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Chapter

Microwave Imaging for Breast
Cancer Detection

Yoshihiko Kuwahara

Abstract

Microwave imaging (MI) is characterized by no exposure, stronger contrast
between soft tissues than X-rays and ultrasound, and a smaller device scale. This
chapter describes the electrical properties of the breast tissue that underlie MI, and
then outlines the MI hardware configuration and three imaging algorithms: confocal
imaging, scattering tomography, and near-field holography. After that, we will
introduce the actual equipment and experimental results using the three imaging
algorithms. Finally, we will summarize the challenges of realizing a medical imaging
device using MI.

Keywords: microwave imaging, complex permittivity, confocal imaging, scattering
tomography, near-field holography

1. Introduction

Breast cancer begins in the late 20s, but the mammary glands are well developed
in the 20s and 30s, making initial diagnosis by X-ray mammography, which is a
general examination, difficult. There is an ultrasonic diagnostic device (US) as an
alternative method, but the reliability of the diagnosis depends on the skill of the
inspector, the reproducibility of the data is poor, and continuous tomographic
images cannot be obtained [1]. On the other hand, magnetic resonant image (MRI)
and positron emission tomography (PET) are not candidates for examination
equipment because of their large scale, long examination time, and high cost.
Microwave imaging (MI) has a stronger contrast between soft tissues than X-rays
and ultrasound. MI is not exposed to radiation, and has the characteristics of being
small in scale and inexpensive. However, there are problems to be solved and it has
not yet been put into practical use.

There are two types of MI, scattering tomography (ST), which solves the inverse
scattering problem and reconstructs the relative permittivity and conductivity dis-
tribution in the breast, and confocal imaging (CI), which reconstructs the scattered
power distribution [2]. In principle, the former can reconstruct the shape of
intramammary tissue and is suitable as a diagnostic device. However, the inverse
scattering problem is a non-linear ill-posed problem with more unknowns (relative
permittivity / conductivity distribution in the breast) than the number of equations
(measurement data), and is susceptible to modeling, manufacturing, and measure-
ment errors. The latter has been clinically imaged by several research groups,
including the author, and strong scattering has been confirmed around the cancer
[3-6]. However, even in breasts without lesions, meaningless scattered images
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(artifacts) appear due to multiple reflections in the breast, so how to identify the
presence or absence of cancer is an issue.

In recent years, as a third method, research on near field holographic imaging
(NFHI), which can reconstruct the shape of intramammary tissue, is also in pro-
gress [7, 8]. Since the principle of image reconstruction of NFHI is based on the
principle of Fourier transform, the time required for image reconstruction is short.
However, there are still problems that a huge amount of observation data is
required to increase the resolution and that images cannot be reconstructed
correctly with high-contrast objects.

In this chapter, we first explain the electrical properties of breast tissue, which is
the basis of MI, based on large-scale measurement data [9]. Next, the basic device
configuration of MI, three imaging algorithms, and the features of CI, ST, and
NFHI are described. Next, we will introduce the equipment that implements these
algorithms and the experimental results. Finally, the issues of MI and future
prospects will be described.

2. Electrical properties of breast tissue

Living tissue has different electrical properties depending on the tissue, and
when electromagnetic waves are incident, reflection occurs at the boundary. The
basis of MI is to detect reflections that occur at tissue boundaries. This section
describes the electrical properties of breast tissue.

2.1 Complex permittivity and Debye model

Living tissue is a lossy dielectric, and when an electromagnetic wave is incident,
its wavelength is shortened and propagates while being attenuated. When an elec-
tromagnetic wave having a main polarization in the x-axis direction propagates in
the z-axis direction through a dielectric having a loss, the electric field at an arbi-
trary distance z is expressed by the following equation.

E, = Ege @7 (1)

Here, E is the electric field at z = 0, « and p are the attenuation constant and
the phase constant, and are expressed as follows using the relative permittivity «,,
conductivity o, and angular frequency o = 2xf of the propagation medium.
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Here, c is the speed of light propagating in the vacuum, and ¢y is the permit-
tivity of the vacuum.
The dielectric material with loss is represented by the complex permittivity.
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It can be seen that the imaginary part of the complex permittivity changes with
frequency. By the way, it is known that the real part of the complex permittivity of
a living body changes depending on the frequency. The property of such a material
is called dispersibility. The complex relative permittivity of dispersible materials
can be modeled by the following equation [10].

o) oy oy e (5)
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The curve of the complex relative permittivity represented by Eq. (5) is called
the Debye model. Figure 1 shows the result of measuring the complex relative
permittivity of the mammary gland tissue by the probe method [11] (solid line) and
the approximate curve (dotted line) modeled by Eq. (5). Here, ¢, A¢, o5, and 7 are
estimated by the simplex method [12] so that the squared norm of the difference
between the measured value and the frequency characteristic of the complex per-
mittivity expressed in Eq. (5) is minimized. When the respective values are —1.22,
59.1, 0.92, 10.4 ps, the frequency characteristics of the measurement and the Debye
model are almost the same. Since wideband electromagnetic waves are often used in
confocal imaging, it is desirable to model objects using ¢, A¢, o, and  when
performing propagation analysis.

2.2 Complex permittivity measuring device

The electrical constants of breast tissue can be measured using a dielectric probe
[9, 11]. Ref. [11] shows that a cylindrical region with a depth of 1.5 mm and a radius of
3.75 mm is required to achieve a measurement error of 10% using a 2.2 mm diameter
dielectric probe. In our study, we measure the complex permittivity of breast tissue
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Figure 1.
Complex dielectric constant of glandular tissue and approximation by Debye model.
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using a 2.2 mm diameter dielectric probe in the dielectric measurement kit Keysight
85070E and a vector network analyzer, E5071C. The measurement range is 1-8 GHz.

In recent year, since breast cancer is often detected at an early stage, the size of
the tumors removed by surgery has become smaller. To investigate the minimum
required volume of a specimen, the dielectric constant was measured by placing
ketchup in containers of various volumes. Ketchup is readily available and has about
the same electrical constant as cancer. The container, apart from the petri dish, was
created using a 3D printer. The material of the container is ABS resin. Figure 2
illustrates the appearance of the container and measurement system.

In the preliminary measurement using ketchup, for a container measuring 0.5 x
0.5 x 0.5 cm, an error of 3% occurred with respect to the measurement result of the
petri dish. However, in a container measuring 1 x 1 x 0.5 cm, the error reduces to 1%
or lower. We selected the 1 x 1 x 0.5 cm container for analysis. Samples removed by
surgery were cut into fats, mammary glands, and cancerous tumor tissues. Each tissue
was placed in a container and the probe was pressed downwards to measure the
complex permittivity. Figure 3 shows a photograph of the tissue put in a container.

2.3 Measurement
2.3.1 Population of measurements

During the breast cancer surgery performed at Aichi Medical University from
May 2018 to July 2020, breast tissue specimens were collected from 140 patients
who consented to the specimen collection [9]. Table 1 shows the number of samples
and the average age of the patients classified by case. Here, mammary gland tissues
of the highest possible density were collected from every patient.

In recent years, there have been many stage 0 and stage 1 (tumors less than 2 cm)
surgery, and it has not been possible to collect tumor tissues that can withstand
measurement from all patients. X-ray mammography findings of mammary gland
density revealed that nearly half of the patients had dense mammary glands. Due to
the disappearance of mammary gland tissue at an older age, it was not possible to
obtain mammary gland tissue that could be used for measurement from all patients.

Invasive ductal carcinoma accounts for 84%, of which more than half are scir-
rhous type. Fibroadenoma is more common in young women, with a minimum age
of onset of 15 in this study. Five patients in their 30s with invasive ductal carcinoma
account for 4% of all patients with invasive ductal carcinoma. All of the patients
were at stage 2. Women in their 30s are not eligible for breast cancer screening in
Japan. When cancer grows, it is said that necrosis and calcification occur in the
center of the cancer. X-ray mammography detects this calcification. In the patho-
logical findings, there were necrosis in 6 cases and calcification in 11 cases.

Figure 2
(a) Containers of various volumes, petri dish 1x1X0.5 cm, 0.5x0.5X0.5 cm container. (b) Measurement
equipment for complex permittivity.
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Figure 3.
Tissue samples.
Histological classification Patient Tumor Gland Fat  Age
(years)
Invasive ductal carcinoma Tuble forming 7 6 6 6 59.6
Solid 38 35 23 36 63.3
Scirrhous 64 52 46 58 61
Others 9 8 6 9 59.9
Special Invasive lobular 4 4 4 4 63.6
carcinoma
Mucinous carcinoma 6 6 4 5 66.8
Others 5 0 5 5 49.4
Mixed connective tissue and Fibroadenoma 5 5 4 2 311
epithelial tumors Phyllodes tumor 2 2 0 1 54.2
Total 140 118 98 126 60.3

Table 1.
Number of samples taken out by surgery.

2.3.2 Measurement results

Figure 4 shows a typical example of the complex relative permittivity of the
sample measured using the measurement system shown in Figure 2. The measure-
ment result that we expect is that the relative permittivity of tumor tissue is
considerably higher than that of mammary tissue, as shown in Figure 4a. However,



Breast Cancer - Evolving Challenges and Next Frontiers

B0 =
50 | TTe——
207 turnor (real) T tumor (real) B
N (irag) tumor (imag)
o g?ancér(r‘g;% o 40+ gland (!real)
00 o I —alord (1) oa — — —gland (imag)
——fat (real) o 30 |T_Etlee) -
o0 b |- — —fat fimag) [ R
- Whs__oo=zTEEIT
10}
0 s et i Sty dulubat
1 Z 3 4 b & 98 1 2 3 4 5 & 7 8
]
frequency (Hz) x10 frequency (Hz) x10

(a)

Figure 4.

(b)

(a) Measurement example of the complex permittivity, solid tubular carcinoma (Age 49, dense breast). (b)

Measurement example of the complex permittivity, Scirrhous carcinoma (Age 49, dense breast).

as shown in Figure 4b, there were 8 cases in the scirrhous type and 1 case in the
solid type in which the relative permittivity of the mammary gland tissue was
higher than that of the tumor tissue. The reason for the opposite properties may be
that, as noted in the Ref. [13], not all areas of the tumor sample are filled with tumor

tissue.

Table 2 shows the average of relative permittivity €, and conductivity ¢ of
tumor and mammary gland at 1.6 GHz by pathology. On average, the relative
permittivity of cancer is 17.5% higher than that of mammary gland tissue, and the

conductivity is 16.2% higher.

Fibroadenoma has the lowest contrast between the relative permittivity and
conductivity of cancer and mammary gland. Fibroadenoma is common in women in
their teens and 20s, has well-defined lump boundaries, and is often classified as a
benign tumor. The disease is not a tumor, but is made up of an excessive amount of
normal cells (anaplasia), so there is almost no difference in contrast with the
mammary gland. Among the invasive cancers, tumors that are said to be a special
type have a large contrast between the mammary gland and the cancer, and good

Histological classification Tumor Mammary
gland
e o [S/m] e o [S/m]
Invasive ductal carcinoma Tuble forming 60.5 1.66 50.1 1.4
Solid 58.6 1.59 498 139
Scirrhous 58.9 1.65 524 1.47
Others 59.6 1.63 41.6 1.15
Special Invasive lobular 58.4 1.63 43.0 119
carcinoma
Mucinous carcinoma  65.3 1.93 45.9 13
Others — — 53.4 1.5
Mixed connective tissue and epithelial Fibroadenoma 62.7 1.74 602 173
fumors Phyllodes tumor 61.7 1.61 — —
Total 59.5 1.65 50.6 145
Table 2.

Averaged permittivity and conductivity.
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detection by microwave imaging can be expected. The scirrhous type is the most
common type of invasive ductal carcinoma, but the contrast between the relative
permittivity and the conductivity of the cancer and mammary gland tissue is 12%,
which is relatively small. Therefore, MI requires the ability to identify objects with a
contrast of about 10%.

Table 3 shows the average Debye parameters for tumor and mammary gland by
pathology. The Debye parameter is a parameter considering dispersibility (fre-
quency characteristic). Relaxation time t does not differ significantly between

Histological classification Tumor Mammary
gland
€ Ae (R T € Ae [ T

[ps] [ps]

Invasive ductal carcinoma Tuble forming 563 559 094 116 125 497 077 115

Solid 391 555 090 112 156 49.0 0.81 10.7

Scirrhous 459 552 095 114 059 525 0.85 10.5

Others 339 57.0 097 103 1.81 40.4 0.64 10.3

Special Invasive lobular 528 53.9 0.97 11.0 —-0.45 44.0 0.70 9.9
carcinoma

Mucinous -176 662 098 103 —471 47.0 0.68 9.8
carcinoma

Others - — — — -188 559 090 97

Mixed connective tissue and Fibroadenoma 146 61.8 096 111 199 56.3 0.96 11.8
epithelial tumors

Phyllodes tumor —0.45 63.0 0.89 103 — — —_ -

total 387 563 094 112 0.64 505 0.81 10.6
Table 3.
Debye parameters.
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Linear velationship between velative permittivity and conductivity.
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tumor tissue and mammary gland tissue. This is an important prior knowledge of ST
for solving the inverse scattering problem [14]. Among the Debye parameters, &,
has an extremely high contrast between cancer and mammary gland. By utilizing
this feature, it will become easy to distinguish between the mammary gland and
cancer in microwave imaging.

Figure 5 is a plot showing the relationship between relative permittivity e, and
conductivity ¢ of breast tissue at 1.6 GHz, It shows that there is a strong correlation
between ¢, and . This is also important priori information for ST to solve the
inverse scattering problem [15].

3. Microwave imaging

This chapter gives an overview of the configuration of an imaging device using
microwaves and the algorithm for reconstructing images. The details of the recon-
struction algorithm are omitted due to space limitations. For details of the recon-
struction algorithm, refer to the related literature.

3.1 Equipment configuration

Figure 6 shows the hardware configuration of the MI system. Multiple antennas
are placed around the object. One antenna is selected to transmit electromagnetic
waves, and all antennas including the antenna used for transmission receive and
record scattered waves from the imaging target. The observation data group X,

(n =1, .., N) is collected by changing the antenna used for transmission one after
another. The first digit of the subscript of X,,, indicates the transmission condition
number, and the second digit indicates the reception condition number. When
transmitting and receiving using 18 antennas, N = 18 and 18 x 18 = 324 observation
data groups can be obtained. If multiple signals are received at the same time, the
hardware configuration becomes complicated, so a changeover switch is used for
time-division reception. A commercially available vector network analyzer (VNA)
can be used as the transmitter / receiver. Since short pulses are equivalent to
wideband frequency sweep signals, VNA can be used even with radars that use
pulses.

3.2 Imaging algorithm

Table 4 shows typical image reconstruction methods.

fatty tissue e

' \ftransmiﬂer

tumor

E_

gladular tissue:

receiver

imaging

Figure 6.
Hardware of the MI system.
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CI NFHI MT
Reconstructed ~ Scattered power Reflection coefficients distribution Complex permittivity
Image distribution distribution
Reproduction of Impossible Possible Possible
tissue shape
Processing time ~ Short Very short Long
Installation Easy difficult difficult
Problems e Identification of ~ * Means for acquiring a large amount ¢ Accuracy / resolution
abnormal tissue of observation data. * Establishment of

¢ Investigating the effects of multiple  calibration method.
reflections between objects * Design of high
sensitivity antenna

Reference [3-6, 16-19] [7, 8,20] [14, 15, 21-25, 28]

Table 4.
Image reconstruction method.

The principle of image reconstruction of CI is the same as that of ultrasonic
diagnostic equipment. That is, while shifting the focal point set in the imaging
region, the magnitude of the scattered wave at the focal point is calculated and the
magnitude distribution is visualized. Electromagnetic waves are more attenuated in
the body than ultrasonic waves, and objects embedded in the high contrast tissue
cannot accurately reproduce the tissue image due to the multiple reflections.
Reconstructed images of breasts of breast cancer patients have been reported by the
author and several other research institutes [3-6]. In all reports, large reflection
images were observed around the cancer, but the shape and size of the cancer could
not be accurately reconstructed. In addition, meaningless images are reconstructed
even in cancer-free breasts. Doctors make a diagnosis from the reconstructed
image, but it is not possible to make an accurate diagnosis because the tissue shape
is not accurately reconstructed.

NFHI reconstructs the reflection coefficients’ distribution in the imaging
region, and the reconstructed image reflects the shape of the tissue [20]. Since the
image reconstruction is based on the Fourier transform of the spatial region, the
reconstruction time is extremely short and real-time display will be possible. The
problem is that the resolution is governed by the sampling theorem, so a huge
amount of observation data is required to obtain a high-definition reconstructed
image, and it is difficult to realize a practical data acquisition system. For example,
in order to obtain a spatial resolution of 2 mm, observation data for each 2 mm is
required on the projection surface of the imaging region, and observation data at
2500 positions is required assuming an observation surface of 100 mm x 100 mm.
Data can be acquired by mechanical scanning of the antenna, but the observation
time will be significantly longer. If the antenna is an array to save time, 2500
transmitters and receivers are required, which increases the cost and limits the
aperture length of one antenna to 2 mm or less. In this case, millimeter waves
should be used, but the attenuation is extremely large in the body, which is not
practical. Another issue is that the currently proposed 3D reconstruction algorithm
does not take into account the effects of multiple reflections within the imaging
region, making reconstructed images of object with a large size or a complicated
structure difficult.

Research by the authors has shown that NFMI can, in principle, reconstruct the
tissue image precisely [8]. In addition, Manitoba University has developed an
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experimental device that collects observation data by moving up and down

while mechanically rotating two wideband horns, and showed that it can

detect foreign matter in the phantom even in the air interface between the phantom
and the antenna [7]. However, clinical imaging with NFMI has not yet been
reported.

In ST, which solves the inverse scattering problem, the complex permittivity
distribution in the imaging region is reconstructed and the structure shape can be
reproduced. However, the processing time is long because it is necessary to repeat
the full-wave electromagnetic field analysis. In our research, even workstations
with the latest GPUs take hours for a single analysis and days for image reconstruc-
tion. The biggest problem is that the phenomenon of radio wave propagation in the
imaging region cannot be faithfully reproduced on a computer. It is extremely
difficult to completely match the results of experiments with computer simulations
that model microwave equipment with current numerical analysis technology for
electromagnetic waves. The key to the realization of this technology is how to
calibrate the experimental results and match them with the computer simulation. In
this method, the breast is treated as a set of small hexahedrons or tetrahedra (called
voxels), and the complex permittivity of each voxel is estimated. To improve the
resolution is to make the voxels smaller, and the number of complex permittivity to
be estimated increases on the order of the third power. In the inverse scattering
problem, the governing equations are Born approximated and solved by replacing
them with linear simultaneous equations, but this is an ill-posed problem with many
unknowns (complex dielectric constant of each voxel) with respect to the number
of equations. In this case, the reconstructed image looks like a defocused photo-
graph because the sudden change in contrast between voxels cannot be reproduced.
In addition, a highly sensitive antenna that can capture small changes in the com-
plex permittivity of small voxels is required.

A group at Dartmath University has prototyped an imaging device with a struc-
ture in which 18 monopoles are submerged together with the breast in a matching
fluid, and is performing clinical imaging [21]. The monopole array is moved up and
down to acquire several observation data. For the imaging algorithm, forward
analysis by Discrete Dipole Assumption (DDA) and inverse analysis by iterative
method are adopted. Reconstructed images of scattered mammary glands accu-
rately capture the location and size of the cancer, but the results of imaging the
dense breast are not shown, and it seems that they have not reached the stage of
practical use.

4. Imaging device
This section introduces the MI device and imaging results developed by the

author. Only the equipment using CI was performed up to clinical imaging, but the
equipment of ST and NFHI is in the stage of basic experiment.

4.1 CI for clinical test
4.1.1 System configuration

A schematic diagram and photographs of the developed microwave mammog-
raphy equipment are shown in Figure 7 [5]. The equipment comprised a sensor, an

aspirator, an antenna switch, a network analyzer, a PC for control, and a worksta-
tion (WS) for data processing.
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Figure 7.
(a) Schematic diagram of the microwave mammography. (b) Overview of the microwave mammography.
(c) Overview of the sensor.

4.1.2 Sensor

Figure 8 shows the concept of the proposed sensor. It consists of several stacked
patch antennas fed by the slot. The number of antennas depends on the breast size.
The antennas are embedded in a cup made by Sumitomo Electric Industries, Ltd.,
the material of which has almost the same electromagnetic parameters as those of
the adipose tissue (e, = 6.3, 6 = 0.15, 6 GHz). The elements are designed so as to
match impedance over the bandwidth of 4 to 9 GHz when the aperture touches the
breast. When the pressure in the sensor is reduced by the aspirator, the breast is
fixed to the inside of the sensor. Therefore, we need not know the breast shape for
the image reconstruction process.

As shown in Figure 8, we prepared three different sensor types for various
breast sizes: a 30-element sensor with a diameter of 13 cm and a depth of 5.4 cm

g;Air intake

Valve
Antenna

Nipple

Array
foundation

Tumor Glandular tissue

(a)

(b) (d)

Figure 8.
(a) Sensor (longitudinal section). (b) Sensor (6-element). (c) Sensor (18 element). (d) Sensor (30-element).
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(large), a 18-element sensor with a diameter of 10 cm and a depth of 4 cm (middle),
and a 6-element sensor with a diameter of 8 cm and a depth of 2 cm (small).

4.1.3 Antenna switch and control

The antenna switch selects one or two antennas connected to the input/output
port of the network analyzer (Agilent E5071C), and can correspond with the three
sensor types. It consists of 42 single port double transfer (SPDT) switches and 6
single port 6 transfer (SP6T) switches. The total insertion loss is less than 5 dB at
6.5 GHz, and the peak amplitude and phase deviation are less than 0.2 dB and 10°,
respectively. The antenna switch and network analyzer are automatically controlled
by the PC.

4.1.4 Clinical inspection

The size of the microwave mammography equipment is 600 (width) x 600
(Iength) x 500 (height) mm. It is designed to align and connect lengthwise with a
bed in the consulting room. Before inspection, a sensor with the proper size must be
selected. Using a transparent cup that has the same size as the sensor on the breast
and then by decompressing, one can confirm that the breast touches all elements by
observation. Then, patient lies facedown on the bed and places her breast in the
sensor and suction begins. S;; when the breast is placed in the sensor is compared
with S;; when no breast is present. If S;; is not sufficiently reduced, an alarm is
activated. In this case, the inspector aligns the position or inclination of the sensor.
The inspection time is approximately 5, 30, and 200 s for 6, 18, and 30 sensor
elements, respectively. An array rotation technique was used for artifact removal
[16]. Additional inspection when the sensor is mechanically rotated by 20° was
carried out.

4.1.5 Imaging results

We imaged the breasts of an elderly woman with fatty tissue. Referring MRI
Image shown in Figure 9a, her right breast is infected with early breast cancer of
9 mm in diameter at lower inside near the chest wall, while no pathological changes
can be seen in her left breast. In this case, boundary of the cancer is comparatively
clear, and it isolates from the fibro-glandular tissue.

Figure 9b shows the imaging results using microwave mammography. In this
case, the small-sized sensor was used. The reflection strength is normalized by the
peak reflection field where it is generated around the cancer. Then, areas where the
back-scattered energy is more than 80% of the peak scattered power are shown. In
addition, estimated position and size from MRI image are shown as green circle. We
can see a large scattering near the cancer.

4.1.6 Findings

Six breast cancer patients were clinically imaged and a strong scattering image
was confirmed around the cancer. The location of the cancer can also be detected by
confocal imaging. However, if the cancer is large, its shape cannot be reproduced. In
the experiment, the scattering intensity distribution is standardized by the peak
value of the response in the breast with the cancer with the largest scattering power.
For this reason, the scattering intensity in cancer-free breasts is low. However,
assuming cancer screening, it is predicted that scattered images will appear in such
standardized processing because of the difference in mammary gland density

12
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Figure 9.
(a) MRI image of the right breast with cancer and healthy left breast. (b) Imaging results by the microwave
mammography (right breast). (c) Imaging results by the microwave mammography.

between the left and right breasts even without cancer. In addition to cancer, the
breast has other diseases such as cysts and mastitis. The cyst is a bag of water, and it
is predicted that a scattered image stronger than that of cancer will appear. Since it
is necessary for medical devices to be able to accurately reproduce the shape of
cancer and to distinguish between cancer and diseases such as cysts, the use of
tumor markers in Ref. [17] is a realistic solution for confocal imaging.

4.2 ST

Since UWB radar could not reconstruct diagnostic images with the tissue
structure, we are working on scattering tomography to solve the inverse scattering
problem. A simple imaging sensor with a printed board dipole inserted in a
dielectric block was prototyped and evaluated. However, if the rough position and
size of the target were not used as preliminary knowledge, a reconstructed image
with sufficient quality could be not obtained [5]. This was due to a modeling error
issue as well as a lack of sensitivity. It was necessary to investigate a highly sensitive
antenna with a structure with small modeling error.

In [24], the evaluation results of radar imaging using a circular array with a
structure in which a folded quasi self- complementary antenna (FQSCA) composed
of a printed board is pressed vertically against a cylindrical dielectric block
containing the target are demonstrated. We evaluated the image reconstruction of
an image sensor constructed by pressing FQSCA against a rectangular dielectric
block by computer simulation compared with a printed dipole. As a result, it was
found that the imaging sensor using FQSCA has higher image reconstruction capa-
bility than the printed dipole.

In this section, high sensitivity with FQSCA is first confirmed by computer
simulation using the sensor structure in [22]. Next, FQSCA is applied to a sensor for
clinical imaging, and it is confirmed that high-quality diagnosis image is
reconstructed using a numerical phantom.

13
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4.2.1 Printed dipole and FQCSA
4.2.1.1 Simulation model and method

Figure 10 shows the image sensor and phantom used in the computer simulation
[25]. Figure 10a shows an imaging sensor in which two printed board dipoles
arranged in an inverted L shape are inserted on the side of a dielectric block.
Figure 10b shows an image sensor with a structure in which two FQSCAs arranged
in an inverted L shape are pressed against the side surface of a dielectric block.

In this model, an imaging area of 40 x40 x40 mm is provided in the center of the
dielectric block. The imaging area is modeled by cubic voxels with a side length of
10 mm or 5 mm. The number of voxels in the imaging area is 64 when the resolution
is 10 mm and 512 when the resolution is 5 mm. In the image reconstruction using
one frequency, the number of observation data is gC, = 28, so it is an ill-posed
problem with unknowns greater than the number of equations for any resolution.
The distance between the imaging area and the antenna is 30 mm. The relative
permittivity and conductivity of the dielectric block are 6.5 and 0.036 S/m.

Figure 11 shows photographs of the printed board dipole and FQSCA. The
printed board dipole is mounted on a substrate with a thickness of 0.8 mm, relative
dielectric constant of 3.8, and tand = 0.003. FQSCA is mounted on a substrate with a
thickness of 1.6 mm, relative permittivity of 4, and tand = 0.011.

In order to evaluate image reconstruction quantitatively, the voxel number of
the imaging area is determined as shown in Figure 12. As shown in Figure 12, the
target of relative permittivity 39.6 and conductivity 1 S/m is set to 8 voxels in the
center of the imaging area. The algorithm used for reconstruction is Distorted Born
Iterative Method (DBIM) [14], the forward problem is solved with CST-Studio
Suite [26], and the inverse problem is solved with MATLAB [27]. The frequency
used for image reconstruction is 1.85 GHz for printed dipoles and 1.5 GHz for
FQSCA. These are the frequencies of the lowest resonance point of each antenna.

4.2.1.2 Evaluation of image reconstruction

Figure 13 shows the results of reconstruction of the dielectric constant after 10
iterations assuming a resolution of 10 mm. Both the printed dipole and FQSCA
show good reconstruction results. Note that the reconstruction result of the con-
ductivity is omitted due to space limitations, but a reconstruction result equivalent
to the relative dielectric constant has been confirmed.
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Figure 10.
(a) Simulated imaging sensor (printed dipole). (b) Simulated imaging sensor (FQSCA).
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(b)

Figure 11.
(a) Printed dipole. (b) FQSCA.

Figure 12.
Voxel number.
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Figure 13.

(a) Reconstructed velative permittivity (vesolution of 10 mm, printed dipole is used). (b) Reconstructed relative
permittivity (vesolution of 10 mm, FQSCA is used).
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Figure 14 shows the results of reconstruction of the relative permittivity after 10
iterations, assuming a resolution of 5 mm, a relative permittivity of 39.6, and a
conductivity of 1 S/m for only one voxel. Targets cannot be detected with printed
dipoles, but targets can be detected with FQSCA.

4.2.2 Imaging sensor for clinical equipment
4.2.2.1 Design

Figure 15 shows the appearance of an imaging sensor for clinical trials using
FQSCA and a breast modeled with hexahedral voxels. In this sensor, six FQSCA are
arranged on the side of a 140x140 x50 mm dielectric block, and 12 FQSCA are
arranged on the upper surface with different polarization.

4.2.2.2 Simulation vesult

Figure 16a shows 3D distribution of permittivity and conductivity of the
numerical breast phantom. Figure 16b shows the reconstructed 3D distribution of
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Figure 14.
(a) Reconstructed relative permittivity (vesolution of 5 mm, printed dipole is used). (b) Reconstructed relative
permittivity (vesolution of 5 mm, FQSCA is used).

(a) (b)

Figure 15.
(a) Imaging sensor for clinical test. (b) Breast model.
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Figure 16.
(a) Set relative permittivity distribution. (b) Set conductivity. (c) Reconstructed relative permittivity
distribution. (d) Reconstructed conductivity distribution.

permittivity and conductivity. The resolution is 4 mm and the frequency used is
1.5GHz. Circles indicate the cancer site. With the proposed sensor, mammary gland
structure and cancer shape can be accurately reconstructed. The quality factor [28]
evaluated by the complex dielectric constant was 0.96.

4.2.3 Manufacturing model

The sensor shown in Figure 15 was prototyped and mounted on the system
shown in Figure 7. Figure 17 shows the prototype ST. The transmission character-
istics of the antenna were measured with nothing in the cup that holds the breast,
but as expected, they do not match the analysis results of CST Studio Suite.
Therefore, we plan to adapt the measurement results to the simulation results by

(a) (b)

Figure 17.
(a) Sensor for the manufacturing model. (b) Overview of the manufacturing model.
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calibration based on the measurement of the reference object in [23], and proceed
to clinical imaging.

4.3 NFHI

First, we confirm by computer simulation that NFHI can reconstruct
intramammary tissue. Next, a simple image system is constructed and experimental
verification is performed.

4.3.1 Simulation

Computer simulations were performed to confirm that NFHI can reconstruct
intramammary tissue. Figure 18 shows the simulation model, and Table 5 shows
the simulation conditions. Similar to X-ray mammography imaging, imaging is
performed with a model in which the breast is sandwiched between two glass plates

Antenna

i Glass

Breast

45 Glass
Antenna

Figure 18.
Simulation model.

Frequency (GHz) 20.4 ~ 26
Scanning range (mm) X-axis —50 ~ 50
y-axis 0~ 50
Z-axis -10 ~ 30
Scanning step (mm) 2
CO size(mm) 2x2x2
permittivity 25
Conductivity{S/m} 0.75
Table 5.

Simulation conditions.
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and two antennas move on a plane at the same time. In order to obtain a resolution
of 2 mm, the scattering parameters are acquired while the two antennas move in

2 mm steps on a plane of 100 x 50 mm. The frequency band used is 20.4-26GHz
and the frequency step is 100 MHz. The antenna is a dipole antenna with a reso-
nance frequency of 23.2 GHz. Figure 19 shows the original tissue image and the

reconstructed image. The reconstructed image faithfully reproduces the original
image.

4.3.2 Measurement system

Figure 20 shows the appearance and system diagram of the imaging system used
in the experiment. Table 6 summarizes the measurement conditions.

The antennas are the commercially available primary feeds for Communication
Satellite (CS) broadcast reception shown in Figure 21, and two antennas are
arranged at intervals of 15 cm above and below, and can be scanned on the xy plane
by an automatic stage. The imaging table is a celluloid plate with a thickness of
2 mm and 150 x 150 mm, and the height in the z-axis (vertical) direction can be
adjusted by the z-axis stage. The outputs of the two CS antennas are connected to
the input / output ports of the vector network analyzer, and the data of S;4, S;1, S12,

or g ral reconztructed

Figure 19.
Original image (left) and reconstructed image (right).

— N layars

@ . Co
antenna

(b)

Figure 20.
(a) Overview of the NFHI system. (b) System configuration of NFHI system.
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Frequency (GHz) 8.5~ 12.5
Scanning range (mm) xy- plane 100 ~ 100
z-axis —10 ~ 30
Scanning step (mm) xy-plane 2
Z-axis 10
CO(mm) 10 x 10 x 5
Table 6.

Measurement conditions.

Figure 21.
Feed antenna for communication satellites broadcast.

and S, are measured while changing the relative positions of the antenna and the
object. The calibration object (CO) is glycerin (relative permittivity: 4.042, dielec-
tric loss tangent: 1.021 (10 GHz)) filled with a 1010 x5 mm ABS resin container in
Figure 20a. The complex permittivity of glycerin was measured by the equipment
described in Section 2.2.

4.3.3 Measurement

The CO was placed in the center of the imaging table, and the S-parameters of
the CO were measured in 10 mm steps in the range of —10 mm to 30 mm on the z-
axis. Next, the pork was placed on the imaging table at the position of z = 10 mm as
shown in Figure 22b, and the S parameter was measured. In order to acquire the
scattering component, the S-parameters of the background were measured at the
positions of 10 mm steps of —10 mm to 30 mm on the z-axis, and this was
subtracted from the S-parameters of the object. Figure 23 shows a reconstructed
image. It can be seen that the position and shape of the pork and the contrast
between the lean and white meat are reproduced.

Bright spots may appear in the reconstructed image due to measurement error.
This is because the measurement data on the xy plane has a measurement error
corresponding to white noise. That is, when the white noise is inverse Fourier
transformed, it becomes an impulse. In this case, the median filter used in image
processing is effective. Take out a part of the measurement data (for example, 9x9
data) measured at the grid points every 2 mm on the xy plane, find the median
value, and use this as the measurement result of the center position of the 9x9 data.
This process eliminates the bright spots caused by noise and improves the quality of
the reconstructed image.
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(a) (b)

Figure 22.
(a) Calibration object (CO) on the imaging table. (b) Pork placed on the imaging table.

z=10mm

() (b)

Figure 23.
(a) Original image. (b) Reconstructed image.

5. Conclusions

The breakthroughs required to put MI-based diagnostic imaging equipment into
practical use are summarized below.

1.CI

How to extract only the scattered wave of the target (lesion) in the living
body?

Reference [18] attempts to characterize breast cancer using all currently
conceivable methods such as principal component analysis, independent
component analysis, and kurtosis analysis. TR-MUSIC is applied to image
reconstruction to improve the resolution. Clinical trial equipment has been
developed and clinical trials have begun. In [19], the scattering response when
the shape of the target (cancer) changes are analyzed and extraction of the
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characteristics of the cancer is tried. In the future, it is thought that the
development of technology to determine the presence or absence of cancer by
giving a response signal to artificial intelligence will progress [29].

2.ST

Improvement of simulation technology: It is required to develop a numerical
analysis method that matches the experiment and the simulation result, a
sensor that has a structure that easily matches the simulation result, or to
establish a calibration technology. It is also expected to speed up forward
analysis using cloud computing and supercomputers.

3.NFHI

It is necessary to proceed with the development of high-density sensing
technology to ensure the resolution, and to find a measure in which the Born
approximation can be applied in the biometric environment.
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