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Abstract

Microwave imaging (MI) offers a promising
complementary modality for breast imaging. With growing
interest in MI modality for cancer detection, it is necessary
to develop an artificial tissue-like phantom to simulate the
interactions of electromagnetic waves within biological
tissues. This paper presents the development of a
biological tissue-like phantom using simple and cost-
effective nature materials for investigation of MI
techniques. Dielectric properties (DPs) of three fruits
(cucumber, grape and blueberry) and two types of
emulsifying ointment (EO) (EO-I: 30% emulsifying wax,

50% white soft paraffin and 20% liquid paraffin; EO-II: 27%

emulsifying wax, 45% white soft paraffin and 18% liquid
paraffin and 10% water) were measured at 10-20GHz and
storage time 1~7 days. DPs of materials were measured by
using an Agilent 85070 single port dielectric probe kit and
an Agilent N5230A network analyzer. Based on the
measured DPs of samples, two types of simplified tissue-
like phantoms that contain skin (glass ceramic), healthy
tissue (EO-II) and lesions (blueberry, grape) were
developed and tested on a holographic microwave imaging
system. DPs of grape, blueberry and two types of EO
generally did not vary with frequency; the dielectric
contrast between grape and EO-II, and that of blueberry
and EO-II close to the contrast between real malignant and
normal tissues. Microwave imaging results indicated that it
is possible to produce a simplified biological tissue-like
phantom using widely available low cost materials.

Keywords: dielectric properties, microwave imaging,
electromagnetic waves, biological tissues.

1. Introduction

Microwave imaging (MI) has been intensely studied for
breast cancer detection over the past few decades [1-5]. MI
offers a promising complementary modality for breast
imaging, which has potential for low-cost and pain-free
breast imaging without harmful ionizing radiation [6].
With growing interest in MI modality for medical
applications, it is necessary and important to develop an
artificial tissue-like phantom for further investigation the
interactions of electromagnetic waves in biological tissues.
Dielectric properties (DPs) of biological tissues have been
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studied by many research groups [7-12]. Lazebnik et al.
found that the DPs of breast tissue are primarily
determined by the adipose content of each tissue sample
[12]. The contrast between cancer tissue and normal tissue
is 10:1. For example, the dielectric constant of cancer
tissue is about 43 while the dielectric constant of normal
tissue is about 4.3 at 10GHz. These research findings have
been served as benchmarks in the design of breast
phantoms.

Lagendijk and Nilsson used dough (consisting of flour,
oil and saline) to model low-water-content tissues at 451
MHz [13]. Marchal et al. described a water—gelatin recipe
to simulate high-water content tissues from 10 to 50 MHz
[14]. Robinson et al. created materials to simulate muscle
(ethanediol, water, salt and gelatin) and fat (ethanediol,
gelatin and polyethylene powder) at 1000MHz [15].
Several materials have been used to simulate biological
tissue-like phantoms [16-18]. Among these materials,
gelatin-based materials are more attractive due to their
stable mechanical properties and ease of fabrication. Oil-
in-gelatin mixtures are commonly used to develop a breast
phantom; however such phantom is hard to shape and does
not include the heterogeneity of the breast. Polyacrylamide
is not easy for fabrication due to the short life in air.

It is challenge to find suitable materials that can mimic
different tissue properties over a wide range of frequencies
and show similar dispersive behavior. This paper presents
the development of biological tissue-like phantom using
cost-effective nature materials. Various phantoms were
developed and tested on a holographic microwave imaging
(HMI) system. Various experiments were conducted to
evaluate the effectiveness and performance of HMI using
the developed phantom.

2. Methods

2.1. Holographic microwave imaging system and imaging
processing

Figure 1 shows a HMI system that consists of a vector
network analyzer (VNA), a testing table, an array of 16
antennas, and a computer with MATLAB GUI tool to
produce microwave images. The 16-element antenna array
is located under bottom of the table and surrounded with
electromagnetic absorbing material to reduce ambient
reflections. The optimization of antenna array
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configuration was detailed in [19]. During operation, VNA
excites microwave signals into the target object through
the single transmitting antenna. The scattered electric
fields from the target object are measured by receivers,
which is connected to anther port of VNA via a multi-
position switch. A computer with a matched computer
programme is used to analyze the measured data by
applying the imaging technique.
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Figure 1. HMI measurement system, 1: computer with MATLAB

GUI imaging tool; 2: VNA; 3: table; 4: polystyrene box bridge;

5: object; 6: an array of 16 antennas; 7-10: 16 channel switcher;
11: transiting cable.

Figure 2 shows a point P is within the interior of the
target object. Under far-field, the complex visibility data
for any pair of receivers is expressed [20]:

v 5 D o> 1
Vl,] =< Ecat (1) - Escat(rj) > &

Where <> denotes the time average, Escat is the scattered
electromagnetic field from the object, Eg‘cat is the
conjugate  complex number of the scattered
electromagnetic field from the object, T, and F]’ are receiver
locations.

The scattered field at any receiver can be computed by
applying the Stratton & Chu formulation [21]:
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Where k, denotes free-space prorogation constant, £(8) is
the complex relative permittivity distribution of target
object, g, is the complex relative permittivity of free-
space, a=1—j/kgQR—1/(koR)> , and b=-1+
3j/koR + 3/(koR)?. The total electric field at a point
within the target object with position vector $ can be

computed by Er(8) = Einc(3) + Escar(3)-

e

dv
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For N receivers, the total number of complex visibility
data is:

V=YNV, N>3,i#]j @)

The intensity distribution of an object I(S) at position $
is defined [22]:

2
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Referring to Figure 2, a 2D image can be reconstructed
by applying the Fourier inversion theorem, which is a
projection of the 3D intensity function onto a flat plane in
(1, m) space [23].

()
I(Lm) = U V(u, v)e/2m@H+vm) didm

Where | =sinfcos¢p , m=sinfsing , u=((x;) —
(x,))/2 and v = ((y;) — ) )/ Ao, Ao indicates the
wavelength in free-space.

P(x,y,z)
7
/! .
L _m.
s
, y
— -
"}1..,__“‘1__
5 A (x5, ). %)
A (%, ¥, ;)

Figure 2. HMI measurement by a pair of receivers.

2.2 Biological tissue-like phantom construction and
measurement
2.2.1. Sample preparation
Two types of emulsifying ointment (EO) were prepared.
EO-I made of 30% emulsifying wax, 50% white soft
paraffin and 20% liquid paraffin. EO-II made of 27%
emulsifying wax, 45% white soft paraffin and 18% liquid
paraffin and 10% water. Materials were well mixed and
shaped in a silicon ice block mould with 12 blocks and
each block approximately 10X 10X 10mm3 dimensions.
EO samples were stored in a microwave food container
with lid closed after DPs measurement.

Cucumber samples were peeled the skin and cut in
cube-shape approximately 15X 15X 10mm3 dimensions
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and weighted averaged 5 gram using a digital kitchen
scale. Small blueberries and grapes (4-15mm in diameter)
were measured using digital calliper and then selected as
samples, all blueberries and grapes samples contained
skin. Fresh fruit samples were stored immediately in a
microwave food container that fulfilled of EO-I after DPs
measurement. All  samples stored at room
temperature before and after tests.

were

2.2.2 DPs measurement procedures and data analysis

DPs of material samples were measured by using an
Agilent N5230A VNA with an Agilent 85070D dielectric
probe kit. The VNA calibration was done with an open,
short, and matched load before the calibration of the probe
with measurements on air, a short-circuit block, and glass-
distilled water at room temperature of 21°C. During DPs
measurement, the probe was pressed against the samples to
remove air in the space between samples and probe.

DPs of samples were measured across the 10-20GHz
band at room temperature of 21°C. After each
measurement, fruit samples were stored in a microwave
food container that fulfilled of EO-I at room temperature
for seven days. EO-I and EO-II samples were stored in a
microwave food container with lid closed at room
temperature for seven days. Seven days later, fruit samples
were removed from the container and cleaned by using
deionized water. DPs of samples then measured again.

2.2.3 Biological tissue-like phantom construction

The construction of the biological tissue-like phantoms
involved three main steps: measurements of selected
materials dielectric properties, construction of the
individual tissue phantoms using the measured data,
finally, merging of the different tissue types into a single
complete multilayer tissue model.

Two types of simplified phantoms were developed
after analyzing the measured dielectric properties of
dielectric materials. A plastic box (100x100x30mm?) was
used to shape healthy tissue-like phantom (made of EO-II)
and a plastic film was used to cover the box. The plastic
film has a negligible effect on the scattered field in the
measured RF range. Small grapes (4-15mm in diameter)
and blueberries (4-7mm in diameter) were inserted into the
phantom to simulate malignant tissues. A glass ceramic
(MGC) plate (100x100x3mm3) with dielectric constant
of 5.67 was used to represent the skin layer.
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2.2.4 Imaging measurement of phantoms

The developed phantoms were measured by using the HMI
system as presented in section II to generate microwave
images. The distance between phantom and the sensor
array was 450mm. Background information was measured
before measuring the phantom. The magnitude and phase
information was measured across the 10-20GHz band. A
computer with MATLAB GUI tool was then used to
generate and display 2D images of phantom at frequency
of 12GHz from the measured data, the imaging algorithm
is detailed above.

3. Results
3.1 Dielectric properties of samples

Figure 3 shows the DPs of fresh fruit samples (blueberry,
cucumber and grape), EO-I and EO-II across the 10-
20GHz band at room temperature of 210C. Results
indicated that DPs of grape, blueberry and two types of EO
generally did not vary too much with frequency especially
across the 10-15GHz band, dielectric constant of
cucumber dropped with increasing frequency while the
loss factor of cucumber showed an increasing trend.

Figure 4 and Figure 5 show the DPs of fresh and 7-day
old fruits and EO samples, respectively. Results indicated
that DPs of all fruit samples slightly dropped with
increasing storage time while that of EO samples did not
vary with storage time. It is seems that EO can help fruit
samples stay fresh and last longer life. The measured
values are similar to the contrast between real breast
cancer and healthy tissues.

The contract between fruits and EO-II samples is close
to that of cancer tissue and healthy tissue, therefore EO-II
is more suitable to develop a realistic tissue-like phantom.
Compared to grape and blueberry, the dielectric constant
of cucumber changed significantly while the contrast
between cucumber and EO was greater than 10, thus
cucumber was not used to develop a tissue-like phantom.
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Figure 3. (a) Dielectric constant of fresh fruits; (b) Loss
factor of fresh fruits; (c) Dielectric constant of emulsifying
ointment; (d) Loss factor of emulsifying ointment.
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Figure 4. (a) Dielectric constant of fresh and 7-day old
cucumber; (b) Loss factor of fresh and 7-day old
cucumber; (c) Dielectric constant of fresh and 7-day old
grape; (d) Loss factor of fresh and 7-day old grape; (e)
Dielectric constant of fresh and 7-day old blueberry; ()
Loss factor of fresh and 7-day old blueberry.
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Figure 5. (a) Dielectric constant of fresh and 7-day old
emulsifying ointment; (b) Loss factor of fresh and 7-day
old emulsifying ointment.
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3.2 Microwave imaging of phantoms

Figure 6 shows the breast phantom contains skin and two
lesions that made of grapes, and the reconstructed image
that obtained by using HMI measurement system. Lesions
were located at (x=50 mm, y=50 mm, z=20 mm) and
(x=70 mm, y=80 mm, z=20 mm).

Figure 7 shows the breast phantom of three lesions
(made of blueberries) and the reconstructed image that
obtained by using HMI measurement system. Color bars
plot signal intensity on a linear scale.

(a)

o 1
0.9
20| 0.8
3 0.7
40| 0.6
0.5
0.4
0.3
0.2
0.1

"mﬂ 20 40 L &0 100 L

X (mm)
(b)
Figure 6. (a) Breast phantom of two lesions; (b)
Reconstructed image.
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Figure 7. (a) Breast phantom of three lesions; (b)
Reconstructed 2D breast phantom image.
4. Discussion

Two types of simplified biological tissue-like phantoms
that contain skin (glass ceramic), healthy tissue (EO-II)
and lesions (blueberry, grape) were developed and tested
on a HMI system. The measurement results demonstrated
that the tissue-like phantom has capability to emulate the
characteristics of real breasts. For parametric studies, the
contrast between healthy and cancer tissues can be
controlled by changing the concentration of water in the
healthy mixture phantom. The developed tissue-like
phantom is suitable for validation MI techniques with
particular focus on breast lesion detection. Potential
advantages include non-toxic, low cost, easy to shape, ease
of fabrication and have minimum changes in DPs over
measurement time.

The practical challenges with the phantom preparation
procedure are: 1) difficulty in locating the lesion within the
biological tissue-like model; 2) the dielectric contrast of
actual healthy tissue and malignant tissue is varying with
frequency. The plane location (x-y directions) of a lesion
within a biological tissue-like phantom was measured by a
ruler, but no depth information (z-direction) was
measured. However, it is necessary to produce a 3D image
to demonstrate a more realistic result and to validate the
MI approaches. Therefore, finding an easy way to identify
the location of lesion within a 3D biological tissue-like
model and develop a biological tissue-like phantom that is
suitable for broadband MI approaches are planned to
conduct in the future.

¥ (mm)

5. Conclusions

This paper presented a method for constructing a tissue-
like phantom with DPs similar to those recently reported
for breast tissue. The procedure makes significant
advances in physiological representation compared to the
simplified existing models, allowing for the inclusion of
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multiple lesions of varying size embedded within a
dielectric object phantom. Experimental results showed
that it is possible to generate 2D microwave images of
phantom using single frequency of 12GHz. The phantom
has a good agreement with the real breast on the contrast
between lesion, healthy tissue and skin and has a good
stability for at least 7 days at room temperature. Potential
advantages include non-toxic, low cost, easy to shape, ease
of fabrication and have minimum changes in DPs over
measurement time. The research findings have potential to
develop a cost-effective tissue-like phantom to investigate
the MI approaches.
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