model consists of a real and an imaginary part,

(1)= ¢ o+i—=Re()+ilm(): (2.9)
0-

The real part is the frequency dependent dielectric constant and the imaginary part
is the frequency dependent dielectric loss, which can be converted into the e ective
conductivity ¢ (! ) =" o.

2.6 Reconstruction Algorithm

The fast 2D electromagnetic reconstruction algorithm developed by Hosseinzadegan
[5], can be divided into two main parts:the forward solutionandthe inverse problem
The forward solution predicts the electromagnetic propagation in a domain where
the initial conditions, boundary conditions and the dielectric parameters are known.
The inverse problem uses a model for scattering during electromagnetic propagation
to recover the dielectric properties of a domain. Its main objective is to minimize
the di erence between measured data and the computed forward solution. The
algorithm updates the dielectric properties in each iteration until the convergence
criteria is ful lled. The inverse problem requires these computationally expensive,
iterative, optimization algorithms when applied to MT, due to the large property
contrasts between tissues. An universal overview of the reconstruction algorithm is
given in Figure 2.5.

The forward solution is calculated in each iteration of the reconstruction algo-
rithm, making it the main computational load. Therefore the forward solution
algorithm plays an important role in the total computational complexity and time.
The fundamental electromagnetic equations described in Section 2.5.1 can be solved
using multiple di erent numerical methods, including the discrete dipole approxi-
mation, nite-di erence time-domain and nite element methods.

2.6.1 Discrete Dipole Approximation

The discrete dipole approximation (DDA) is built on the idea of replacing an object
with an array of dipoles and can be used to calculate scattering properties for an
arbitrarily shaped object [5]. According to Hosseinzadegan [5], the image domain,
D, is represented by an array of dipoles in equally spaced cellsD;, such that,

D= Ilim Di: (2.10)

An electrical line source is used to create the electrical incident eld;,.. The de-
scriptions of the incident eld, scattered electrical eld,Eq., and the total electrical
eld, E«t, at any dipole location, r;, a distanceR; from the transmitting antenna,

10
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Figure 2.5: An universal overview of the reconstruction algorithm.

Is represented as,

Io!
Einc(ri) = 04 OHé(kb)Ri
X
Escar(ri) = Gj Py
j=1j6i
Etot(ri) = Einc(ri)+ Escat(ri):

(2.11a)

(2.11b)

(2.11c)

Here the constantslg;!; o and k, are the current amplitude, frequency, free-space
permeability and background wavenumber respectivelyH? is the zero-order, sec-
ond kind Hankel function. G is the dipole interaction matrix, originating from the

Green's function for the 2D Helmholtz equation, describing the interaction between

two dipoles located atr; and r; respectively,

[
Gij = ZHg(kbl’ij ):

(2.12)

Finally, P is the polarization, representing the, assumed to be constant, material
properties at each dipole location. Furthermore, the polarization is proportional to

11
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the free-space permittivity, o, the susceptibility and E; on a macroscopic level
(Eg. (2.13a)). It is also proportional to the number of molecules per unit volume,
N, o, the polarizability term, , and the microscopic electric eld sensed by each
molecule,E o, on a microscopic level (Eq. (2.13b)),

P/ o Ew (2.13a)
P/ N o Epe (2.13b)

A full description of the 2D DDA algorithm can be found in [5].

2.6.2 Finite-Di erence Time-Domain Method

The nite-di erence time-domain method (FDTD) is a frequently used numerical
method in microwave problems [5]. It is a grid-based, time-domain, numerical anal-
ysis technique able to cover a wide range of frequencies in a single simulation run,
often used in computational electrodynamics [21, 22]. This di erential numerical
model solves the Maxwell equations, see Equation (2.1), on a mesh, without any
physical approximation, includes the e ects of transmission, re ection, absorption
and scattering, and compute€ and H in all three spatial dimensions [21, 22]. The
developed FDTD algorithm used is an iterative gradient-descent based model and,
similarly to the DDA algorithm, computes the forward solution in each iteration
and uses the residuals between computed and measured data to adjust the compu-
tational domain [7, 23]. Said domain is a Debye relaxation model, whose adjustable
parameters are given in the single-pole Cole-Cole Equation (2.8) [7, 23]. A full
description of the FDTD algorithm can be found in [24].

2.6.3 Finite Element Method

The nite element method (FEM) is a popular numerical solver used in forward
problem solving where the principle is to divide the image domain into smaller
domains in the shape of triangles in 2D or tetrahedrons in 3D [25]. FEM is a great
method to use when dealing with complex, arbitrary geometries. It has the power
to nely disceretize oddly shaped objects and surrounding areas, all while keeping
the homogeneous zones more coarsely mapped without losing accuracy. FDTD and
FEM are comparable in 2D, but in 3D FEM usually requires a lot more memory
and CPU time [5]. FEM uses linear polynomials on each of the meshes to express
the electrical eld in the domain, and a ner mesh leads to more equations [5].
The computational complexity therefore grows the ner the mesh is, but that is also
necessary to generate an image with a high accuracy in the electric eld distribution,
and there are several methods to e ciently reduce the computational time. The
Dartmouth research group have successfully been using FEM to calculate the electric
eld with their clinical imaging system to reconstruct images in near real time [5, 26].

It is an iterative Gauss-Newton based FEM algorithm, consisting of two main parts:
50 iterations using a Levenberg-Marquardt mehtod, followed by 20 iterations using
a Tikhonov regulation [7, 27, 28]. A full description of their FEM algorithm can be
found in [28].

12
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Methods

In order to validate and evaluate the accuracy of the 2D DDA algorithm, it had to
be experimentally tested and compared with the corresponding results from other
forward solutions. The DDA forward solution and the reconstruction algorithm
are written in MATLAB version 2022b, COMSOL Multiphysics version 5.6 is used
to implement a FEM model and the FDTD forward solution is implemented in
C++. There are two primary areas of investigation, the rst is comparing the
calibrated amplitudes and calibrated phases in the forward solutions, and the second
Is creating reconstructions based on the calibrated data. Throughout this thesis the
term calibrated will refer to the subtractions of homogeneous background data from
the speci ¢ forward solution,

Ecal = Esim Ebg: (31)

Most experiments used quite simple geometry, described in detail in their respective
sections below, in order to isolate and easily test the characteristic of interest. The
physical setting described in Section 2.4.1 lays the ground for all experimental work
performed in this thesis. In all simulations, the placing of the antennas is kept
constant in accordance with Table 2.1. If nothing else is specied, then for all
computations of the forward solution using the DDA algorithm or COMSOL, the
grid and mesh size wa8:906 mm while the FDTD algorithm had a grid size of1:0
mm. These were chosen based on previous work. The background permittivity was

= 25 and the background conductivity was = 1:4 for all solutions. Remembering
the materials are non-magnetic, ;, = 1 also applies in all cases. The background
values, as well as the frequendy = 1:3 GHz, were chosen so it would be possible to
compare and validate the results to previous work performed with the system and
algorithms in [5, 6, 7, 17].

DDA

The DDA algorithm is the main objective of the thesis and the algorithm to be
evaluated. The DDA algorithm used is the one described in [5] and implemented in
MATLAB.

COMSOL

COMSOL Multiphysics was used to simulate electric eld data. Electromagnetic

wave simulations were performed in the frequency domain. The antennas were put

in as Line Current (Out-of-Plane) electrical line sources at the given positions. A

parametric sweep (i=1-16) simulation was run, where a rectangle function (limits
0:5) was used to alternate the antennas from being transmitters and receivers. The

13
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current was set to 0.01 A. The generated output from COMSOL had to be divided
by 15 in order to match the E- eld amplitude and phase generated by the DDA and
FDTD algorithms. This was caused by the uncertainty of which amplitude to give
the input current.

FDTD
The FDTD algorithm described in [23] was implemented in C++ and used to gener-

ate forward solutions to be compared to the ones generated using the DDA algorithm
and COMSOL.

Phase Shift

The phase shifted multiple times for the microwaves while propagating through the
Image domain, alternating between -180and 180. For this reason a phase shift had
to be introduced. The phase propagation through the image domain is illustrated
in Figure 3.1a and the di erence between the phase before and after the shift is
illustrated in Figure 3.1b. This was necessary to get the correct calibrated phase,
which could then be used in the reconstructions.

(@) Phase propagation through the (b) The di erence before and after
image domain applying phase shift

Figure 3.1: lllustration of phase propagation and the e ect of applying phase shift.

3.1 Convergence Study

First the grid and mesh sizes had to be evaluated to be ne enough. This was done
with a simple convergence test where the grid and mesh sizes were varied. Using
3:906 mm, the given grid size in the DDA algorithm, as the starting point, that
original mesh size was halved, doubled and multiplied by ten in COMSOL for the
FEM model to 1.9 mm, 7.8 mm and 39 mm respectively. In MATLAB the size was
halved both once and twice for the DDA model to 2 mm and 1 mm respectively,
in order to compare it to the 1 mm grid size of the FDTD algorithm. Increasing
the grid size for the DDA model was deemed unnecessary based on the results from
COMSOL and previous results found in [17].

14
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3.2 Size Evaluation

To see the dependence of an object's size for detection, several circles placed in
Origo were used, see the general setup in Figure 3.2. The radius of the circles range
fromr =5 mm to r = 65 mm, with steps of 10 mm, i.e. the radius ranged from
almost homogeneous background to almost the full size of the physical setup of
the antennas, see Table 3.1. Two cases were performed: rst the permittivity was
lowered to that of adipose tissue, = 15; = 0:9, simulation IDs S1-S8 in Table
3.1. In the second run the dielectric properties were increase to that of glandular
tissue, =35; =1:7, simulation IDs S9-S16. This to mimic cases of both adipose
and dense breast and to be able to compare the e ect of both lowered and increased
dielectric values compared to the background. An additional radius af = 30 mm
was added due to the change in behaviour for the adipose circles around that size.
S1-S16 in Table 3.1 were simulated with both DDA and COMSOL. S2, S7, S10
and S15 were also simulated with FDTD to generate the forward solution. These
were chosen as to include both a smaller and a larger object with lower and higher
dielectric properties compared to the background respectively.

Table 3.1: The radii used in the size evaluation and their respective simulation ID.

Simulation | S1| S2 | S3 | S4 | S5 | S6 | S7 | S8
15| 15| 15| 15| 15 | 15 | 15 | 15
09/, 09/09/09/09|09]|09] 09

r [mm] 5| 15| 25| 30| 35| 45| 55| 65
Simulation | S9 | S10| S11| S12| S13| S14| S15| S16
35/ 3 |3 |35 |3 |3 | 3| 35
17|17 |17 |17 17| 17| 17|17
r [mm] 5 15| 25| 30| 35| 45| 55 | 65

Figure 3.2: The general setup used in the size and dielectric properties evaluations.

15



3. Methods

3.3 Dielectric Properties Evaluation

A small circle with radius 25 mm centered in Origo (Fig. 3.2) was used for this
evaluation, the size choice was based on the results from the size evaluation in
Section 3.2. The values tested can bee seen in Table 3.2. A small convergence
study was performed; in the rst four simulations, Dil-Di4, is kept constant and

in the second half, Di5-Di8, is kept constant in accordance with their respective
background values. This study was to evaluate the dependence of the permittivity
and the conductivity separately.

Table 3.2: The dielectric values used in the dielectric properties evaluation and
their respective simulation ID.

Simulation | Di1 | Di2 | Di3 | Di4 | Di5 | Di6 | Di7 | Di8
5 | 15 | 35 | 45 | 25 | 25 | 25 | 25
1414|1414 06| 10| 1.8 2.2
rmm] | 25| 25| 25| 25| 25 | 25 | 25 | 25

3.4 Concentric Circles Evaluation

The use of two concentric circles, both centered in Origo, was a step to a slightly
more realistic breast model, see Figure 3.3. The outer circle mimicked adipose

tissue with = 15; = 0:9, while the inner circle mimicked broglandular tissue

with = 35; = 1:7. The radius of both circles was varied in accordance with

Table 3.3.
Sim. | Outer [mm] | Inner [mm]
CC1 40 10
CC2 40 15
CC3 40 20
CC4 40 25
CC5 40 30
CC6 50 10
CC7 50 15
CCs8 50 20
CC9 50 25
CC10 50 30
CC11 60 10
CC12 60 15
CC13 60 20
CC14 60 25
CC15 60 30

Figure 3.3: The general setup used inTable 3.3: The radii used in the concen-
the concentric circles evaluation tric circles evaluation and their respective
simulation ID.
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3.5 Reconstructions

The reconstruction algorithm used is the one described by Hosseinzadegan [5]. It
takes as input the E- eld generated by either of the three forward solvers DDA,
COMSOL or FDTD. Then when running the reconstruction iterations, the algorithm
uses DDA as the forward solution to iterated over, regardless of the initial forward
solution used to generate the E- eld.

3.5.1 Simulations

The models S2, S7, S10 and S15 in Table 3.1 were reconstructed using the forward
solutions from DDA, COMSOL and FDTD respectively to generate the E- elds.
These simulations were chosen to include both small and large objects with higher
and lower dielectric properties than the background. Additionally, the DDA gen-
erated elds for the smaller object for both adipose and broglandular dielectric
properties (S2, S10), were reconstructed with 50 iterations to see if more iterations
generates a better result.

3.5.2 MRI Phantoms

An exception to the simple geometries were done only with the use of anatomically-
realistic MRI-derived numerical breast phantoms, provided by the UWCEM Numer-
ical Breast Phantom Repository [29]. Unfortunately the open source voxel data was
not compatible with COMSOL at this stage, which would have been the preferred
comparison to make. However, the voxel data was compatible with both the DDA
and FDTD algorithms. There are nine available phantoms divided into four classes:
Mostly Fatty, Scattered Fibroglandular, Heterogeneously Denaed Very Densede-
pending on their radiographic density de ned by the American collage of Radiology
[29]. Class 1 is < 25 % glandular tissue, class 2 is 25-50 % glandular tissue, class
3 is 51-75 % and the fourth class is > 75 % glandular tissue [29]. For this thesis a
breast from the third class was used, with ID 062204.

2D Coronal Plane

To get a cross section of the breast, the voxel data was transformed according to
E. Zastrow et al. [20], and the 145th level in the x-direction was extracted from the
3D-matrice. Each voxel is0:5 0:5 0:5 mmd, so to get the xy-position for each
voxel when the phantom is centered in Origo, see Figure 3.4, half of the total amount
of rows or columns is subtracted from the voxel's index-positiofix; iy ) respectively
and the sum is multiplied with 0.0005, see Equation 3.2. Interpolation was then
used to capture the most representative property distributions when mapping the
MRI image to the DDA and FDTD grid, since they were of larger grid sizes.

X =0:0005fx rows=2)

y =0:0005fy cols=2) (32)
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Figure 3.4: The general setup used for the MRI phantom.

Dielectric Properties

UWCEM provides the data in two les: mtype and pval The former is an identi er

for each tissue and the latter gives the dielectric properties information for each
voxel. Voxels representing normal breast tissue or subcutaneous fat are assigned a
value p 2 [0; 1], where a lowerp represents a lower dielectric property value and p
close to 1 represent a high value. All other voxel's p-values are set to zero. In order
to get the dielectric properties both mtype and pval are needed. For each tissue
type there is an upper and lower boundary for the permittivity and conductivity
respectively. These boundaries have been calculated using the single pole Cole-Cole
model (Eq. (2.8)) using the experimental input data from E. Zastrow et al. [20],
see Table 3.4.

Table 3.4: The eight wideband dielectric properties for the limits of each of the
seven tissue types.

Limit 1 (ps) s (S/m)
Upper/Fibroglandular-1 1.000| 66.31| 7.585 | 0.063 1.370
Fibroglandular-1/2 6.151| 48.26| 10.26 | 0.049| 0.809
Fibroglandular-2/3 7.821| 41.48| 10.66 | 0.047| 0.713
Fibroglandular-3/Transitional | 9.941| 26.60| 10.90 | 0.003| 0.462
Transitional/Adipose-1 4.031| 3.654| 14.12 | 0.055| 0.083
Adipose-1/2 3.140| 1.708| 14.65 | 0.061| 0.036
Adipose-2/3 2.908| 1.200| 16.88 | 0.069| 0.020
Adipose-3/Lower 2.293| 0.141| 16.40 | 0.251| 0.002

The frequency used i$ = 1:3GHz, i.e.! =2 1:3 10°. Equation (3.3) shows
how the dielectric values are found given the upper and lower limit of the tissue
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together with the p-value for a voxel,

p upper + ( p 1) lower
P uper (P 1) tower (3.3)
+i:

Phantom Simulations

The original dielectric distributions for MRI phantom with ID 062204 at frequency

f = 1:3 GHz can be seen in Figure 3.5. The E-eld of the MRI phantom was
calculated using the forward solution DDA for a grid size of 3.9 mm. FDTD was used
to generate the E- eld for a grid size of 1 mm. These two cases where then used in
the reconstructions algorithm to reconstruct both the permittivity and conductivity
distributions.

(a) (b)
Figure 3.5: Dielectric distributions of MRI phantom with ID 062204.
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Results

This chapter presents the results from the simulations and reconstructions described
in the Methods chapter. The calibrated amplitude is displayed in dB at the neigh-
bouring antennas, and the calibrated phase is displayed in degrees in the same
order. When inspecting the amplitude and phase plots the objective is to illustrate
whether or not the di erent forward solutions generate comparable E- eld solutions.
The general shape of the curves is the main characteristic of interest, including the
location and magnitude of peaks, if the curve is concave or convex and the scale.
Take note to the amplitude and phase scales when comparing the di erent simula-
tions to one another. Heatmaps showing the root mean square error (RMS) between
the DDA and COMSOL solutions were also generated to more easily compare the
calibrated data between plots. When inspecting the reconstructions the shape and
dielectric values should be compared to the target shape and values.

4.1 Convergence Study

The results from the convergence study can be seen in Figure 4.1. COMSOL showed
that the mesh size is small enough. Only the magenta curves with a mesh size ten
times larger then the original showed a deviating appearance, all other results are
perfectly aligned. Decreasing the grid size to 2 mm in the DDA algorithm led to a
computational time of 30 min for one iteration of the forward solution, instead of
the 98 s it took for the original grid size 3.9 mm. Decreasing it to 1 mm caused the
forward solution to break due to the matrix computations being too demanding.

@) (b)

Figure 4.1: The background amplitude and phase for the convergence study in
COMSOL.
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4.2 Size Evaluation

The results from the size evaluation can be seen in Figures 4.2-4.11. The heatmaps in
Figures 4.2-4.3 shows the amplitude RMS and phase RMS respectively between DDA
and COMSOL for the adipose and broglandular objects of di erent sizes. There is
a clear correlation between larger objects and a larger RMS. This is more prominent
for adipose objects with lower dielectric properties compared to the background.
Figure 4.4 shows the calibrated amplitude for an adipose object, corresponding to
simulation IDs S1-S8, and Figure 4.5 shows the calibrated amplitude for a broglan-
dular object, corresponding to simulation IDs S9-S16. Comparing these plots there
is a clear deviation between the DDA and COMSOL solutions for adipose objects
(Fig. 4.4), while the broglandular curves are comparable for all object sizes (Fig.
4.5), not just the smaller ones. Figure 4.6 shows the calibrated phase for an adipose
object, corresponding to simulation IDs S1-S8, and Figure 4.7 shows the calibrated
phase for a broglandular object, corresponding to simulation IDs S9-S16. The
phase curves are highly comparable for both tissue types and for all sizes.

Figure 4.2: Heatmap of the amplitude RMS for the size evaluation.

Figure 4.3: Heatmap of the phase RMS for the size evaluation.
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(@) S1 (b) S2
(c) S3 d) S4
(e) S5 (f) S6
(@) S7 (h) S8 23

Figure 4.4: Calibrated amplitude for the size evaluation of an adipose object.
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(a) S9 (b) S10
(c) S11 d) S12
(e) S13 (f) S14
24 (99 S15 (h) S16

Figure 4.5: Calibrated amplitude for the size evaluation of a broglandular object.
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(@) S1 (b) S2
(c) S3 d) S4
(e) S5 (f) S6
(@) S7 (h) S8 25

Figure 4.6: Calibrated phase for the size evaluation of an adipose object.
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Figure 4.7:

(a) S9 (b) S10
(c) S11 d) S12
(e) S13 (f) S14
(99 S15 (h) S16

Calibrated phase for the size evaluation of a broglandular object.
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The results from the size evaluation including the FDTD forward solution to
generate the E- eld can be seen in Figures 4.8-4.11, simulation IDs S2, S7, S10 and
S15. The FDTD solutions are close to identical to the COMSOL solution, both
regarding amplitude and phase for both tissue types and sizes. This result was
imperative for later using FDTD to reconstruct the MRIs.

(a) S2 (b) S7

Figure 4.8: Calibrated amplitude for the size evaluation of an adipose object
comparing DDA, COMSOL and FDTD.

(a) S10 (b) S15

Figure 4.9: Calibrated amplitude for the size evaluation of a broglandular object
comparing DDA, COMSOL and FDTD.
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() S2 (b) S7

Figure 4.10: Calibrated phase for the size evaluation of an adipose object compar-
ing DDA, COMSOL and FDTD.

(a) S10 (b) S15

Figure 4.11: Calibrated phase for the size evaluation of a broglandular object
comparing DDA, COMSOL and FDTD.

4.3 Dielectric Properties Evaluation

The results from the dielectric evaluation can be seen in Figures 4.12-4.17. The
heatmaps in Figures 4.12-4.15 show clearly how the RMS increases when the dielec-
tric properties deviates more from the background, more so for lower values than
higher.

Figures 4.16a-4.16d shows the calibrated amplitude, corresponding to simulation
IDs Dil1-Di4 where the permittivity is altered, and Figures 4.16e-4.16h shows the
calibrated amplitude, corresponding to simulation IDs Di5-Di8 where the conductiv-
ity is altered. Figure 4.17 shows the calibrated phases for the respective simulations.
In accordance with previous results, an object with higher dielectric properties than
the background gives a better correspondence between the two forward solution
methods, this is especially apparent for the conductivity.
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Figure 4.12: Heatmap of the amplitude RMS for the dielectric properties evalua-
tion of the permittivity.

Figure 4.13: Heatmap of the phase RMS for the dielectric properties evaluation
of the permittivity.

Figure 4.14: Heatmap of the amplitude RMS for the dielectric properties evalua-
tion of the conductivity.

Figure 4.15: Heatmap of the phase RMS for the dielectric properties evaluation
of the conductivity.
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(@) Dil (b) Di2
(c) Di3 (d) Di4
(e) Di5 (f) Di6
30 (g) Di7 (h) Di8

Figure 4.16: Calibrated amplitude and phase for the dielectric properties evalua-
tion of the permittivity.
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