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Abstract—Multiple clinical investigations of radar-
based breast imaging devices have been demonstrated
in recent years, including two competing commercial
systems which are currently being tested in clinics.
Ongoing trials include participants with both dense and
non-dense breasts and the average dielectric proper-
ties of the breast can vary substantially with density.
Numerous studies have shown that this normal vari-
ance in the dielectric properties of the breast between
individuals can impact both the image quality and
the expected sensitivity of radar-based breast imaging.
This paper examines the potential to use parameter
search algorithms to improve the sensitivity of radar-
based breast imaging. Although these parameter search
algorithms have been shown to improve image quality
in a limited number of test cases, this is the first analysis
of the potential impact of realistic dielectric properties
estimation on the sensitivity of radar-based imaging.

I. INTRODUCTION

Radar-based breast imaging is an emerging imaging
modality for the early detection of breast cancer [1], [2].
A number of clinical investigations of radar-based breast
imaging systems have recently been published [3]-[8]. Two
competing systems are being developed commercially: the
MARIA® system by Micrima Ltd. (Bristol, the UK) which
is undergoing trials with 994 participants [3]; and the
Wavelia system by Microwave Vision SA (Villebon-sur-
Yvette, France) which is being used in a pilot clinical
investigation at the National University of Ireland Galway
with 30 participants [9]. Particularly encouraging results
have been demonstrated in dense breasts using MARIA®,
a known independent risk factor for breast cancer [3], [10].
Comprehensive reviews of these clinical studies and the
other imaging systems used with human participants have
been published [1], [11].

As research in radar-based imaging moves towards larger
and larger clinical investigations, it is important to use
imaging algorithms that are suitable for all women, regard-
less of breast composition. The breast varies substantially
from individual to individual in terms of tissue composition,
from very little fibrous and glandular tissues to as much
as 50% by volume [12]. The breast tissue composition
in terms of proportions of glandular tissue by volume is
known to impact both the image quality and the sensitivity
achievable with radar-based breast imaging [13], [14]. A
number of methods to account for the variance in breast
tissue composition have been proposed, however, most have
only been tested in a limited number of simplified test-
cases [15]-[19].

In this work, the sensitivity achieved using dielectric
properties estimation algorithm is compared to the current
state-of-the-art method, known as fixed-value estimation.
Fixed-value estimation selects one estimate of the average
dielectric properties of the breast for all test-cases, how-
ever, previous work has shown that the sensitivity can
be impaired by errors in this estimate [14]. Parameter
search algorithms are a promising approach for dielectric
properties estimation for radar-based imaging, and have
been tested using both experimental and clinical data [18§],
[19]. However, these studies have used a limited number
of test cases and have primarily focused on the potential
of parameter search algorithms to improve the image
quality and have not considered the sensitivity. For the
first time, this work examines the potential impact of
parameter search algorithms on the sensitivity of radar-
based imaging, whereas previous work using the same
algorithm has looked only at image quality in a limited
number of case studies [18].

The following section describes the methods including
the experimental data set and the dielectric properties
estimation algorithm. Section 3 describes the results,
including the potential sensitivity that can be achieved, and
the disadvantages of the dielectric properties estimation
approach and Section 4 concludes this work.

II. METHODS

Fundamentally, radar-based imaging uses knowledge
of propagation within the breast to “synthetically focus’
backscattered signals to points in the imaging domain. As
described in [18], a number of assumptions are required
for practical implementation of a radar-based imaging
algorithm. These assumptions can be divided into two
main types:

)

o simplifying the imaging domain to a homogeneous
layer with assumed dielectric properties;
« and using the same dielectric properties estimate for
each individual breast (fixed-value estimate).
This work addresses the second assumption. Where pre-
vious work in [14] used idealised dielectric properties
estimation algorithms to identify if the fixed-value estimate
assumption affects the sensitivity, this work uses parameter
search algorithms to identify suitable estimates without
prior knowledge of the tumour location or dielectric
properties of the breast.
The chosen parameter search algorithm was first pro-
posed in [18] and was shown to be potentially suitable for
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dielectric properties estimation. However, the algorithm
was only tested in a limited number of case studies and
only the image quality was quantified, not the sensitivity.
In contrast, in this work, the same algorithm is used with a
larger number of test cases and quantative criteria are used
to determine if the tumour was detected without knowledge
of the tumour location. Based on these quantative criteria,
the sensitivity using both the realistic parameter search
algorithm and the idealised fixed-value estimation method
are compared.

A. Experimental Breast and Tumour Phantoms

The BRIGID phantoms contain diverse experimental
test cases with a variety of tumour shapes and sizes and
a range of breast densities and were used in this work to
acquire the signals [20]. The breast and tumour phantoms
model two types of variance:

o firstly, the normal and healthy variance in terms of
the proportions of adipose and glandular tissues;

« and secondly, the variance in size and shape of breast
tumours observed in clinical practice.

Examples of both the breast and tumour phantoms can be
seen in Figure 1.

The normal variance of healthy tissue can be chacterised
in terms of volume of glandular fraction (VGF), or the
proportion of the breast that contains glandular tissues [12].
Using advances in three-dimensional breast imaging, stud-
ies have suggested that the breast can contain between 0 %
and 50 % VGF and over 90 % of women in the study had
VGF of 30 % or below. the five BRIGID breast phantoms
were used in this work contain between 0%, 10%, 15 %,
20% and 30% VGF.

22 tumour phantoms which model both benign and
malignant cases [20]. Benign tumours are characterized by
spherical shape and smooth borders whereas malignant tu-
mours are characterized by irregular shapes and spiculated
borders [21]. The variety of tumour shapes used in this
work helps assess the robustness of the parameter search
algorithm to the substantial variance in tumour shape and
size observed in clinical practice.

The breast and tumour phantoms and the fabrication
process are described in detail in [20]. All four tissue
types (skin, fat, gland and tumour) were made using
polyurethane rubber combined with graphite and carbon
black powders to control the dielectric properties. Once
mixed, the rubber cures over a 16 to 24 hour period. The
breast phantoms consist of a hemispherical skin which
is, on average, 2mm thick. Once cured, the skins were
filled with conical structures modelling the breast lobes
and the remainder of the breast phantom was filled with
an adipose-mimicking material. For each phantom (with
VGFs ranging from 0% to 30 %), a hole was left so that
each breast phantom could be combined with each tumour
phantom.

Tumour-mimicking material was also manufactured from
the same rubber-based mixture and the tumour shapes
were moulded by hand prior to curing. The tumour shapes
were created in line with the principles outlined in [22].
Once cured, each tumour was encased in the same adipose-
mimicking material as the breast phantoms. Using each of
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Fig. 1. An image of the interior of a breast phantom with 10 % VGF
is shown in (a). The conical glandular structures can be seen as well
as the hemispherical 2 mm skin. The 22 tumour phantoms are shown
in (b). Each tumour phantom can be used with each breast phantom
for a total of 110 test scenarios.
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the 22 tumour phantoms in combination with each of the
five breast phantoms results in a total of 110 test cases.

B. Signal Acquisition and Imaging

Signal acquisition and imaging are described completely
n [18]. Scattered signals were acquired using a Rohde and
Schwartz ZNB40 vector network analyzer (VNA) and ZN-
784 switching matrix. The phantoms were sequentially
illuminated by 24 microstrip antennas equally spaced
around a 7 cm radius hemispherical radome. The antennas
were first described in [23] and were used with patients in [7].
The phantoms were illuminated by a stepped frequency
sine wave at 51 linearly spaced frequency points between
2 GHz and 4 GHz.

To reduce the large skin reflection, rotational subtraction
was used [24]. The “rotated” scan was acquired without
any mechanical movement as the antenna array was
designed to be rotationally symmetrical. After artefact
removal, a set of images were reconstructed using average
dielectric properties estimates between 8 < g, < 13,
where the range of estimates was informed by the known
dielectric properties of the breast phantoms. All images
were reconstructed using multistatic Delay-and-Sum as
n [14]. All data acquisition, artefact removal and imaging
were completed in the frequency domain [25].

For each scan, 21 images were reconstructed at relative
permittivity estimates linearly spaced between 8 < ¢, < 14.
For each of the 21 images, the average of the absolute
gradient of all points in the image was used to estimate
the fitness of the image [26]. The image with the highest
fitness was selected and the quantative criteria described
in this section were used to determine if a tumour was
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TABLE 1
THE PERMITTIVITY RANGES AND SENSITIVITY ACHIEVED USING THE
PARAMETER SEARCH (PS) ALGORITHM WITH 22 TUMOUR MODELS IN 5
BREAST PHANTOMS OF INCREASING VGF. ALSO SHOWN ARE THE
IDEALISED RESULTS USING THE SAME TEST CASES FROM [14] FOR
FIXED-VALUE (FV) ESTIMATION, THE CURRENT STANDARD.

VGF er PS | FV

0% 8105 91% | 91%
10% 897 7% | 59%
15% 8-1025 82% | 8%
20 % 813 73% | 68%
30 % 811 14% | 18%

All 813 67% | 65%

detected. The parameter search algorithm itself was first
described in detail in [18].

The criteria used for tumour detection are described in
detail in [14]. An image was considered a true positive
if the main response in the image lay within the known
physical extent of the tumour and the magnitude of the
main response was 1.5dB higher than the next strongest
response in the image. Although the criteria were based on
subjective image analysis, the criteria are one of the first
attempts at quantative analysis of tumour detection.

III. RESULTS

In this section, the sensitivity results from using the
parameter search algorithms with the BRIGID phantoms
are presented.

A. Owerall Sensitivity Results

Firstly, the overall sensitivity achieved using the param-
eter search algorithm is presented in Table I. Also shown
is the sensitivity using an idealised estimation method
known as fixed-value estimation which is described in
detail [14]. The fixed-value estimate is determined using
a priori knowledge of the tumour location and chosen to
optimise the sensitivity. In contrast, the parameter search
estimates are chosen blind to the tumour location for each
individual imaging scenario (i.e. 110 estimates were chosen
for the 110 test cases).

Firstly, it can be observed from Table I that the sensitiv-
ity decreases as the VGF of the phantom increases. Only
14 % of tumours were detected in a breast phantom with
30 % VGF, which is consistent with previous experimental
work such as [24], where high VGF was found to be the
most challenging case for radar-based imaging. However,
less than 50 % of women have VGF of greater than 18 % [12],
suggesting that these difficult cases may be more rare
than initially thought from density estimation from two-
dimensional mammograms [27].

Secondly, sensitivity using the parameter search algo-
rithm is slightly better overall compared to the idealised
fixed-value estimate (67 % compared to 65%). Most im-
portantly, the parameter search algorithm used no a priori
knowledge such as the dielectric properties of the breast
phantoms or the tumour locations, whereas the fixed-value
estimate was chosen to maximise the sensitivity. However,
the sensitivity using fixed-value estimation depends greatly
on the estimate used [14]. For example, for these test-cases,
over-estimating the fixed-value estimate at €, = 13 instead

(b)

Fig. 2. Slices of maximum intensity with reference to the front (F),
back (B), head (H), toe (T), left (L) and right (R) of the breast
phantom. (a) is the image most highly rewarded by the parameter
search algorithm whereas (b) is the optimal image selected by the
idealised fixed-value estimation algorithm— reconstructed at e, =
8.5 and e, = 10.25 respectively. The parameter search algorithm
prioritises the image with lower background energy although the
image with higher background energy has lower localisation error.

of the optimal value of €, = 10.25 results in the sensitivity
dropping to 41 %.

Thirdly, worst-case sensitivity using the parameter search
algorithm is better than worst-cse sensitivity using fixed-
value estimation. With the exception of the most dense
phantom, the worst-case sensitivity using the parameter
search algorithm is 73 % compared to 59 % for the idealised
fixed-value estimate.

B. Errors due to parameter search

In this section, some potential errors due to the pa-
rameter search estimation algorithm are analysed. Two
images reconstructed at £, = 8.5 and &, = 10.5 of tumour
phantom 9 in a breast phantom with 15 % VGF are shown
in Figure 2. The image reconstructed at e, = 8.5 is
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most highly rewarded by the parameter search algorithm.
However, as can be seen in Figure 2a, the response in the
image is very close to the skin and is not in the tumour
area (shown by the red circle). In contrast, the image
reconstructed at e, = 11.0 is selected by the idealised
fixed-value estimation and does show the tumour in the
correct location.

For this particular imaging scenario, the parameter
search algorithm rewards an image which less background
energy but with the tumour response extremely close to
the skin (Figure 2a and not Figure 2b). A similar trend was
observed in [19] where a penalisation term for responses
close to the borders of the imaging domain was introduced.
These images suggest that care needs to be taken when
defining the imaging domain such that artefacts close to
the boundaries do not impair the dielectric properties
estimation process.

IV. CONCLUSIONS

Previous work has demonstrated how the current state-
of-the-art in radar-based imaging (fixed-value estimation)
may not be suitable for imaging populations with a large
variance in breast density. This work helps to show how
a realistic parameter search algorithm can improve the
sensitivity achieved with radar-based breast imaging in
these diverse populations without any prior knowledge.
While parameter search algorithms have previously been
investigated in small numbers of case studies to investigate
the suitability of the approach for dielectric properties
estimation, the potential impact on sensitivity using radar-
based imaging has not been considered.

This work demonstrates how dielectric properties esti-
mation is useful in realistic test cases for selecting the
optimal dielectric properties estimate for each imaging
scenario. These results indicate that the parameter search
algorithm used in this work can improve the worst-case
sensitivity even when compared to an idealised fixed-value
estimate chosen to maximise the overall sensitivity.

Additionally, these results highlight a potential issue
with parameter search algorithms: artefacts can occur close
to the boundaries of the imaging domain which can be
highly rewarded by the parameter search algorithm. Future
work is needed to carefully define the imaging domain to
minimise the impact of this type of artefact and to develop
penalisation terms to reduce the negative effects.
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