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Abstract

The paper presents an extensive discussion on Microwave Imaging (Ml) for breast cancer detection. Breast cancer has become
a major cause of death among women worldwide, this makes the early detection of the cancerous tumor very essential in
providing a rapid and effective treatment. Microwave Breast Imaging (MBI) is an emerging technique that is non-ionizing,
non-invasive, safer and cheaper in comparison to the conventional techniques. It uses microwave radiation to generate an
internal image of the breast, showing the tumor embedded in the breast layers. The paper begins by introducing the basic
working principles of MBI and its types, anatomy of the breast, and the differences in the dielectric properties between
normal and malignant tissues. Active type of MBI — tomography and radar-based imaging are mainly covered in this paper.
The most important part of active microwave imaging, i.e. antennas used for scanning the breast are also discussed. Moreover,
numerical, experimental as well as clinical studies performed over the years are highlighted. In the end, challenges in the
current techniques and future prospective of MBI are presented. Overall, this review paper provides a comprehensive insight

into the techniques used in MBI, and the state-of-the-art research in this field.
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1. Introduction

According to World Health Organization (WHO) breast cancer
has become the most common cause of death among women
worldwide. In 2020, there were 2.3 million women diagnosed
with breast cancer and 685000 deaths. It has been predicted
that by 2040 there will be 3 million cases of breast cancer per
year and 1 million deaths per year. In such scenario, early
detection of breast cancer becomes essential for providing an
effective treatment and increasing the overall survival rate. An
early detection of breast cancer can increase the five-year
survival rate to up to 90%.-? For this reason, researchers have
been actively seeking a screening method that exhibits the
following qualities-
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(a) Minimizes patients’ discomfort during the screening
process.

(b) Produces high resolution images of the breast and tumor.
(c) Cost-effective and easy access universally.

(d) Ensures the safety of patients during extended use of
screening methods.

(e) Ability to differentiate between malignant, benign, and
cancerous tumors.

WHO has recommended that women above the age of 50
should go for breast screening every two years, and women
with breast cancer history even earlier. Awareness regarding
the breast cancer has been taken seriously and self-

examination is also promoted at areas where the hospitals
cannot provide screening tests. The most popular screening
methods introduced for breast cancer over the years are X-
and MRIL
Mammography has been the gold standard for breast cancer

ray ~mammography, Ultrasound, X-ray
imaging. It generates 2D images of the breast and is used
frequently at the early stages of screening. However, it uses

ionizing radiation that cannot be used to irradiate human
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tissues for extended periods due to its health concerns. X-ray
mammography can also be uncomfortable for women as it
the breast to be the
mammography plates, shown in Fig. 1.5 It is also not suitable

requires compressed between
in cases of dense breasts because the mammograms of both
dense breast and tumor often appears white. Moreover, X-ray
mammography has also been showing false negative and false
positive results in tumor detection, making it a less reliable
method for breast cancer imaging. Tomosynthesis is another
technique similar to X-ray mammography, except that it
generates 3D images of the breast, which aids in more
comprehensive analysis. However, the X-rays used in this
method raise concerns about safety, and the procedure itself
can be uncomfortable for women similar to the X-ray
mammography.*>!

The ultrasound and MRI methods
imaging are safer than the X-ray mammography as they use

for breast cancer

non-ionizing radiation. However, both of these techniques are
often not recommended at the early stages of screening.
Ultrasound generates low resolution images making it difficult
to distinguish between healthy and cancerous tissues. MRI is
able to generate high resolution images but it is very expensive
and often not suggested as an early-stage screening method for
breast cancer. Hence, these methods are mostly used at the
later stages of the screening. All of these disadvantages in the
current screening methods have led researchers to continue
their quest for an alternative technique.®*!

A significant difference has been found in the dielectric
properties of a healthy and cancerous breast tissue at
microwave frequencies. This fact has attracted researchers’
interest in using microwave radiation for breast cancer
detection. Microwave radiation lies in the non-ionizing
radiation region of the EM spectrum, ranging from 300 MHz
to 300 GHz. Microwave imaging is a technique that uses
microwave radiation to detect the embedded tumor in the
breast layers by producing an internal image of the breast.
Since microwave imaging uses microwave radiation it is much
safer than the X-rays used in the X-ray mammography
technique.

Microwave imaging is a non-invasive technique that helps
produce the internal image of the breast. It is also safer,
cheaper and more comfortable than other available techniques.
MI has been widely studied by many researchers and is found
to have the potential to detect tumors at an early stage of the
screening.>'% It is mainly divided into three categories-
passive, active, and hybrid microwave imaging, as shown in
Fig. 2. Passive microwave imaging uses the thermal radiation
emitted by both healthy and unhealthy tissues to identify
cancerous tissue within the breast. The cancerous tissues
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typically have slightly higher temperature than the normal
tissues, forming the basis for the passive microwave
imaging.['l In active microwave imaging, microwave signals
are transmitted on the breast and the reflected signals after
interaction with the breast tissues are recorded. The recorded
signals are then processed using algorithms to detect the
embedded tumor in the breast.!'>"3 Hybrid microwave imaging,
as the name suggests, is a mix of both passive and active
microwave imaging. It uses both the thermal radiation emitted
by the breast tissue and the recorded reflected signals to
identify the embedded tumor in the breast.['#!5! In this review
paper we are going to focus on the active type of microwave
imaging- tomography and radar-based, as this type of
microwave imaging provides targeted examination and is
preferred for early-stage detection.

In a typical microwave imaging system, a transmitter is
used to generate microwaves and a receiver is used to record
the reflected waves. Breast tissues are irradiated by a
transmitter, where the microwaves travel through the breast
As the
microwaves interact with the tissues some part of the waves

tissues having different dielectric properties.
gets absorbed by the tissues whereas some of it gets
scattered/reflected. The reflected waves are recorded by the
receiver, and with the help of an imaging algorithm, an image
of the breast is generated, showing the tumor embedded in the
breast tissues.!'?]

One of the most important parts of active microwave
imaging is the antenna used to transmit and receive the signals.
Over the years different MBI systems have been proposed
with different types and numbers of antennas. Fig. 3 shows a
setup of MI system for breast cancer detection. The setup
consists of - a table (where the patient lies in a prone position),
an antenna sensor bowl (where the breast is suspended), a
network analyzer, and a computer for data processing. The
antenna sensor scans the breast without any breast
compression, the data is collected and processed, and an image
of the breast is generated.

In tomography microwave imaging, a dielectric profile of
the whole breast is created using an ill-posed advanced
algorithm. Meanwhile, radar-based microwave imaging
generates a 2D image of the breast containing the tumor.
Detailed and up-to-date research covering the numerical,
experimental, and clinical studies in active microwave
imaging is discussed in this paper.['’-1*]

In the literature, there are several review papers on MBI.
Alsawaftah et al'® and Benny et al.?” presented a review
paper discussing all three types of MBI techniques and the
dielectric properties of the tissues. Kwon et alPl in their
review paper discussed the active MBI technique and the
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dielectric properties of the tissues. Aldhaeebi er all"
discussed only the active MBI techniques. Borja ef al.,?!
Rafique et al.,””) and Misilmani et al.®) presented a survey on
the different types of the antenna used in biomedical imaging
applications. Recently, Wang er al.** presented a detailed
review paper on MBI, which included the active MBI
techniques and dielectric properties of the tissues. To our
knowledge there has been a lack of a single key paper that
covers all the important aspects of an active MBI system, such
as — breast and tumor anatomy, dielectric properties, antennas
used in the MBI, and the type of MBI technique itself. Hence,
compared to the available literature, in this review paper we
are trying to provide a key/reference paper for the researchers
interested in this field by including the up-to-date simulation,
experimental, and clinical studies performed in the field of
MBI. The paper is organized as follows: Section 2 discusses
the anatomy of the breast and tumor, and how the dielectric
properties of a healthy and cancerous tissues differ from each
other. In section 3, different types of antennas and their usage
in MBI are discussed. Later in section 4 & 5 research done in
tomography and radar-based MBI is discussed. Section 6 talks
about the clinical trials, challenges, and future work. Lastly
section 7 concludes the paper and discusses the future
perspectives of active MBI

Fig. 1 Screening methods for MBI: X-ray mammography.
Reproduced with the permission form [25].

Bowl where the
breast is suspended

Antenna sensor

Patient lie in prone
position
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2. Breast anatomy and dielectric properties

Figure 4 shows the anatomy of a healthy breast. It is a
glandular organ composed of mammary glands, ducts, fibrous
tissue and fatty tissues. The mammary glands are small sacs
made of lobular tissues that produce milk. The ducts are tube-
like structures that carry this milk from the lobular tissue to
the nipple. Both the lobular and ducts make a web like
structure throughout the breast. The fibrous tissue acts as a
connective tissue, providing shape and support for the
glandular tissues. Whereas the fatty tissues fill the space
between the ducts, fibrous tissues, and other connective tissues
in the breast. The amount of fatty tissues in the breast depends
on the female’s age, weight, and genetics. Although, malignant
tumors can form anywhere throughout the breast, they are
more often seen to develop in the ducts and lobules tissues.
Breast cancer types are mainly classified into four categories-
Ductal carcinoma in situ (DCIS), Invasive ductal carcinoma
(IDC), Lobular carcinoma in situ (LCIS), and Invasive lobular
carcinoma (ILC). “In situ” refers to the cancer cells in the
breast that have not yet spread to the surrounding tissues,
whereas, “invasive” refers to cancer cells that have spread into
the nearby tissues. Fig. 5 shows the breast cancer in the ducts
(DCIS and IDC)

Microwave lmaging

Hybrid Microwave
[maging

Active Microwave
Imaging

|
| l

Radar-based Tomography
Microwave Imaging Microwave lmaging

Passive Microwave
Imagng

Fig. 2 Types of Microwave Imaging.

(b)

Fig. 3 (a) Microwave Breast imaging setup, and (b) antenna sensor. Reproduced with the permission from [26].
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Fig. 4 Anatomy of a healthy breast.

and Fig. 6 shows the breast cancer in the lobules (LCIS and
ILC). Figs. 5(a) and 6(a) show the healthy cells of ducts and
lobules, respectively. Figs. 5(b) and 6(b) show that cancer cells
developed non-invasively in the ducts and lobules. Figs. 5(c)
and 6(c) show the cancer cells spreading out of the ducts and

lobules, respectively, becoming the invasive type of cancer.?”!

CORX
D

,,"INormal duct

Invasive ductal carcinoma (IDC)

Fig. S Ductal carcinoma cancer.

The Backbone of microwave breast imaging is the
significant difference found between the dielectric properties
of a healthy and malignant tissue at microwave frequencies.
Malignant tissues have higher values of dielectric properties
(electrical conductivity and permittivity) than the healthy
tissues (such as fat). This is because malignant tissues are rich
in water content, and tissues with high-water content have
higher value of dielectric properties.

Dielectric properties of tissues basically give away the
information on how that tissue would react to a specific
frequency after upon interaction. The relative dielectric
permittivity € is expressed in Eq. 1 as-12%

e(w) = ¢ — je" () M

where j = V-1, o is the angular frequency, ' is the dielectric
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constant and &''(w) is the loss factor. The dielectric constant
(¢') determines the material’s ability to store energy and the
loss factor (" (w)) reflects how much that energy is converted

into heat and dissipated in the material.

(F@
(a)
A

12275 Normal lobule

Invasive lobular carcinoma (ILC)

Fig. 6 Lobular carcinoma cancer.

The dielectric conductivity of the tissues is expressed in Eq.
2 as:28
g(w) = weye (w)
where 5= permittivity of free space.

)

Since the 1950s, many studies have been conducted to
determine the value of the dielectric properties of human
tissues. Mainly two types of studies — ex-vivo and in-vivo are
performed. In ex-vivo studies, tissues are separated from the
body (such as breast reduction surgeries) and then studied in
the lab. Whereas in the in-vivo studies the dielectric properties
are determined directly in the tissue attached to the body by
using tomography or by creating a dielectric map of the
tissue.[3,20,29—32]

Gabriel er al.?*351 conducted an extensive ex-vivo studies
to determine the dielectric properties of human tissues in the
frequency range of 10 to 20 GHz. Choudhary et al.° also
performed ex-vivo studies on 15 patients across a range of 3
to 30 GHz and found that permittivity values of malignant
tissues were 3 to 5 times higher than the normal tissues. Joines
et al.B7 also measured the dielectric properties of malignant
and normal human tissues over a range of 50 to 900 MHz
frequency. They found higher value of dielectric properties in
malignant tissue at all frequencies. Lazebnik et al.B¥ also
studied dielectric properties in 155 normal, benign, and
cancerous tumors obtained from cancer surgeries over a
frequency range 0.5-20GHz. Fig. 7(a) shows the sample of
malignant tissue used for the measurement of dielectric
properties in the study. The dielectric properties of cancerous
tumor were found to be much higher than the normal and
benign tumor, whereas, the dielectric properties of normal and
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region, upper right) and normal adipose tissue (yellow region,
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(©
Fig. 7 Measuring the dielectric properties of breast tissues: (a) Ex-vivo: breast tissue specimen showing malignant tissue (white

lower left). The black ink spots mark the measurement sites.

Reproduced with the permission from [38], Copyright 2007 IOP Publishing, (b) In- vivo: the Electrical Impedance Tomography (EIT)

imaging system, and (c) the Microwave Tomography (MT) imaging system is positioned beneath a custom examination table during

patient exams, the patient lies prone with her breast pendant through an opening in the exam table. Reproduced with the permission

from [40], Copyright 2009 IOP Publishing.

benign tumors were found almost the same. Cheng et al.l*!
also confirmed in their study that the dielectric properties of
breast cancer tissues are significantly higher than the normal
breast tissues.

Halter et al.* conducted both in-vivo and ex-vivo studies
by performing a clinical trial on six women diagnosed with
cancer. They introduced electrical impedance tomography
(EIT) and microwave tomography (MT) techniques over a
frequency range 10kHz to 10MHz and 0.6GHz to 1.7 GHz,
respectively. Figs. 7(b) and (c) show the setup for EIT and MT
imaging in an operating room, respectively. The measured
properties of the breast were similar to those reported in the
literature.

A study by Slanina et al.,*'! investigated the effect of
temperature on changes in the dielectric properties. A phantom
mimicking the breast was made using — distilled water,
glycerin, rapeseed oil, agar, and dishwashing liquid. The
phantom was heated from 25 °C to 46 °C and the dielectric
properties were measured using spectroscopy. A significant
contrast in the dielectric properties with respect to temperature
variation was observed. Tumor exhibited the highest dielectric
properties, followed by the glandular tissue, skin, and fat.

In another ex-vivo study by Nguyen et al.,*?! a phantom
mimicking breast tissues was exposed to a high frequency
antenna and the dielectric properties were measured using the
S-parameter. The dielectric properties of tumor were always
higher than the healthy tissues.

Table 1 shows the dielectric properties of breast tissues at
3.2 GHz frequency determined by Campbell and Land® in
1992. The study was conducted by performing the resonant
cavity perturbation method. As can be seen there are
significant differences in the dielectric properties among fatty,
normal, benign, and malignant tissue.

© Engineered Science Publisher LLC 2024

Table 1. Dielectric properties of female breast at 3.5 GHz

frequency.l*?

. Relative Conductivity =~ Water Content

Tissue Type e
Permittivity (mS/cm) (%)

Fatty tissue 2.8-7.6 0.5-2.9 11-31
Normal

. 9.8-46 3.7-34 41-76
tissue
Benign

. 15-67 7-49 62-84
tissue
Mali t

ANt 9 59 234 66-79
tissue

3. Antennas used in MBI

The first ever use of antenna for breast cancer detection was
proposed in early 2000s at the University of Wisconsin-
Madison by Hagness et al.[*#1 Following that path many
researchers have used different types of antennas for breast
cancer detection over the years. The antenna is probably the
most important part of an MI system as it is used to scan the
object and collect the reflected signals, which help give
essential information regarding the object. To detect the
embedded tumor with high resolution, choosing an antenna
that meets the requirement of MI is essential. Different types
of antennas are used in different fields depending on their
properties and characteristics. For the MBI system, antennas
with the following characteristics are preferred.

3.1 Low profile

In MBI, we want to scan the breast tissue at multiple points to
detect the tumor efficiently. For this, a low profile, light-
weight, and a compact antenna is preferred. Small and portable
antennas scan the tissue at smaller-smaller positions collecting
more data, and hence increasing the chances of better
detection. It is also an advantage if the antenna has a simple
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design and low manufacturing cost. An example of a low-
profile antenna is the patch antenna. -5

3.2 High gain

A high gain antenna radiates in a more focused direction. This
is very beneficial for tumor detection since it has higher
chances of microwaves getting incident on the tumor and
eventually providing a high-resolution image of the breast
tissues. High gain antenna also requires less power to radiate
the energy making the whole system more cost-effective.?>51

3.3 Low reflection coefficient

The antenna should also have a low reflection coefficient in
order to ensure most of its power is radiated out and not
reflected back. The radiated power then incident on the breast
tissues and interacts with them. More incident power increases
the chances of tumor detection and provides a more detailed
image of the breast.*?!

3.4 Specific absorption rate (SAR)

SAR is a measure of absorbed EM energy in the tissue.
According to International Corporation of Non-lonizing
Radiation (ICNIRP) SAR in a 10gram tissue should be less
than 2W/kg. Hence, it is important to measure the SAR value
in the breast tissue when exposed to the antenna to ensure that
the antenna is safe for use in MBI system.>>4

3.5 Broad frequency range

An UWB antenna is preferred for MI as it provides scanning
over a wider frequency range, resulting in better contrast
images between different types of tissues. The Federal
Communications Commission (FCC) has set a frequency
range of 3.1 GHz to 10.6 GHz for UWB devices used in
microwave imaging systems.>>¢ Therefore, UWB antennas
are used for MBI or are modified to ensure their bandwidth
lies within the FCC guidelines.>1021:57]

In MBI, a transmitter antenna is required to transmit the
signals towards the breast, and a receiver antenna is needed to
receive the reflected signals from the breast. Based on the
number of antennas used, the MI system is categorized into
three types: Monostatic imaging system— when a single
antenna functions as both a transmitter and a receiver; Bi-static
imaging system- when two antennas are used, one working as
a transmitter and the other as a receiver; Multi-static imaging
system - when an array of antenna is used in the system, with
one antenna working as a transmitter at a time while the rest
function as receivers. Monostatic imaging system are cheaper
as they require single antenna, however, the quality of the
generated images can sometimes be compromised.>%>
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Over the years, different types of antennas such as Vivaldi,
monopole, metamaterial, and patch antennas have been used
in MBI system.[%%-631 Almost all antennas are modified to meet
the requirement of MI through parametric analysis, which
includes varying the size of the radiator, varying the sizes of
the slots made on the antenna, adding parasitic elements on the
antenna efc.[63-63]

Niranjan et al.l! designed a UWB miniaturized patch
antenna. The slots were created in the antenna for enhancing
its performance. The sizes of the slots were selected after
performing the parametric analysis. It was found that after
adding the slots, the antenna achieved a maximum gain of
6.43dBi and frequency range of 3.22 to 11.92 GHz. The results
in this study were simulation based, no fabrication was
attempted, and the simulated antenna was not tested against
any breast model.

Islam et al. 7 used a portable and compact tapered slot
antenna in a MBI system. Slots were added to the antenna to
improve its performance. The size and number of the slots
were decided by performing parametric analysis. Figs. 8(a-c)
show the front and back view of the proposed antenna, while
Fig. 8(d) and (e) show the reflection coefficient and gain,
respectively, from the parametric analysis. The antenna
achieved a highest gain of 9dBi and reflection coefficient -
31dB. A total of nine slots were made on the front side of the
antenna, resulting in enhanced electrical length and thus better
8(f) the
experimental setup of the MBI system, where a 9-element

reflection coefficient and gain. Fig. shows
antenna array was used to irradiate a heterogenous breast
phantom. SAR in the phantom was not measured. The array
scans the breast phantom, and the scattered signals were
collected and processed using an imaging algorithm to detect
the embedded tumor.

In our previous paper,’¥ we designed a microstrip patch
antenna for breast tumor detection. The design of the antenna
was very simple; slots were added in the ground and patch of
the antenna, which helped increase the overall performance.
Fig. 9(a) shows the steps involved in the development of the
antenna. Fig. 9(b) shows the reflection coefficient of the
antenna at each development stage. Fig. 9(c) shows the
maximum gain i.e., 4.5dB, and Fig. 9(d) shows the 3D
radiation pattern of the antenna. The antenna was exposed to
the breast model where it successfully detected the tumor.
Specific absorption rate (SAR) in the breast model was also
calculated and found to be below the safety levels.

Elsheakh et al.® used cotton material as a substrate for a
textile antenna-based sensors in a wearable MBI system. The
textile antenna was designed to be comfortable so that it can
be used as a smart bra at home for women undergoing frequent
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Fig. 8 (a) proposed antenna, (b) fabricated proposed antenna front view, (c) fabricated proposed antenna back view, (d)return loss (e)

gain (f)experimental setup. Reproduced with the permission from [67].

scanning. Fig. 10(a) shows the design of the proposed antenna.
Fig. 10(b) shows the fabricated antenna connected to a VNA.
The antenna achieved a maximum gain of 3dBi and return loss
-29dB. The antenna was also measured for SAR, and the
resultant values came under the threshold value to cause any
harmful effect. The antenna scans a breast phantom in both
tumor-present and tumor-absent scenarios. Fig. 10(c) shows a
monostatic imaging setup, whereas Fig. 10(d) shows the bi-
static imaging setup. Return loss values for S11 and S12 were
measured in 3 cases: in breast, tumor, and tumor inside breast.
As shown in Fig. 10 (e) and (f), the return loss values show
variations in the presence and absence of the tumor. The

system showed a promising future in providing a safe, cheaper,
and at home monitoring for breast cancer detection.

Hossain et al.,l! designed a UWB planar antenna with a
semicircular patch and a ground plane in shape of a trapezoidal.
Figs. 11(a-c) shows the evolution of the proposed antenna, and
Figs. 11(d) and (e) show the return loss and gain, respectively,
for each evolution step of the antenna. As can be seen the
proposed design of the antenna has better performance. The
proposed antenna operates between 2.30 to 11 GHz with a gain
of 5.80 dBi. The antenna was also fabricated and validated
with the simulated results. Figs. 11(f) and (g) shows the
measurement setup for the fabricated antennas. Later, a 16
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antenna at 7GHz. Reproduced with the permission from [54].
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Fig. 9 (a) Development of antenna model, (b) S11 (reflection coefficient), (c) maximum gain of antenna, (d) 3D radiation pattern of

(©)
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Fig. 10 (a) design of the proposed textile antenna (b) fabricated antenna connected to VNA, (c) breast phantom scanning with one

antenna, (d) breast phantom scanning with two antennas, (¢)measured S11, and (f) measured S21. Reproduced with the permission

from [68].

element antenna array setup was designed using the simulation
where a breast phantom was exposed to the antenna array,
shown in Figs. 11(h). The antenna array was able to detect the
tumor. A 2D image of the breast showing the tumor inside it
was generated using the Iteratively Corrected Delay and Sum

TmYm m

Front view Rear view Front view Rear view Front view

@ (b)

Rear view

©

(IC-DAS) algorithm. The study did not calculate SAR for the
antenna.

Table 2 summarizes more studies on the antennas for MBI.
Parameters such as dimension, gain, return loss of the antennas
are mentioned.

3 o
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Fig. 11 (a) normal patch design, (b) slotted patch design, (c) proposed antenna, (d) S11 (reflection coefficient), (¢) maximum gain,

(f) PNA measurement scenario, (g) StarLab measurement scenario, and (h) 16-antenna array imaging setup. Reproduced with the

permission from [69].
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Table 2. Summary of antenna used for microwave breast imaging (MBI).

Dimensions Frequency . Return Lo
Gain Monostatic/bi-
Ref.  Antenna (LXWxh) range loss . . . Remark
static/multi-static
mm? (GHz) (S11)
-antenna simulated.
Microstrip patch -SAR calculated.
(0] o CTOSTIPPACR 553040794 3.6-92  45dB -48dB Monostatic caleutate
antenna -antenna exposed to breast model
in simulation.
-antenna simulated and fabricated.
(711 -SAR not calculated.
Patch antenna 34x36x1.6 24-47 - -30dB Monostatic -antenna exposed to breast model
in simulation and experiment.
UWB stacked -antenna simulated and fabricated.
led -SAR below threshold value.
(721 SovPEC 37x43x485  49-109  632dB  -30dB  Monostatic clow freshoid value
Microstrip patch -antenna exposed to breast model
antenna. in simulation and experiment.
Circularl
trevar y . -antenna fabricated
tapered Vivaldi SAR not calculated
- not calculated.
[73] antenna with 48x45.7%0.8 3.1-10.6 8.25dB -33dB  Multi-static
) -antenna exposed to breast model
director L .
in simulation.
(CTVAD)
Planar circular .
di ) -antenna simulated
isc monopole
[74] ; P 55x40%0.15 3-10 8.4dB -35dB - -SAR not calculated.
antenna
(PCDMA) - not exposed to any breast model.
-antenna simulated and fabricated.
Bow-tie antenna Multi-static (16 -SAR not calculated.
[75] 15x15%1.57 12-7 - -26dB
array antennas) -antenna exposed to breast model
in experiment.
L - antenna simulated and
Miniaturized .
. fabricated.
[66] monopole patch  30x29x(FR4) 3.22-11.92  6.43dBi  -25dB -
- SAR not calculated.
antenna
-not exposed to breast model.
- antenna simulated and
fabricated.
UWRB fractal L.
[76] ‘ 26x12x1.6 2.58-2095  7.21dB -35dB Bistatic -SAR calculated.
antenna
-exposed to breast model in
experiment.
-antenna simulated and fabricated.
Inward fractal . . - SAR calculated.
[77] 10x10%1.6 8.21 2.43dB -40dB  Multi-static .
antenna -exposed to breast model in
simulation.
Printed log -antenna simulated and fabricated.
periodic antenna ) ) . -SAR not calculated.
[78] . 50%x40%1.6 2-5 5.5 dBi -35dB Multi-static .
with -exposed to breast model in
metamaterials simulation.
4. Tomography MBI microwave signals, called scanning. The patient lies on a table

The basis of Microwave Tomography Imaging (MT]I) are that
different tissues in the body have different dielectric properties,
with this quality it is possible for MTI to generate a dielectric
image of the breast exposed to the microwave radiation. The
first step in MTI is illuminating the breast tissue with

© Engineered Science Publisher LLC 2024

where the scanning of the breast is performed with the help of
an array of antennas. As the microwave signals incident on the
breast, they interact with the tissues having different dielectric
properties. In the second step, the reflected signals are
recorded and processed through an ill-posed algorithm
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Data acquisition Forward problem

Scanning the breast
with a transmitter

Finite difference (FD)
Finite difference time

the domain.

Collecting
scattered signals with a
receiver

Fimte Element Method
(FEM)
Method of Moments
(MOM)

Inverse Problem

Bom iterative method

(BIM) Dielectric
Distorted Born - .
image
Method

Tterative
(DBIM)

Source

Contrast
Inversion (CSI)

Fig. 12 Flow chart showing step-by step procedure in Tomography MBI.

(inversion algorithm) to generate 2D or 3D tomographic
images of the breast based on the different dielectric properties
of'the tissues. The generated image is able to show the size and
location of the tumor embedded in the breast.”*! The
tomographic image has the advantage of showing the
complete dielectric picture of the breast exposed to the
microwave radiation, however, finding solution to the inverse
problem can be challenging.[8.20-8283]

Two types of problems are solved for reconstructing the
tomographic images- forward problem and inverse problems.
forward problem, of the
electromagnetic waves as a result of the interaction from
breast layers, with known dielectric and boundary conditions,
is performed.® That is why forward problem are highly
dependent on the computational power of the problem. 3D
models take significantly more time than 2D model for solving
the forward problem. Some of the widely used algorithms in
forward problem solving are — finite-difference (FD), finite-
difference time-domain (FDTD),**# finite element (FE)
methods, and method of moments (MOM). In the inverse
problem, reconstruction of the dielectric properties of the
breast from the scattered electromagnetic fields (forward
problem) is performed. Inverse problems are of two types -
well-posed and ill-posed. An inverse problem is a well posed
problem if it matches all three criteria - if a solution of the

In calculation scattered

problem exists, the solution is unique, and the solution is
continuous. If any one of these criteria is not matched the
inverse problem is an ill-posed problem, which is the case for
most of the times. One of the ill-posed algorithms is the Born
iterative method (BIM).* Distorted Born Iterative Method
(DBIM),#¢-%81 contrast source inversion (CSI).['$8%1 efc. Fig.
12 shows the step-by-step procedure of Tomography MBI,
starting from the scanning, to solving forward problem and
inverse problem, and lastly generating the breast image.
Alibakhshikenari et al,*! proposed an experimental study
of detecting a breast tumor using a planar antenna- array. Total
eight antennas were used in the antenna-array, each antenna
has square-shaped concentric rings shown in Fig. 13(a). The
antenna array radiates from 2-12 GHz, and has a gain of

10| Eng. Sci., 2024, 30, 1116

4.81dB. Fig. 13(b) shows the breast phantom designed for the
study, and Fig. 13(c) shows the whole experimental setup. One
antenna was working as a transmitter at one time while the rest
were as receivers. The collected data was in frequency domain
and was converted into time domain using Inverse Fast Fourier
Transform (IFFT). A Tomographic Iterative GPU-based
Reconstruction (TIGRE) Toolbox was used to generate the
tomographic images of the breast. Figs. 13(d-f) show the
tomographic images, it was observed that in presence of the
tumor, largely reflected back. The
experimental setup was able to detect the presence of the
tumor in the breast.

the waves were

Simonov et al.,® presented a ETRI microwave imaging
system for breast cancer detection. The system consists of a
16-element monopole antenna array, working at 500 MHz to
3 GHz frequency and a signal processing unit to generate 3D
image of the breast, shown in Fig. 14(a). The antenna array
was placed in a plastic bath filled with liquid similar to breast
tissues. One antenna was working as a transmitter at one time
while rest 15 were the receivers. The forward problem was
solved using the FDTD method whereas the inverse problem
was solved using a modified iterative Gauss-Newton method.
A 40mm diameter sphere (tumor) is inserted in the bath liquid,
and the antennas scan the whole bath liquid in the presence of
the sphere. Figs. 14(b) and (c) shows the reconstructed
tomographic images of the breast with the tumor inside it (bath
liquid in presence of the sphere). The system was successful
in identifying the tumor inside the healthy breast tissues.

Haynes et al.,”” demonstrated a breast imaging prototype
shown in Fig. 15(a). In the setup, the breast was a cavity made
of 12 microwave substrates attached together, with a total 36
antennas on them (3 antennas on each substrate), shown in Fig.
15(b). One substrate (3 antennas) at one time was working as
a transmitter while the rest were receivers. Both numerical and
experimental analysis were performed for the breast imaging.
Fig. 15(c) shows an acrylic sphere (tumor) being inserted in
the breast cavity for the experimental setup. The antennas
scanned the breast and an image was generated, shown in Figs.
15(d) and (e). HFSS was used to estimate the incident waves

© Engineered Science Publisher LLC 2024
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Fig. 13 (a) Side-view of antenna array arrangement around the breast, (b) breast model used in the study, (c) prototype set-up of the

experimental imaging system, (d) image of tumor detection using reference antenna array using standard patches at 5.5 GHz, (e)
using the proposed antenna array at 5.5 GHz, (f) using reference antenna array at 12 GHz, and (g) using the proposed antenna array
at 12 GHz. Reproduced with permission from [49].

(b)

signal Praxessing and
image reconstraction

() (©)

Fig. 14 (a) ETRI setup, (b) horizontal sections of the generated images, top image = permittivity, bottom image = conductivity, and

(c) vertical sections of the generated images, top image = permittivity, bottom image = conductivity. Reproduced with the permission
from [91].

B RO AR IR

(@ () (e)
Fig. 15 (a) Breast imaging setup, (b) imaging cavity, (c) acrylic sphere suspended in the cavity, (d) reconstructed images of the breast,
permittivity, (e) reconstructed images of the breast, conductivity. Reproduced with the permission from [92].
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Table 3. Summary of several studies in microwave imaging of breast cancer using tomography technique.

Smno  Antenna Type of study Forward problem solution Inverse problem Discussion
(clinical (software/method/setup) solution
trial/simulation/ (algorithms)
experimental)

[93] 32-element Clinical Trial IBM RS6000 260 Iterative 5 patients were scanned for
monopole workstations, a water coupled  reconstruction microwave imaging. The
antenna array system, Illumination tank resultant permittivity images

module, and examine table. were able to detect
abnormalities in tissues.

[94] Pair of Patch Experiment and CST Microwave Studio, Filtered back The breast phantom was made
antennas simulation breast phantom, VNA, and projection (FBP) using paraffin wax. A 10mm

MATLAB. hole was drilled in the breast
and filled with glycerin-water.
The resultant image was able to
detect the 10mm tumor inside
the breast.

[95] 16-element Clinical Antenna array, and FDTD Gauss—Newton Challenges faced in hardware
monopole algorithm, and and software in microwave
antenna array discrete dipole imaging were addressed and

approximation improvised. First ever 3D
tomographic images of breast
were presented.

[49] 8-element Experiment Breast phantom, VNA, and Tomographic The proposed antenna array was
patch antenna Finite Integration Technique Iterative GPU- able to detect the tumor inside
array (FIT). based the breast. In comparison to

Reconstruction other antenna array in literature
(TIGRE) Toolbox  the proposed antennas have
higher gain, small form factor.

[96] 112-monopole  Simulation and Breast phantom, two gelatin Soft prior and no no prior and soft prior
antennas array ~ Experiment tumor, and antenna array, and  prior regularization techniques are

finite difference time domain compared with each other.

(FDTD) Results show soft prior
techniques are more promising
in clinical trials.

[97] 32-antenna Experiment glycerin — water coupling non-linear inverse 3D images of the breast were
array liquid (breast), low-noise scattering obtained in 2 hours using the

amplifier, an RF amplifier, a single frequency reconstruction
double-balanced passive algorithm. Malignant tissues
mixer, a two-stage IF were visible in the images.
amplifier, a SPDT switch, and

two single-pole single-throw

switches.

[98] UWB Simulation Numerical breast phantom, finite element A novel algorithm is proposed
monostatic FDTD, and FEM contrast source by combining MWT and radar-
scanning inversion (FEM- based region estimation. The

CSD). combined algorithm shows
better results than either
algorithm used individually.

[99] 2GHz T™M Numerical and FEM Inverse scattering ~ The proposed low-cost system
wave simulation problem, and showed promising results for

single-step phase
less microwave
tomography.

using it as a breast imaging
application.

12 | Eng. Sci., 2024, 30, 1116
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[100] 16-element Clinical FDTD

circular

antenna array

Non-linear A preclinical prototype for

inverse algorithm, detection of breast cancer at
Gauss-Newton Electronics and
Telecommunications Research
Institute (ETRI) Korea in 2010.

The imaging system performs

iterative

reconstruction,

and MATLAB
well and the obtained images
are in good quality.

of the antenna on the breast and the Born Iterative Method
(BIM) for generating the images of the breast. Both numerical
and experimental setups succeeded in generating decent-
quality breast images.

Some more studies in the tomography for MBI are
discussed in Table 3.

5. Radar based MBI

Radar based MI is known to be less complex than the
tomography MI. It starts with scanning the tissue just like the
tomography MI. After that, the reflected signals are stored and
processed through a focusing algorithm to generate an image
of the tissue. This section discusses the simulations,
experiments, and clinical studies in the field of radar-based
microwave breast imaging.®!?! In recent years, many radar-
based MI algorithms have been developed such as — Delay-
Multiply-and-Sum (DMAS), Confocal Microwave Imaging
(CMI),®! Delay and Sum (DAS),!%:1921 microwave imaging
via space time (MIST),* Generalized likelihood ratio test
(GLRT), Time shift and sum, Multi-static adaptive microwave
imaging (MAMI)!'! etc. Fig. 16 shows the steps involved in
radar based MBI- Data acquisition, forward problem solving,
focusing algorithms, and lastly the breast image.

In 1997, Bridges et al.l'"] were the first to present a radar-
based microwave imaging system for breast cancer detection.
In their system, the breast was exposed to a generator,
generating electromagnetic waves over small portions of the

Data acquisition Forward problem

Scanning the breast

Finite difference (FD)
Finite difference time
domain.

Finite Element Method
(FEM)

Method of Moments
(MOM)

with a transmitter

Collecting the -

scattered signals with a

receiver

breast. The backscattered signals were collected and processed
through a radar-based method. The system was able to detect
the size and position of the tumor inside the breast due to the
high contrast between a healthy and cancerous tissue.

Recently, Qashlan et al.' proposed a system where they
irradiated a breast phantom using an array of nine Vivaldi
antennas. The performance of the Vivaldi antenna was
improved by adding slots and parasitic elements to it. The
tumor detection was performed only via simulation, whereas
the antenna was fabricated and measured as well. The breast
phantom model was a multi layered model consisting of skin,
tissue, and tumor. The breast model was exposed to the
antenna array, as shown in the Fig. 17(a). The tumor detection
was performed using a Microwave Radar Based Imaging
Toolbox (MERIT). The system was able to detect a tumor as
small as Smm, Fig. 17(b).

Blanco-Angulo et al, ' used a 16-element Vivaldi
antenna array setup for performing radar-based MI of breast
cancer. The experiment includes an antenna array, breast
phantom, computer, and VNA. The Vivaldi antenna was first
designed in the HFSS, some modifications in the antenna were
made to reduce its size and increase its performance. For the
breast phantom and tumor, TRITON X- 100 (a soapy chemical
compound) was used. Fig. 18 (a) shows the schematic diagram
of the MI system where the antenna setup is connected to a
switching network, to the PC, and then to a VNA. Fig. 18(b).
shows the fabricated Vivaldi antenna array and the actual

Focusing algorithm

Delay Multiply and
Sum (DMAS)
Confocal Microwave
Imaging (CMI)
Microwave  [maging
via  Space  Time
(MIST)

High
scattered

contour image

Fig. 16 Flow chart showing step-by step procedure in radar MBI.
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Fig. 17 Radar based MBI (a) imaging setup, (b) detected tumor. Reproduced with the permission from [104].

picture of the measurement setup of the MI system. Four
different types of tumors T1-T4 having different dielectric
properties were inserted in the breast and exposed to the
antenna array. The Improved Delay and Sum (IDAS) imaging
algorithm was used for generating the 2D images of the breast.

Figs. 18 (c-h) show the 2D image of the breast showing the
tumor T1, T2, T3, and T4 inside it when the volume of the
breast phantom is 1mL and 2mL.

Preece et al.,l'™ conducted a clinical trial on 86 patients by
using a series of MARIA M4 and MARIA M5 microwave
imaging system. Fig. 19 shows the setup for the clinical trial,
a 60- element antenna array (working between 3 to 8 GHz),
was used for scanning the breast. The patients lie in prone
position; breast was suspended in a ceramic cup. The system
was adjusted by an operator so that the breast fits properly

CONTROL
SYSTEM

USBI
SWITOHING

NETWORK
Sxspar

w w0 0 99 w ®» 0 PR
astarce vy

(c) (d)

inside the cup and patients do not have to move at all. Delay
and Sum (DAS) algorithm was used for generating the 3D
images of the breast. The images were shown along the three
axes: craniocaudal (CC), mediolateral, and physician point of
view. The obtained images were compared with the ultrasound
(US) and mammography images of the breast, as shown in Fig.
20. As can be seen, the obtained images were able to show the
presence of the strongest signal with a sensitivity of >74%.

Song et al.,' conducted a clinical trial on 5 patients at
Hiroshima University Hospital, Japan. The breast with
invasive ductal carcinoma (IDC) and ductal carcinoma in situ
(DCIS) was exposed to a hand-held impulse radar detector.
The detector consists of a 16-clement planar slot UWB
antenna working in the range of 3.1 to 10.6 GHz frequency.
SAR in the breast was also calculated by using the CST

(2

Fig. 18 (a) scheme of the proposed system, (b) picture of the measurement scenario, (c) obtained images (including breast-skin

(b)

artefact removal) for the breast phantom including T1 2 mL tumor phantom; (d) T1 1 mL tumor phantom; (e) T2 2 mL tumor phantom;
(f) T2 1 mL tumor phantom; (g) T3 1 mL tumor phantom; (h) T4 1 mL tumor phantom. Reproduced with the permission from [105].
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Fig. 19 MARIA M4/M5 array and bed system (a) 60 antenna array and switch assembly which moves as a unit around the breast cup,
(b) MARIA M4 in position in the clinic, and (c) MARIA M5. Reproduced with the permission from [102].

software and found below the threshold value; the device was
then used in the clinical trials. The patients were asked to lie
down in a prone position, and the detector was placed on the
breast.

Figure 21(a) shows the detector placed on a volunteer, Figs.

21(b) and (c) show the antenna dome array. Fig. 21(d) shows
the pictorial diagram of the patient and the detector placed on
the right breast. The scanning was performed by rotating the
detector in a clockwise direction. Fig. 21(e) shows the
resultant image of the breast after the scanning and Fig. 21(f)
shows the 3D image of the resultant image. Fig. 21(g) is the
MRI picture of the breast. The proposed system showed

promising results with the MRI.
Table 4 presents more studies in the field of radar-based
microwave breast imaging.

6. Clinical trials, challenges and future work in MBI

This section discusses some of the MBI machines used in
clinical trials, common challenges faced in MBI techniques
and ways to improve it.

Meaney et all*'>-118] have been studying the MTI since
1990s. In 2000, they proposed the first-ever clinical prototype
for MTL,®119 which is currently in clinical trials and showing
positive results. Fig. 22(a) shows the MTI setup at the

Fig. 20 An example of a MARIA scan compared with a mammogram (MMG) and ultrasound (US), (a) MARIA, (b) US scan, and
(¢) MMG. Only tumor is visible on mammogram. Both carcinoma and liquid-filled milk duct are visible on MARIA M4 and US

scans. Reproduced with the permission from [102].

© Engineered Science Publisher LLC 2024
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Fig. 21 (a) The hand-held microwave breast cancer detector, (b) photograph of the bottom view showing the dome antenna array, (c)
photograph of the side view, (d) configuration of the clinical test for the right breast with a supine position, (e) reconstructed confocal
imaging results of x-y and x-z cross sections, (f) reconstructed 3D display of the imaging area showing the location of the tumor with
respect to the antenna array. (g) MRI scan of the breast. Reproduced with the permission from [106].

Table 4. Summary of several studies in radar-based microwave breast imaging.

S.no  Antenna Type of study Forward problem solution Focusing Discussion
(clinical (software/method/setup) algorithm
trial/Simulation/
experimental)
[104]  Array of nine Simulation HFSS and Microwave Delay-and-sum  Antenna was simulated
Vivaldi antenna Radar-based Imaging (DAS) and fabricated. Tumor
Toolbox (MERIT) detection was performed

via simulation only.
Tumor of size 5Smm was

detected.
[43] 17-element array ~ Simulation FDTD Time-shifting Tumor as small as 2mm
of monopole and coherent was detected
antenna summing
[107] 72-element Simulation FDTD Multi-static MAMI algorithm
omnidirectional adaptive showed better resolution
antenna array microwave and noise reduction
imaging image of the breast in
(MAMI) comparison to the
existing algorithms.
[108] Monostatic- Simulation and CST, Breast phantom, DMAS Frequency and time
Vivaldi antenna ~ Experiment VNA, Arduino Uno R3, domain analysis was
L293d performed for the
motor driver, and Nemall antenna. System was
stepper motor able to detect the tumor
inside the breast and is
capable to use in clinical
trials.
[109] A transceiver Simulation and circular synthetic aperture deep neural The neurocomputational
antenna Experiment radar (CSAR), and breast networks model in the study
phantom. (DNNs) and presents good results
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[59]

[110]

[111]

[112]

[113]

[114]

Monostatic —
Balanced
antipodal Vivaldi
antenna

Multi-static, 16-

antenna array.

31-element
antenna array

16-element
UWRB array of
antennas

16-element array
of antennas

60-element

antenna array

Clinical trial

Experiment

Experiment

Clinical and

experimental

Clinical Trial

Clinical Trial

Tissue Sensing Adaptive
Radar (TSAR)

A radome (inside it the
breast phantom is placed),
a 16-antenna array, and an
oscilloscope.

Breast phantom, antenna
array, and Vector network
analyzer

3D breast phantom for the
experiment. For clinical, a
healthy women’s breast
was scanned.

Antenna array, 13 patients,
and oscilloscope.

Rhinoceros 3D CAD

software, Fused Deposition

Modelling (FDM),
electromechanical
switching interface, a
VNA, and a hydrologic
trolley.

Convolutional
neural
networks
(CNNs)

Time shift and
sum

Delay-
Multiply-and-
Sum (DMAS)

Delay and sum
(DAS)

Delay and sum
(DAS)

DMAS

Delay and sum
(DAS)

than the Matching
Pursuit (MP-based)
algorithms.

Eight patients were
tested with this MI
system. The system was
able to detect Smm size
tumor.

A time domain breast
imaging system was able
to detect tumor in a
breast phantom.

High resolution image of
the breast was achieved
by using this 31-antenna
array.

Clinical results could
detect a tumor of size
8mm

In this clinical trial 13
healthy patients were
scanned 342 times with a
time domain radar
system. The aim was to
determine the variability
expected from the scans
in the same women at
different days.

95 patients were called
on for clinical trial at the
Breast Care Centre at
Frenchay Hospital,
Bristol.

Obtained images showed
good agreement when
compared with the X-ray
and ultrasound images. A
bad fitting of breast in
the ceramic cup was
encountered in some

Cascs.

Dartmouth college.””? In their clinical study, a 16-element
monopole antenna array radiating between 300MHz to
1000MHz was used. Five patients were scanned using the MTI
setup. The patient lay down on the table in prone position
where the breast is suspended in a tank filled with a coupling
fluid of 0.9% saline. The height adjustment of the antenna
array setup is controlled by computer so the patients do not
have to move by themselves. One antenna acts as a transmitter
at one time while the rest 15 act as receivers. The data is

© Engineered Science Publisher LLC 2024

collected and processed through an iterative reconstruction
algorithm. The system could detect abnormal tissues in the
breast, including the abnormalities caused by the surgeries.
Son et all' presented a preclinical prototype for the
detection of breast cancer at Electronics and
Telecommunications Research Institute (ETRI) in Korea in
2010. Fig. 22(b) shows the ETRI system where the patient lies
down and the breast is suspended in an imaging bath. A 16-

element circular antenna array is placed inside the matching
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Fig. 22 (a) Microwave Tomography Imaging (MTI) system at Dartmouth College. Reproduced with the permission from [9],

Copyright, 2003, IEEE. (b) Electronics and Telecommunications Research Institute (ETRI) Microwave Tomography system, Korea.

Reproduced with the permission from [100] and (c) Wavelia setup in Galway University hospital, Ireland, radar-based imaging.

Reproduced with the permission from [19].

bath. Each antenna radiates between S00MHz to 3GHz. The
coupling liquid has the properties similar to the breast tissue.
One antenna works as a transmitter at one time while the rest
15 act as receivers. Hence, a total of 240 signals are collected.
The non-linear inverse algorithm is used for constructing the
tomographic images. It was concluded that the imaging system
performed well, detected the tumor, and successfully
generated good quality images.

Another MBI system, Wavelia, was used for clinical trials
from September 2018 to December 2019 at the Galway
University Hospital, Ireland.['"” Total 25 women were scanned
for MBI using the Wavelia system, Fig. 22(c) shows the setup.
The system was able to detect the benign and cancerous
tumors. However, a larger study is planned to validate the
current results.

In a recent prospective clinical trial, a MammoWave
microwave imaging device is tested for multicentric breast
cancer detection.!'?! It scans a maximum of 600 volunteers and
has been certified for clinical research. Fig. 23 shows the
device and a patient getting scanned. The breast images are
reconstructed by using a Huygens-principle-based radar
algorithm. These reconstructed images are the intensity maps
of the breast based on the dielectric properties of the tissues.

The whole procedure appears promising for further clinical
trials.

Though MWI has many advantages over the conventional
techniques (X-ray mammography, CT scan efc.), certain
challenges have been encountered with it. However, these
challenges can be addressed and resolved in future research-

6.1 Image quality

The output image of the breast from any MBI technique is the
most important part of it. The quality of these images depends
on many factors, such as the quality of the instruments used in
the MWI system, environment, transmitted and reflected
signals, algorithms used in generating the images, etc. Careful
selection of such factors becomes crucial in improving the
quality of the images. Also, having an experienced radiologist
handle the system and interpret the images can also resolve
this issue.

6.2 Comfort

MBI is a comfortable technique since it is a non-invasive
technique, does not require breast compression, and does not
cause any pain in the breast. However, it still requires patients
to lie down in a prone position and the breast to be immersed

(b)

Fig. 23 (a) MammoWave device, and (b) sketch of a women laying down on the device, breast in the cup, transmitting and receiving

antennas scanning the breast. Reproduced with the permission from [120].
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in a liquid chamber. It is sometimes uncomfortable for some
people to lay down in such position. It would be better if MBI
offers more than one position for screening such as standing
or sitting screening, so that patients with physical limitations
feel comfortable.

6.3 Cost

MBI is known to be a cheaper alternative to the conventional
methods. However, it is not always the case, it can still be
expensive for the manufacturers based upon the prices of the
instruments, switching circuits, antennas efc. used in the MBI
system. Hence, switching to the devices that are cheaper but
do not compromise with the output of the imaging can make
the overall system cost-effective.

6.4 Combination imaging

Using MBI technique along with the conventional techniques
(mammography or ultrasound) may provide better results and
improve the imaging accuracy.

6.5 Clinical trials

Large scale and long-term clinical studies are needed in order
to establish its benefits compared to the conventional imaging
techniques.

7. Conclusion and future perspectives
Microwave imaging has been proven to be an effective
alternative option to the conventional breast imaging
techniques. A significant contrast in the dielectric properties of
normal and cancerous tissues were reported in the literature,
and used as a basis for MBI. Antennas are used to transmit and
receive the microwave signal in MBI. Many research groups
have performed the parametric analysis on the antennas so
they meet the requirements of MBI. Some systems use a single
antenna working as both a transmitter and receiver whereas
some use an array of antennas (one antenna working as a
transmitter while the rest are receivers). The paper discusses
the state-of-the-art research in the field of active microwave
radar-based

tomography and

Tomography imaging is a complex method compared to radar-

imaging i.e. imaging.
based imaging as it uses ill-posed algorithms to generate a
dielectric image of the breast. Tomography imaging provides
a full dielectric image of the breast whereas the radar-based
MI only generates the image of the breast region where the
tumor is located. Radar based imaging is found to be less
complicated than the tomography technique.

Discussing about the future perspective of MBI, many
studies are already in clinical trials and showing positive

results, there are still some points that could be incorporated

© Engineered Science Publisher LLC 2024

to make MBI the first choice for breast cancer imaging-

1. Combining the imaging algorithms- both tomography
and radar-based imaging provides good result in detecting and
generating the image of the embedded tumors. However, both
techniques have their own disadvantages. Tomography
follows a complex ill-posed complex algorithm, whereas the
radar-based imaging provides limited information about the
scanned tissue. A combination of both algorithms, where we
could leverage the strengths of both of the techniques and
mitigate the respective weakness, could be studied in the
future to get a more comprehensive and detailed imaging of
the breast tissues.

2. Addressing the remaining challenges- Despite the bright
future of MBI, the challenges mentioned in Section 6 could be
addressed to make it more affordable, efficient, and
comfortable for the patients.

3. Continued development and innovation — Apart from
resolving the current challenges, the future of MBI depends on
innovative technology, continuous progress, and awareness
among the public. Better antenna design, more comfortable
systems, and increased public awareness could be the main
focus in future so that it eventually becomes a preferred option

for breast imaging.
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