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Abstract—Results from first-in-human and later trials of mi-
crowave breast imaging continue to be reported with a vari-
ety of quantitative and qualitative findings in the literature.
Clutter-based metrics are very widely reported, however, small
differences in the implementations and definitions are common
and restrict the ability to compare these values across findings.
Using idealised images and experimental validation, two common
versions of the signal-to-mean ratio (SMR) are compared and the
maximum and typical differences in the final values examined.
For the largest signal regions, difference of up to 10 % could be
expected, with the largest differences observed in homogeneous
breast phantoms. Based on these findings, not including the signal
region in the clutter region for SMR is recommended to match
the only practical definition of the signal-to-clutter ratio (SCR).
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I. INTRODUCTION

Microwave breast imaging has seen increasing use in early-
stage clinical trials, with both research and commercial proto-
types in development and use. Recent human results include
a second in-human trial of 62 participants with the Wavelia
system [1], further results from the commercial MARIA
system with 389 participants in [2], breast density estimates
with 110 participants using the TSAR system [3]. Protocols
for up to 10000 participants have also been published for the
MammoWave system in [4]. Due to the increasing volume of
human data reported in the literature, now in the thousands
of people, comparisons and systematic reviews of the findings
and results are increasingly common, including work on how
the image quality and efficacy of microwave breast images can
be measured, how clinical efficacy can be shown and tools and
techniques for measuring and reporting quality [5]-[8]. For
radar-based images, one category of clutter-based metric has
been very widely reported, commonly called signal-to-mean
ratio (SMR).

Although the SMR and related contrast-based metrics are
widely reported, it is difficult to compare across studies as
the terms are loosely defined [6]. Similarly, the contrast-based
metrics can be of limited value for certain comparisons as
many functions when applied to the image can increase the
contrast as measured this way without adding new information.
Any function which increases the energy in the signal region

This work was supported by the Trinity College Dublin Boost Programme.

979-8-3315-6966-2/26/$31.00 ©2026 |IEEE

for radar-based breast
region selection

Declan O’Loughlin
Trinity College Dublin,
College Green,
Dublin, Ireland
d.oloughlin@tcd.ie

by more than clutter region such as squaring will always
increase the SMR. However, when used as part of a series of
comparisons or when used to quantify a qualitative assessment
of an image, the SMR can still be useful. Furthermore, due the
volume of these metrics reported, they are a useful quantitative
comparator where the implementations are understood.

As described in [5], [6], contrast-based metrics are typically
calculated by selecting a signal and a clutter region and
calculating a summary statistic over the points in those regions.
The most common implementation of SMR uses the maximum
value of both signal region and the mean value of the clutter
region. A similar metric is the signal-to-clutter ratio (SCR)
which uses the maximum in both regions, however, SCR can
be sensitive to the amplitudes of individual points in the
imaging domain which may or may not be relevant to the
image interpretation. Typically in qualitative interpretations,
such individual high amplitude points would not be considered
as important. In some cases, the clutter region includes the
signal region, in others, it does not.

In this work, the maximum possible differences between
the SMR calculated with clutter regions that include or do
not include the signal regions are calculated. Firstly, given
representative sizes of signal regions, imaging resolutions
and imaging domains, the worst-case difference is estimated
assuming that the signal region has maximum intensity and the
clutter region has minimum intensity. Secondly, the measured
differences for images from the BRIGID database in [9] are
calculated and compared to the maximum possible differences.
In both cases, the signal region is centered on the point of
maximum intensity in the image.

The remainder of this work is structured as follows: the
description of the imaging domain and how the metrics are
calculated is described in section II along with the experimen-
tal comparisons, the maximum differences and measured dif-
ferences are discussed in section III and section IV concludes
the paper.

II. METHODS

A typical imaging domain is a hemispherical or cylindrical
volume which is discretised into a set of points, P. In this
work, a representative hemispherical domain based on the
MERIT prototype in [9] is used with radius of 7cm. The
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Fig. 1. A 7cm radius hemisphere with a dense array of imaging points on
a rectangular grid as is common for radar-based microwave breast images.
In some prototypes, the imaging domain may be different from scan to scan
depending on the breast size if the antennas are fixed and not in contact with
the breast. In other systems, the antennas are in direct or near direct contact
with the breast.

number of points in the imaging domain, #P, depends on the
resolution, r. For contrast-based metrics, the imaging domain
is segmented into a signal region, S, such that S C P. The
clutter region can then be defined either including or not
including the signal region, such that C* = P or C° = P\S.

A. Signal Region Selection

The set of points in the signal region, S, can be selected in
at least two ways depending on either:

e a priori knowledge of the tumour or target location
without regard to the image;

« or the maximum response in the image without regard to
known areas of interest.

Both cases have very different results, if the signal region, S, is
centered on the maximum response in the image, this means
that the SMR is always greater than one, or positive when
expressed in dB. Regions of interest are often not well known
in clincal data or when reviewing images blinded to clinical
status, and where such information is known, alternative
metrics for estimating localisation exist. Therefore, the SMR
is commonly measured based on characteristics of the image
alone and interpreted along with separate localisation metrics.
The signal region itself can be an ellipsoidal, spherical,
cuboidal or irregularly shaped region centered on the chosen
point [5]. Due to the discretisation of the domain, there is
little difference between these shapes for small regions for
coarser resolutions. The size of the signal region is either based
on a priori information, on characteristics of the image or a
combination of both. For the signal-to-clutter ratio (SCR), the
size of the region is particularly important, as if the boundary
of the signal region does not extend far enough, the maximum
value of the clutter region, just outside the boundary, may
include points that are part of the main response of the image
and not correctly quantify the response. However, the SMR is
less sensitive to the precise radius of the signal region as the
SMR compares the maximum intensity of the image to the
mean energy in the rest of the image. In this study, the points
in the signal region, S, are in a uniform sphere of radius, R,
centered at the point of maximum brightness in the image.

B. Clutter Region Determination

The SMR, , is defined as:
max I[S]

(r[cy)

or the maximum value of the image in the signal region divided
by the mean of the image values in the clutter region. The
mean intensity of the whole imaging domain, (I[P]), is the
weighted mean of the signal and clutter regions:

#C #S
=—(I|C —(I|S 2
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where #P = #S+#C. If the size of the signal region is much
smaller than the clutter region, #S < #C, then the difference
in the mean of the clutter region by both definitions will be
small, (I[CT]) ~ (I[C®]). The largest difference will be
when the mean of the signal region is the maximum intensity
and the mean of the clutter region is of the lowest intensity.
Normalising such that the maximum intensity is one, this
means (/[S]) = 1 and (I[C]) = 0. Therefore, the difference
between the means of the clutter area depending on whether
the clutter area includes the signal area or not is:

_#8
= 4P
For the hemispherical and spherical regions in this study,
the number of points in a given region for a known resolution
and radius, related to the Gauss Circle problem [10], can
be approximated by dividing the volume of the imaging
domain by the volume of a voxel. In the following results,
the differences in SMR for resolutions of 0.5mm to 5mm
are evaluated for signal regions between 10 mm to 30 mm.

P = (1)

(I[P])

(I[C™]) = {1[c?) 3)

C. Experimental validation

To understand how the characteristics of experimental im-
ages correspond to the idealised images analysed in this
work, the same metrics were calculated for the imaging
from the BRIGID database [9]. Five different phantoms of
increasing glandular content can each be imaged with twenty-
two different tumour shapes as fully described in [11]. The
same definitions of SMR are used, where the signal region
is centered on the maximum response in the image. For the
110 images, the SMR with a clutter region including and
not including the signal region is calculated. The averaged
difference for each phantom is calculated and compared to
the largest possible difference.

III. RESULTS

The theoretical maximum differences between the mean of
the whole image, <I (CT)> and the mean of the clutter region
excluding the signal region, (1(C?)), is shown in fig. 2 along
with the same calculations for 110 different images from the
BRIGID dataset [9].

Firstly, the theoretical maximum differences are shown la-
belled from r» = 0.5 mm to » = 5 mm. The largest differences
are seen for the finest resolutions, although, even for the largest
signal regions of a 30 mm sphere in a 70 mm hemisphere,
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Fig. 2. The maximum differences between the mean of an clutter region and
the mean of the whole image for a normalised, idealised image. Also shown
are the average percentage differences for images of 22 different tumours in
five different breast phantoms of increasing density (BO to B30E).

there is less than a 1% difference due to the resolution.
The maximum difference increases as the resolution becomes
finer, this is due to the spherical signal region compared to
the hemispherical imaging domain, as the resolution becomes
finer, there is a greater surface area in the signal region to gain
voxels.

The experimental results are also shown in fig. 2. As can
be seen, the difference between definitions is largest for the
homogeneous breast phantoms. This is primarily because the
images in homogeneous phantoms approximate the idealised
images, where the amplitude in the signal region is much larger
than the mean of the rest of the image. However, even in the
most dense breast phantoms, there was up to a 10 % difference
between the two definitions for the largest signal regions.

IV. CONCLUSIONS

Clutter-based metrics for microwave breast imaging have
been extensively reported across various prototypes and can
be useful for comparing images and performance. However, it
is difficult to compare many of these metrics directly as they
do not use the same definitions or methodology to calculate
the values. One key difference is in the definition of clutter
regions and whether they include or do not include the signal
region.

This work suggests that the worst case differences between
the SMR when calculated with the two different types of
clutter region can be over 10 % for the largest signal regions
in a hemispherical imaging domain. When compared to ex-
perimental images, the SMR measured in homogeneous breast
phantoms showed the largest differences between values, but
differences of up to 8 % can be seen in the most heterogeneous

and dense breast phantoms. As the SCR, another commonly
used clutter-based metric relies on not including the signal
region in the clutter region, it is recommended to use a clutter
region exclusive of the signal region in general.

Although widely reported, SMR and other clutter-based
metrics have limitations. In particular, many trivial algorithms
can artificially increase these metrics without adding new
information, which means they cannot be used as a basis
for comparison alone. However, SMR and the other clutter-
based metrics may be a useful quantifier of how the image is
interpreted and how prominent the main image peaks are.
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