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Abstract

To obtain some prior knowledge of breast cancer detection by microwave
imaging, we have measured and analyzed the complex permittivity of tissues
extracted from over 140 breast cancer surgeries. The relative permittivity and
conductivity of tumor at 1.6 GHz were 17.5% and 16.2% higher than those of
mammary gland tissue, respectively. In invasive ductal carcinoma of scirrh-
ous type, 8 out of 64 had higher relative permittivity and conductivity of
mammary gland than those of tumor. However, when evaluated by the Debye
parameter considering the frequency dependence of the tissue, it is rare that
&, and Ae of cancer are simultaneously lower than those of mammary gland.
The relative permittivity and conductivity of fibroadenoma are almost the
same as those of mammary glands. The relative permittivity and conductivity
of each tissue showed strong linearity. Microwave imaging requires accurate
reconstruction of &, and Aeto distinguish cancer from normal tissue.
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1. Introduction

Research on breast cancer detection by microwave imaging has attracted exten-
sive attention [1] [2] [3]. The principle of microwave imaging is the detection of
scattered waves generated by the difference in the complex permittivity of tissues
in the microwave band [4]. In general, cancer tissues are rich in blood vessels
and are reported to have a higher relative permittivity and conductivity than
other tissues. In [5] and [6], categorization was achieved according to the density

of the mammary gland, and the measurement results of the complex permittivity
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of the breast tissue were presented. Ref. [7] shows that the relative permittivity
and conductivity of tumors specimen depend on the volume ratio of tumor cells
contained. However, these studies do not mention the pathological findings of
cancerous tumors. To investigate the pathological type of cancerous tumors
considering individual differences, we have measured the complex permittivity
of the breast tissue extracted by breast cancer surgery [8]. In this paper, we

present our measurement and analysis results.

2. Measurement
2.1. Method

The electrical constants of breast tissue can be measured using a dielectric probe
[9] [10]. Ref. [9] 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 permittiv-
ity of breast tissue 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 mini-
mum required volume of a specimen, the dielectric constant was measured by
placing ketchup in containers of various volumes.

The container, apart from the Petri dish, was created using a 3D printer. The
material of the container is ABS resin. Figure 1 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 2 shows a photograph

of the tissue put in a container.

Petri dish, 1 X% 1 x0.5 cm,
Equipment 5 x 0.5 x 0.5 cm container

Figure 1. Measurement system.
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2.2. Tissue Sample Collection

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. Table 1 exhibits the outline of the
samples. Here, mammary gland tissues of the highest possible density were col-
lected from every patient.

Figure 3 summarizes the cancer stage, and mammary gland findings by X-ray
mammography, and patient’s age. In recent years, there have been many stage 0
and stage 1 (tumors less than 2 cm) surgery as shown in Figure 3(a), 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 in Figure
3(b) 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. The number of samples for each pathology is shown in Table 1. Inva-
sive ductal carcinoma accounts for 84%, of which more than half are scirrhous
type. Fibroadenoma is more common in young women, with a minimum age of

onset of 15 in this study. Five patients in their 30 s with invasive ductal carcinoma

Figure 2. Tissue samples.

Table 1. Number of sample.

histological classification patient tumor  gland fat age
invasive ductal tuble forming 7 6 6 6 59.6
carcinoma
solid 38 35 23 36 63.3
scirrhous 64 52 46 58 61

others 9 8 6 9 59.9
ial i ive lobul:

special mvasye obular 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 fibroadenoma 5 5 4 2 31.1

and epithelial tumors
phyllodes tumor 2 2 0 1 54.2
total 140 118 98 126 60.3
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Figure 3. Tissue samples. (a) Tumor stage; (b) Mammary gland density; (c) Patient age.

account for 4% (See Figure 3(c)) of all patients with invasive ductal carcinoma.
All of the patients were at stage 2. Women in their 30 s are not eligible for breast
cancer screening in Japan. When cancer grows, it is said that necrosis and calci-
fication occur in the center of the cancer. X-ray mammography detects this cal-
cification. Pathological findings showed necrosis in 6 cases and calcification in

11 cases.

3. Results
3.1. Complex Permittivity

Figure 4 shows a typical example of the complex relative permittivity of the
sample measured using the measurement system shown in Figure 1. The mea-
surement result that we expect is that the relative permittivity of tumor tissue is
considerably higher than that of mammary tissue, as shown in Figure 4(a).
However, as shown in Figure 4(b), there were 8 cases in which the relative per-

mittivity of the mammary gland tissue was higher than that of the tumor tissue
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in the scirrhous type and 1 case in the solid type. The reason for the opposite
properties may be that, as noted in the Ref. [7], not all areas of the tumor sample
are filled with tumor tissue.

Table 2 shows the average of relative permittivity ¢, and conductivity o of tu-
mor 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. Fi-
broadenoma is common in women in their teens and 20 s, 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

60 70 T T T T T
40l J 50T tumor (real) ]
tumor (real) — — —tumor (imag)
5 — — —tumor (imag) 5S40+ gland (real)
£ 30 gland (real) = — — —gland (imag)
2 — — —gland (imag) Qg fat (real) —
° fat (real) - ° — — —fat (imag) B
20 ~ |— — —fat (imag) == T 1 L —— T
= 20 ~o__ A,——4’Zi:::/(#/
10
0 ] 1 : x L L et
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
frequency «10° frequency «10°
(a) (b)

Figure 4. Measurement examples of the complex permittivity. (a) Solid tubular carcinoma (Age 49, dense
breast); (b) Scirrhous carcinoma (Age 41, dense breast).

Table 2. Permittivity and conductivity (1.6 GHz).

tumor mammary gland
histological classification
£ o £ o
invasive ductal carcinoma tuble forming 60.5 1.66 50.1 1.4
solid 58.6 1.59 49.8 1.39
scirrhous 58.9 1.65 52.4 1.47
others 59.6 1.63 41.6 1.15
special invasive lobular

. 58.4 1.63 43.0 1.19

carcinoma
mucinous carcinoma 65.3 1.93 45.9 1.3
others - - 53.4 1.5
mixed connective tissue and fibroadenoma 62.7 1.74 60.2 1.73

epithelial tumors
phyllodes tumor 61.7 1.61 - -
total 59.5 1.65 50.6 1.45
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between the mammary gland and the cancer, and good detection by microwave
imaging can be expected. The scirrhous type is the most common type of inva-
sive 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%.

3.2. Debye Parameter

The complex permittivity of the frequency dependent medium can be represented
by the Debye model, as stated by Equation (1), using w as an angular frequency

and & as a vacuum permittivity
M=sw+i+—A.g (1)
& joe, 1+ jor

In the Debye model, the frequency characteristics can be approximated by
four parameters, namely, €., A¢, o;, and 7. The four parameters have been esti-
mated from the measurement results of the complex permittivity using the Simp-
lex method [11].

Table 3 shows the average Debye parameters for tumor and mammary gland
by pathology. The Debye parameter is a parameter considering dispersibility
(frequency characteristic).

Relaxation time 7 does not differ significantly between tumor tissue and
mammary gland tissue. This is an important prior knowledge of tomography for
solving the inverse scattering problem [12]. Among the Debye parameters, &-
has an extremely high contrast between cancer and mammary gland. By utilizing
this feature, it becomes easy to distinguish between the mammary gland and can-

cer in microwave imaging.

Table 3. Debye parameters.

histological classification tumor mammary gland

€. Ae g, T £ Ae o, T

invasive ductal tuble forming ~ 5.63 559 094 11.6 125 49.7 0.77 115
carcinoma

solid 391 555 090 112 1.56 490 0.81 10.7

scirrhous 459 552 095 114 059 525 0.85 105

others 339 570 097 103 1.81 404 0.64 103

special invasive lobular  5.28 539 0.97 11.0 -0.45 44.0 0.70 99
carcinoma

mucinous -1.76 662 098 103 -4.71 470 0.68 9.8
carcinoma

others - - - - -1.88 559 090 9.7

mixed connective  fibroadenoma 146 61.8 096 11.1 199 563 096 11.8
tissue and epithelial

phyllodes tumor -0.45 63.0 0.89 10.3 - - - -
tumors

total 387 563 094 112 064 505 081 10.6
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Figure 5 shows a plot of Debye parameters and age for tumor and mammary
gland. Ae and o decrease with age. Unlike other tumors, fibroadenoma has small
&, and large Ae.

Figure 6 shows the distribution of differences between tumor and mammary
gland by extracting two parameters from Debye parameters. Points on the nega-
tive side of the Cartesian axes indicate when the tumor parameter is less than the
mammary parameter. In the plot of ¢, and Ag, there are only four cases where
the tumor parameter is smaller than the mammary gland. If microwave imaging
can accurately estimate these parameters, it will be possible to accurately distin-

guish between mammary gland and tumor tissue.

3.3. Linear Relationship between Relative Permittivity
and Conductivity

Figure 7(a) is a plot showing the relationship between relative permittivity &,
and conductivity o of breast tissue at 1.6 GHz, and Figure 7(b) is a plot showing
the relationship between Ae and o. They show that there is a strong correlation

between ¢, and o, or Ae and o regardless of the organ. This is important priori

tumor gland
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Figure 5. Debye parameter.vs. age.
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Figure 7. Linear relationship between relative permittivity and conductivity.
information for tomography to solve the inver

4. Conclusion

(a) & vs. gy (b) Aevs. o,

se scattering problem.

The complex permittivity of the tissue samples extracted from the surgery of 140

cases of breast cancer was measured and analyzed. The average contrast of the

complex permittivity of fibroadenoma and mammary tissue is small. The mean

contrast of the complex permittivity of the sci

rrhous type of invasive ductal car-

cinoma and the mammary gland tissue is 12%, which is not so large. In 17% of

scirrhous type, the complex permittivity of mammary gland tissue exceeds those

of cancerous tissue. In such a case, reconstruction of Debye parameters is effec-

tive. It requires accurate reconstruction of the Debye parameter &- rather than

the conductivity and relative permittivity for

cancerous tumor from normal tissue.
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