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Abstract— Microwave breast imaging has seen significant
developments in recent years, including new clinical trials
and formation of a number of spin-out companies. Although
many algorithms for microwave breast imaging have been
developed, there are significant challenges in translating these
algorithms to the clinic. For example, movement due to
patient breathing can affect the scan, and both the breast
and breast abnormalities vary significantly from patient to
patient. As breast density is a known independent risk factor
for cancer and cancerous tumours have different shapes
and margins to benign tumours, the effect of interpatient
variance on the microwave image is important. This work
analyses the effect on image quality of tumour shape, size and
breast density. Using the diverse and representative BRIGID
experimental dataset, images of a variety of tumours are
compared to images without tumours present. This work
suggests that it is difficult to distinguish images with and
without tumours present using existing metrics.

I. Introduction

In recent years, a number of clinical evaluations of
microwave breast imaging have been published [1]-[6].
An on-going trial with the MARIA® system is being
commercialised by Micrima Ltd. (Bristol, the UK) has
shown equivalent sensitivites to mammography with
over 200 cases [1], [7]. Particularly encouraging results
have been demonstrated in dense breasts, a known
independent risk factor for breast cancer [1], [8]. An-
other commercial imaging system is being developed by
Microwave Vision Group (Villebon-sur-Yvette, France)
with clinical trials commencing in the very near future [9]
and comprehensive reviews of these clinical trials have
been published [10], [11].

The increasing amount of commercial activity and
clinical evidence available motivates researchers to con-
sider the substantial challenges in translating microwave
radar-based imaging to the clinic. For example, the
breast varies substantially from patient to patient in
size, shape and composition [12]. Additionally, tumours
vary significantly in clinical practice, and shape and
boundary in particular is an important factor influencing
the clinical decision [13].

This work evaluates the effect of breast composition
and tumour shape and size on microwave radar-based
images. The diverse, experimental BRIGID breast phan-
tom set is used, containing breast phantoms modelling a
variety of densities that can be combined with different
tumour phantoms modelling both benign and malignant
cases. This allows the effect of breast composition for a
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given tumour phantom to be estimated as well as the
effect of tumour size and shape to be analysed.
Additionally, this modular breast phantom set allows
the images of the phantom with and without the tu-
mour present to be compared, which is important when
designing software to display the image to the clinician.

II. Methods

The BRIGID phantom set used in this work has
been described in [14]. Breast composition can vary
substantially from patient to patient, for example, one
study with 240 women aged between 35 and 82 found
that the volume fraction of glandular tissues varies
between 0% and 50% [12]. The most dense phantom
in this work contains 30% glandular tissue, greater than
90% of patients in [12].

Tumour shape, in particular the tumour margin, is
an important factor for assessing malignancy. Benign
tumours are characterized by smooth, regular borders
whereas malignant tumours are characterized by irregu-
lar or spiculated borders as they are growing [13]. The
tumour phantoms in this work are modelled based on
these principles and are shown in [14].

Backscattered data were acquired in the frequency
domain using a ZNB40 2 port vector network analyser
(VNA) and ZN-Z84 24 port switching matrix. As de-
scribed in [15], 24 antennas were distributed around
a 7cm radius hemisphere, collecting 276 independent
channels. The antennas operating characteristics are
described fully in [16] and have been previously been
demonstrated in a sixteen-antenna array with patients
in [5].

Rotational subtraction was used to isolate the tumour
response as has been used in recent clinical trials [1]. Mul-
tistatic Delay-and-Sum from the MERIT toolbox [17],
with parameter search algorithms described in [18]-]20]
were used for reconstruction. Imaging was completed in
the frequency domain using 51 frequency points linearly
spaced between 2 GHz and 4 GHz.

Considering operational microwave imaging systems
that have been used with patients with disease [1], [2], [4],
a number of different display methods have been used.
The image is thresholded and normalised with respect
to the image amplitude in [1], [4]. DICOM-compatible
images are displayed to the clinician in [1]. Other studies
have displayed the entire image and have suggested
that it may be possible to use the image amplitude
to determine if an abnormality is present or not [2].



TABLE 1
Metrics for three tumours of increasing spiculation (low,
intermediate and high) and no tumour in a breast phantoms of
increasing glandular fraction (GF) up to thirty percent. The
tumours are between 13 mm and 18 mm in diameter. Tumour
images where the tumour is not found in the correct location are
shown as —. In general, the SCR, SMR and maximum amplitude
decrease as the heterogeneity increases, although there is no
discernable trend in FWHM. FWHM is measured in millimetres;
maximum amplitude, SCR and SMR in decibels.

GF  Spiculation FWHM Max. SCR SMR
0%  No tumour 8 -67.2 1.4 12.8
Low 8.7 -28.4 6.5 23.0
Inter. 8.7 -25.7 6.0 21.9
High 8.7 -29.8 4.2 23.0
10% No tumour 18.7 -63.4 2.3 11.0
Low 8.0 -27.6 3.7 16.9
Inter. 9.3 -24.5 2.1 14.9
High 8.0 -25.2 2.9 11.6
20%  No tumour 10 -62.9 0.6 11.0
Low 7.3 -41.3 3.4 16.5
Inter. 7.3 -41.1 1.3 15.0
High 8.0 -42.7 1.7 9.9
30% No tumour 7.3 -58.7 2.0 15.0
Low — - = =
Inter. 10 -54.9 2.4 14.2
High — — — —

The analysis in this work helps identify important image
characteristics that can help distinguish tumour and no
tumour cases.

III. Results

Four metrics were used to analyse the images of both
tumour and no tumour cases:

« the signal-to-clutter ratio (SCR): the ratio of image
maximum to the magnitude of the next response of
most energy;

o the signal-to-mean ratio (SMR): the ratio of the
image maximum to the image mean;

o the full-width at half-maximum (FWHM): an esti-
mation of the extent of the response;

e and the maximum image amplitude.

Firstly, the effect of spiculation and breast density are
considered in table I for tumour models L4, 112 and
H18 from [14]. The images in fig. 1 correspond to the
no tumour case (leftmost column) and the intermediate
spiculated tumour (rightmost column). Each row corre-
sponds to a phantom of increasing glandular fraction. A
number of observations can be made considering, firstly,
the tumour cases:

o performance decreases as the volume of glandular
tissue increases, a finding consistent with previous
experimental analysis [21]: the low and high spicu-

(2) (h)

Fig. 1. Images with of four breast phantoms of increasing glandular
fraction from 0% in row 1 to 30% in row 4. Axes are labelled as front
(F), back (B), left (L), right (R), head (H) and toe (T) and all
dimensions are in centimetres. Images without the tumour present
are shown the leftmost column; images with the intermediate
spiculated tumour from table I are shown in the rightmost column.
Although the overall amplitude is much lower, images of glandular
structures can appear similar to images of tumours, particularly in
dense breasts, for example, images (e) and (f).
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Fig. 2. Images of five spherical tumour phantoms of diameter

between 5mm and 20mm in each of the four breast phantoms
are compared. The fourteen detected tumour phantoms are shown
in green, the six incorrectly located tumour phantoms are shown
in red, and the images of the four breast phantoms without any
tumours are shown in black. The maximum amplitude and SCR
are more similar for tumour compared to no tumour images as the
breast density increases.

lated tumours are not detected with 30% glandular
tissue (table I);

e the FWHM does not change substantially with
respect to either spiculation or glandular content;

o the SCR ratios are typically highest in the phantoms
with least glandular tissue for the least spiculated
tumour phantoms, and for 9 of the 10 detected
tumours, the SCR is above the 1.5 dB threshold used
in [1], [3);

o the SMR is also typically highest in the phantoms
with the least glandular tissue;

o the maximum amplitude of tumour cases covers a
wide range from —54.9dB to —24.5 dB: image ampli-
tude is highest with the least glandular content and,
typically, for the least spiculated tumour phantom.

Comparing the tumour cases to the no tumour cases,
it can be observed that:

o the maximum amplitude of the no tumour cases
increases with density and can be similar to the
tumour cases in the densest phantoms (-58.7dB
compared to -54.9dB in a phantom with 30%
glandular tissue);

e the no tumour cases have similar SCR, SMR and
FWHM values to tumour cases in all phantoms;

o however, it can also be observed in fig. 1 that the
maximum intensity of the image in the no tumour
cases is very close to the edge of the imaging domain
in all no tumour cases.

Finally, the maximum amplitude and SCR of five
tumour phantoms of increasing size in each of the four
breast phantoms are compared in fig. 2. Similar trends
can be observed compared to the previous analysis:

o the maximum image amplitude and SCR tends
to decrease as the glandular fraction increases for
tumour cases;

o for no tumour cases, the maximum image amplitude
tends to increase with the glandular fraction, due to
increased reflections from the breast interior. This
is the opposite to tumour cases where the higher
dielectric properties of the dense breasts mean that
reflections are lower in magnitude;

o and performance decreases as the glandular fraction
increases, one tumour is not found when the glandu-
lar fraction is below 10% whereas five are not found
when the glandular fraction is above 10%.

These results show that it is difficult to separate tumour
images from no tumour images on SCR alone, but that
the maximum image amplitude may be useful as was
found in [2]. However, in dense breasts, the magnitude
of tumour images can be much closer to the magnitude
of no tumour images than for lucent breasts.

IV. Conclusions

In this work, the effect of tumour size and shape on
image quality is assessed using a realistic experimental
system, including rotational artefact removal and average
dielectric properties estimation. Additionally, the effect
of breast density on image quality using a realistic
distribution of breast phantoms is investigated.

These results are consistent with previous experi-
mental work from a number of systems showing that
increasing glandular fraction in the breast phantom has
a large impact on image quality. However, although as yet
to be fully explained, results with the MARIA® system
do not show this deterioration in performance in dense
breasts [1].

Characteristics of images reconstructed with and with-
out tumour phantoms are compared to help identify
important metrics to preserve when displaying the image
to the clinician. The images shown demonstrate how
images of dense breast phantoms without tumours can
appear similar to those of phantoms with tumours due
to the increased reflections in the phantom. The data
suggest that maximum image amplitude may be useful
in distinguishing tumour and no tumour cases, although
this is most challenging in breast phantoms with a high
glandular fraction.

Future work is needed to examine these trends using
patient images, where increased noise in the acquired
data from patient movement may affect the maximum
image amplitude even when no breast abnormalities
are present. This work suggests that an optimal image
display method needs to be identified that maximises the
clinical efficacy in terms of sensitivity and specificity.
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