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Abstract

Radar-based breast imaging has shown promise as an imag-
ing modality for early-stage cancer detection, and clini-
cal investigations of two commercial imaging systems are
on-going. Many imaging algorithms have been proposed,
which seek to improve the quality of the reconstructed mi-
crowave image to enhance the potential clinical decision.
However, a large artefact caused by the interface between
the skin and breast interior can obscure reflections from
the breast interior and, hence, tumour detection. Rotational
subtraction is commonly employed to remove this artefact,
however, limited work has examined the optimal parame-
ters for rotational subtraction. In this work, the theoretical
basis for rotational subtraction is examined, and the poten-
tial negative effects on image quality identified. Overall,
this work suggests that it is important that the parameters of
rotational artefact removal be optimised to improve radar-
based breast image quality.

1 Introduction

In recent years, microwave breast imaging has seen in-
creasing use in early-stage clinical trials [1]–[4], including
commercial systems developed by two competing compa-
nies [2], [5], [6]. While the indications from these prelimi-
nary studies are promising, a number of technical and clin-
ical questions remain which may hinder the clinical adop-
tion of the technology.

Due to the dielectric properties of skin and the adipose layer
immediately underneath, a large reflection is caused at the
skin interface which may be orders of magnitude greater
than any tumour reflections [7]. Although many algorithms
exist for image reconstruction [8], many exploit the similar-
ity of the skin response at neighbouring antenna locations
to remove the skin reflection artefact [9].

Rotational subtraction has been used in the largest clini-
cal trial to date and many experimental systems [2], [6],
[10]. The key assumption of rotational subtraction is that
the tumour is not on the axis of rotation, and the tumour
response will be preserved after subtraction of the rotated
signals. However, few analytical, numerical, experimen-
tal or patient studies have examined the impact rotational
subtraction may have on the image. Similarly, the optimal
angle of rotation has not been studied.

In this work, an analytical model is used to estimate the
impact that rotational subtraction may have on the image.
The potential impact on image amplitude and localisation
are examined, and this analysis identifies future work which
could better inform system design. The rest of this paper is
structured as follows: the analytical model is presented in
Section 2; the results are shown in Section 3 and Section 4
concludes the paper.

2 Methods

In general, the electromagnetic scattering can be calculated
from the scattering equation [11] which can be written as:

E(r′) = Ei(r′)+ k2
∫∫∫
D

χ(r′)Gb(r′,r) ·E(r)dr (1)

where the total field, E(r), is the superposition of the in-
cident field, E(r) and the volume integral of the total field
times the Green’s function of the medium, Gb(r′,r), and
the contrast function, χ(r), over the imaging domain, D ,
with background wavenumber, k. As the scattering equa-
tion is non-linear, the Born approximation is often used,
where the total field is approximated by the incident field
for the purposes of evaluating the scattered field [12].

In this work, a homogeneous background medium with N
antennas located at an spaced evenly around a ring of radius
R is considered. No skin is included in the model as it is as-
sumed that the skin is removed completely by the artefact
removal. The tumour is represented by a point scatterer at
rT within the ring of antennas of contract χT . Given the
homogeneous background, the incident field at r in the do-
main can be evaluated as the solution to the wave equation
for a point source at a or:

Ei
a(r,ω) =

P(ω)

‖r−a‖
exp [−ik‖r−a‖] (2)

where ω is the angular frequency of the incident wave,
P(ω) is the amplitude at that frequency and k is the
wavenumber of the background medium.

Substituting Equation (2) into Equation (1) and assuming
that χ(r)= δ (r−rT ), the scattered field received at antenna
a for incident field transmitted from the same antenna can



be approximated as:

Ea(a,ω) =
χ f
√

εrP(ω)

4c0 ‖a− rT‖2 exp [−2ik‖a− rT‖] (3)

for medium with relative permittivity εr, speed of light c0,
wavenumber k and incident field frequency of f .

The scattered signals are processed by the Delay-and-Sum
(DAS) algorithm, which can be written as:

I(r) = ∑
Ω

∑
A

∑
A

E′a(a,ω)exp
[

2iω
c0

√
ε ′r ‖a− r‖

]
(4)

where the image amplitude I(r) at the point r is calculated
from the artefact removed signals, E′a,a(r), collected at an-
tenna locations a ∈ A at frequencies ω ∈Ω and an assumed
relative permittivity of the background medium εr.

The artefact removed signals are calculated using rota-
tional artefact removal, that is, the artefact removed sig-
nal for antenna location a is the scattered field recorded
at a (Ea(a,ω)) minus the scattered field recorded at a′
(Ea′(a′,ω)), where the rotated location a′ is rotated an an-
gle of θ about the centre of the imaging domain from the
original location a.

3 Results

The results for the simplified model presented in the previ-
ous section are divided into a number of parts:

1. firstly, the image amplitude as a function of rotation
and tumour location is examined in Section 3.1;

2. secondly, the images are qualitatively compared in
Section 3.2.

For the following results, the imaging domain has a ra-
dius of 8 cm with 41 antennas evenly spaced around the
ring. The image is formed with 21 frequency points linearly
spaced between 2 GHz and 4 GHz. The relative permittivity
of the lossless medium is εr = 9. All images were created
using the MERIT toolbox in the frequency domain [13].

3.1 Image Amplitude

In this section, the relative amplitudes of the images formed
with rotational subtraction at different angles and the ideal
image is shown in Figure 1.

As can be seen in Figure 1, the relative amplitudes of the
images can change considerably over the range of rotation
angles. As is expected, for point scatterers close to the cen-
tre (such as 1 cm from the centre), the amplitude of the
image is lower than the corresponding ideal image until al-
most 30◦. However, as the point scatterer moves further
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Figure 1. The relative amplitudes of the image formed with
rotational subtraction using a given rotation angle for tu-
mours between 1 cm and 7 cm from the centre of the imag-
ing domain. For each tumour location, the relative ampli-
tude of the image formed with rotational subtraction com-
pared to the ideal image for that location is shown.

away from the centre of the imaging domain, the ampli-
tude of the image approaches that of the ideal image much
sooner. For example, for a point scatterer 3 cm from the
centre, the image reconstructed using rotational subtraction
has the same amplitude as the ideal image at 10◦ of rotation.

As the rotation angle increases, the artefact removed image
increases in amplitude when compared with the ideal im-
age. This effect is related to the coherent addition that is the
fundamental basis of DAS. Depending on the wavelengths
used, and the distances between the original and rotated an-
tenna positions to the tumour, different peaks of the tumour
responses can overlap creating additional phantom energy
at the tumour location.

3.2 Qualitative comparison

In this section, the images formed as the rotation angle
changes are compared qualitatively. Four images are shown
in Figure 2: the ideal image, and the image with rotational
subtraction at three different angles. The three angles are
chosen from Figure 1 as the image where the amplitude is
equal to the ideal, the image of maximum amplitude and
the next local minimum, 9◦, 18◦ and 33◦ respectively.

Firstly, comparing the localisation of the point scatterer as
the rotation angle increase, it can be seen that multiple re-
sponses are visible at higher angles of rotation. At lower
angles of rotation, the additional response is close to the ac-
tual location, but can distort slightly the shape of the point
scatterer response. As the angle increases, the additional
“echo” grows more distinct from the actual response and
could appear as a different object.

Secondly, considering the clutter in the images, more en-
ergy can be seen outside of the point scatterer location as



−5 0 5

−5

0

5

Left–Right (cm)

H
ea

d–
To

e
(c

m
)

0.2

0.4

0.6

0.8

1

(a)

−5 0 5

−5

0

5

Left–Right (cm)

H
ea

d–
To

e
(c

m
)

0

0.2

0.4

0.6

0.8

(b)

−5 0 5

−5

0

5

Left–Right (cm)

H
ea

d–
To

e
(c

m
)

0

0.5

1

1.5

(c)

−5 0 5

−5

0

5

Left–Right (cm)

H
ea

d–
To

e
(c

m
)

0

0.2

0.4

0.6

(d)

Figure 2. In this figure, the ideal image is shown in (a) and the images formed by rotational subtraction by 9◦, 18◦ and 33◦

are shown in (b), (c) and (d) respectively. As can be seen, rotational subtraction can create an “echo” due to the differences in
distances between the original and rotated antenna locations and the point scatterer. For smaller angles of rotation, this echo is
very close to the actual location. The location of the point scatterer is indicated by the dashed circle.



the angle of rotation increases. This is due to additional en-
ergy in the signals used for addition caused by differences
in distances between the original and rotated antenna posi-
tions and the point scatterer location.

4 Conclusions

In this work, a simplified model is used to examine the po-
tential impact of rotational artefact removal on microwave
breast images. Even in these simplified scenarios, rotational
artefact removal can induce additional artefacts and echos
in the images. These results suggest that the optimal angle
of rotation should be examined further. Depending on the
tumour location and the angle of rotation, the image may
be substantially altered in both amplitude and shape by ro-
tational artefact removal even in simplified scenarios.

However, a number of additional complexities exist in pa-
tient imaging which may mitigate these results. Firstly, the
skin response will not be completely removed by rotation,
and the additional energy from this response may obscure
any additional clutter caused by the rotation of the tumour
response. Secondly, the tumour itself may not be well mod-
elled by a point scatterer, both in terms of physical extent
and angular isotropy. Future work should include numeri-
cal, experimental and clinical examination of this imaging
parameter to determine if this theoretical problem can neg-
atively impact microwave breast imaging quality.
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