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Breast cancer cells — Axillary Lymph Nodes (ALNs)

Current imaging modalities to diagnose
ALNs lack sensitivity and specificity
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Good ALNs detection
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Ratio > 2.8 dB

e Location Error <15 mm

Novel Microwave Imaging System to Detect Axillary Lymph Nodes Metastasised by Breast Cancer.

Take-Home Messages

e This paper presents a new microwave imaging prototype which can be used as a complementary screening
modality to aid breast cancer staging through the detection of axillary lymph nodes, addressing the main
challenges of imaging an irregular body region with microwave technologies.

o The study confirms the potential of microwave imaging for the detection of axillary lymph nodes, showing
imaging results with Signal-to-Clutter higher than 2.8 dB and a Location Error lower than 15 mm.

e The prototype and the methodology presented in this work is tailored for the axillary region application and
can be a starting point for other irregular body regions microwave imaging applications.

e The present work is a significant contribution to the development of a microwave imaging system suited to
image the axillary region, from the phantom development, antenna-positioning configuration to the dedicated
imaging algorithm design.
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Abstract—The number of metastasised Axillary Lymph Nodes (ALNs) is a key indicator for breast cancer staging. Its correct
assessment affects subsequent therapeutic decisions. Common ALN screening modalities lack high enough sensitivity and specificity.
Level I ALNs produce detectable backscattering of microwaves, opening the way for Microwave Imaging (MWI) as a complementary
screening modality. Radar-based MWI is a low-cost, non-invasive technique, widely studied for breast cancer and brain stroke
detection. However, new specific challenges arise for ALN detection, which deter a simple extension of existing MWI methods. The
geometry of the axillary region is more complex, limiting the antenna travel range required for maximum resolution. Additionally,
unlike breast MWI setups, it is impractical to use liquid immersion to enhance energy coupling to the body; therefore, higher skin
reflection masks ALNs response. We present a complete study that proposes dedicated imaging algorithms to detect ALNs dealing
with the above constraints, and evaluate their effectiveness experimentally. We describe the developed setup based on a 3D-printed
anthropomorphic phantom, and the antenna-positioning configuration. To the authors’ knowledge, this is the first ALN-MWI study
involving a fully functional anatomically compliant setup. A Vivaldi antenna, operating in a monostatic radar mode at 2-5 GHz,
scans the axillary region. Pre-clinical assessment in different representative scenarios shows Signal-to-Clutter Ratio higher than 2.8
dB and Location Error lower than 15 mm, which is smaller than considered ALN dimensions. Our study shows promising level I

ALN detection results despite the new challenges, confirming MWI potential to aid breast cancer staging.

Keywords—Axillary lymph nodes, axillary phantom, breast cancer, microwave imaging, pre-clinical assessment.

I. INTRODUCTION

REAST cancer is the most common cancer worldwide,
accounting for approximately 2.26 million new cases in
2020 [1]. In most breast cancer cases in stages II to IV, the
tumour can drain cancer cells to surrounding lymph nodes,
specifically via Axillary Lymph Nodes (ALNs). The number
of metastasised ALNs is considered in breast cancer staging
and is important in subsequent therapeutic decisions [2].
Pre-surgical and non-invasive medical imaging techniques
such as Ultrasound [3] and Magnetic Resonance Imaging [4],
[5] are often used to assess axillary staging as part of the
screening process. The used methods vary among countries,
their own protocols, and available equipment, but generally
lack high enough sensitivity and specificity. The more accurate
procedure is Sentinel Lymph Node Biopsy (SLNB), where sur-
geons remove the sentinel node, the first lymph node receiving
drainage from the tumour. Studies show that in around 70%
[6], [7] of the procedures, SLNB yields a negative result when
it could have been avoided. If the pathological analysis result
of SLNB is positive for metastases, or in case of prior positive

Manuscript submitted January 15, 2021; revised April 21, 2021, accepted
July 1, 2021. This work is supported by Fundag¢do para a Ciéncia e a
Tecnologia - FCT under fellowship SFRH/BD/129230/2017, FCT/MEC (PID-
DAC) under the Strategic Programme UIDB/00645/2020, and also in part by
FEDER-PT2020 Partnership Agreement under Grant UIDB/EEA/50008/2020.

Daniela M. Godinho and Raquel C. Concei¢do are with Instituto de
Biofisica e Engenharia Biomédica, Faculdade de Ciéncias da Universidade
de Lisboa, 1749-016 Lisbon, Portugal (e-mail: dgodinho94@ gmail.com,
raquelcruzconceicao @gmail.com).

Jodo M. Felicio is with Centro de Investigacdo Naval (CINAV), Escola
Naval, Almada, Portugal, and with Instituto de Telecomunicagdes, Insti-
tuto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal (e-mail:
joao.felicio@Ix.it.pt).

Carlos A. Fernandes is with Instituto de Telecomunica¢des, Insti-
tuto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal (e-mail:
carlos.fernandes @Ix.it.pt).

medical imaging results and ultrasound-guided biopsy con-
firmation, Axillary Lymph Node Dissection (ALND) may be
performed. ALND consists of partial or complete removal of
ALNSs, which can lead to patients’ slower recovery, increased
risk of infection, lymphedema, and/or paraesthesia [8], [9].
False positive imaging results without biopsy would lead to
pre-emptive lymph node removal and, therefore, unnecessary
patients’ morbidity. This justifies the need for the development
of effective auxiliary ALNs screening techniques, preferably
non-invasive.

We evaluate the feasibility of Microwave Imaging (MWI) to
become an alternative imaging technique for the detection of
level I ALNs - the ALNs more likely to receive drainage from
tumour cells first - owing to its potential to reduce the false
negative results of current imaging modalities. MWI is based
on dielectric properties contrast existing between different
tissues composing the body. MWI has been studied for other
medical applications, including early breast cancer and brain
stroke detection, showing promising results [10]-[14]. MWI
has advantages when compared to other imaging modalities,
namely for using non-ionising radiation, being non-invasive,
with good sensitivity and specificity, relatively low-cost, and
potentially user-independent.

However, ALN-MWI presents several challenges when
compared to breast and brain MWI: 1) the torso limits the
antenna scan range required for acceptable image resolution;
2) it is no longer practical to use liquid immersion to minimise
skin reflections that hide ALN response, unlike most breast
MWI setups [10]-[12]; moreover, we require a contactless
system to minimise sanitation issues; 3) the shape of the
axillary region has both concave and convex surfaces that tend
to undermine the effectiveness of traditional skin reflection
(artefact) removal algorithms; 4) level I ALNs may be close
to the skin, making it more difficult for artefact removal
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Fig. 1. Simplified representation of lymph nodes levels, and surrounding
muscles. The positioning of the patient is the same as that used during the
examination, with the patient lying on one side, with the arm along the head.

algorithms to discriminate between skin and ALNSs; 5) level
I ALNSs are usually in the vicinity of muscles that may have
comparable MW response.

Fig. 1 shows ALNSs hierarchical levels, and their positions
relative to the surrounding muscles. ALNs can be classified in
three levels based on their relative anatomical location. Level
I ALNSs are usually located in fatty tissue, and lateral to the
lateral border of the pectoralis minor muscle. Level I ALNs
are usually the first nodes affected by breast cancer metastasis,
in circa 97% of the cases [15], [16]. Their depth, i.e. their
distance to skin, ranges from 14 to 80 mm [17] depending on
each patient’s Body Mass Index (BMI), although no detailed
relationship has been reported yet [18], [19]. Level Il nodes are
located between lateral and medial margins of the pectoralis
minor muscle, and level III nodes are medial to the medial
margin of the pectoralis minor muscle and inferior to the
clavicle [2]. Due to excessive biological tissue attenuation and
low contrast against muscles, deeper, higher than hierarchical
level I ALNs cannot be screened using MWL

A healthy ALN has a kidney-like shape and its size can
range from 1 to 25 mm in its largest axis [20]. Typical signs
of metastases in ALNs are the absence of a fatty region called
the hilum, the increase of the cortex thickness, and its tendency
to resemble a spherical shape with non-defined margins [21],
[22]. Until now, information about dielectric properties of
ALNSs is very limited. Some authors have addressed this topic
in the last decades [23]-[25] but their studies either have
reduced number of samples, contain possible contamination
by surrounding fat tissue, or lack detail about the measurement
accuracy and confounders’ influence.

Eleutério et al. [26] presented a feasibility study of ALN-
MWI with results showing good detection of isolated ALNs
and good distinction between modelled healthy and metasta-
sised ALNs. However, the study was based on simulations in
a 2D-geometry only, where antennas laid in contact with a
planar boundary representing the skin. It did not consider the
effect of non-uniform 3D-shape of the axillary region, nor the
influence of the measurement setup.

In this paper, we present a pre-clinical system for the
detection of level I ALNs. The proposed ALN-MWI system

comprises a single antenna with its position scanning sys-
tem, the RF equipment, the control and signal acquisition
components, and signal post-processing algorithms developed
to address the challenges listed earlier in this section. The
antenna operates in air without coupling medium, and without
body contact, similarly to dry imaging setups for breast MWI
that have been proposed [27]-[30]. The ALN-MWTI system
is tested with an anthropomorphic phantom of the axillary
region and torso with embedded level I ALN models. The
configuration approaches as much as possible an actual clinical
scenario, where the patient undergoes the MWI exam of the
axillary region lying sideways on one of the arms, which is
extended along the head. For validation purposes, we present
and discuss the results obtained using this system for three
locations of level I ALNs in the phantom, using common
metrics. No muscles are considered in this stage of the study.
To the best of our knowledge, this is the first comprehensive
study ever presented in this topic, and the first realistic ALN-
MWI experimental system.

In the remainder of this paper, we describe the experimental
setup, the anatomically realistic phantoms and materials in
Section II. We present the algorithms implemented for data
processing in Section III, the results are presented and dis-
cussed in Section IV, and the main conclusions are drawn in
Section V.

II. EXPERIMENTAL SETUP AND MATERIALS

This section presents the details of the proposed MWI
system and the anthropomorphic phantoms.

A. Phantom development

Our anatomically realistic phantom of the axillary re-
gion was 3D-printed from a processed image of a patient’s
Computed Tomography (CT). The BMI of the patient was
19 kg/m?, which is considered as normal weight. Only a
region of the image was selected to be printed, comprising
the head (for reference purposes), a part of the arm, and the
torso from the neck to under the breast (Fig. 2). The phantom
was hollow, and was printed in parts using an Ultimaker 3
Extended 3D-printer. The printing material was PolyLactic
Acid (PLA), which has permittivity values ranging from 2.75
to 2.9 and a loss tangent of 0.01 [31]. The parts were glued
and impermeabilised using epoxy resin. The axillary part was
a container that held the tissue mimicking liquid. The phantom
had an opening in the yz-plane to enable easy access to the
container (Fig. 2(b)). No skin layer was added to the phantom
wall. The air/phantom artefact is similar to the response of
an actual skin layer, but with a few dB lower magnitude [27].
Other authors have also used phantoms without skin to validate
their systems [14], [32].

The ALN model was created using an open-source STL
model of a kidney [33]. The model was reshaped and resized
to fit metastasised ALNs characteristics. Its dimensions were
set as 23.6 x 17.6 x 12 mm, as shown in Fig. 3(a). It was
3D-printed with a 1.2 mm thickness wall and filled with a
tissue mimicking mixture through a 1 mm aperture that was
subsequently sealed with epoxy resin. The ALN was placed
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(b)

Fig. 2. 3D printed body phantom in (a) coronal view and (b) sagittal view.
The blue shade represents the volume used for the image reconstruction that
comprises the volume where level I ALNs were placed.

(b) (©)

Fig. 3. 3D-printed (a) phantom of metastasised ALN, and (b) plastic support
designed to control the ALN positioning. (c) shows an example of ALN
positioning inside the phantom.

inside the phantom connected by a nylon string that was fixed
in a known position with the help of a plastic support (Fig.
3(b-c)). The ALN was placed in three locations within the
phantom and was also positioned at depths varying between
20 to 30 mm from the phantom surface, which corresponds
approximately to the depth range of a level I ALN for a woman
of normal weight.

B. Tissue mimicking materials

Although information about ALNSs dielectric characteristics
is still limited, existing results indicate that healthy ALNs
have similar properties to breast fibroglandular tissue while
metastasised ALNs have increased relative permittivity (e,)
and conductivity (o) [25], [34].

In this study, mixtures of TX-100, distilled water and
sodium chloride (NaCl) were used in the proportions reported
by Joachimowicz et al. [35] to create fat (G3) and ALN (T)
tissue mimicking mixtures, respectively. Dielectric properties
of ¢, = 4 and 55 and 0 = 0.01 and 3.5 S/m for fat [36],
[37] and ALN, respectively, at 4 GHz, were verified using an
open-ended coaxial probe.

C. Antenna and data acquisition

The setup used Ultra-Wide Band (UWB) low-power radar
pulses in a monostatic configuration. An ENA Series Network
Analyser, Agilent ES071C, was used for the RF measurements.
The signals were measured with a testing power of 10 dBm
and signal IF bandwidth of 7 kHz. A single Vivaldi antenna
was used in the setup, impedance-matched in the 2 — 5 GHz
frequency band [38], calibrated with a Keysight Electronic

(b) © (d)

Fig. 4. Measurement setup (a) with all components (roll positioner [A],
antenna support arm [B], phantom [C] and the antenna [D]). (b) shows
the first horizontal and angular position of the antenna, (c) and (d) show
its last horizontal and first angular position in the coronal and axial views,
respectively. The yellow and blue pieces [E, F] supporting the phantom
are styrofoam. The blue piece at the bottom [G] is an Eccosorb CV type
microwave absorber, which is used for testing purposes to minimise the table’s
reflection. The white coordinate system in (a) and (d) is used for the rotation
and translation movements of the arm and antenna, and the yellow coordinate
system in (a) is used for the image reconstruction algorithm.

Calibration (E-cal). The antenna was attached to an angular
positioner through an adjustable arm that enabled scanning a
cylindrical area around the axillary region (Fig. 4). Due to the
torso shape, the antenna can only scan a 90° angular range.
The radial distance between each antenna position and the
phantom surface ranged from 4 to 56 mm, with an average
distance of 35 mm.

A total of 72 monostatic signals were recorded at 9 angular
positions (10° step) and at 8 horizontal positions (10 mm step).
This measurement grid is onwards referred to as Gy, as shown
in Fig. 5(a). A free-space measurement was also performed for
calibration purposes. A total of Ny = 1401 frequency points
were acquired for each antenna position.

ITI. SIGNAL AND IMAGE PROCESSING ALGORITHMS

In this section, we present the formulation of the algorithms
used for artefact removal and image reconstruction, which
were specifically adapted for the axillary imaging application.
The volume of interest of the axillary region is smaller than
the volume of the experimental phantom and this needs to
be accounted for algorithm development. We also present the
performance metrics we used to evaluate the system response
and a methodology to optimise which subset of antenna
positions shall be used for image reconstruction.
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Fig. 5. (a) Flattened view of cylindrical antenna position grid; (b) angular
antenna positions on the axial plane of the axillary phantom. In (a) G
(delimited by solid line) designates the set of all points of the measurement
grid; G AR (delimited by dotted line) is an example of the subset of neighbour
antennas used for artefact removal for (C,3) antenna position; Ggp (delimited
by dashed line) is the subset used to create the spatial filter; and G (delimited
by dash-dot line) represents the subset of antenna positions used for image
reconstruction.

A. Artefact Removal Algorithm

A single measurement in free-space was required to remove
the antenna frequency response from the scattered signals [38].
Additionally, a detailed knowledge of the shape of the body
is also of great importance for the algorithms. This can be
retrieved using very low-cost optical devices such as a webcam
[27] or more complex laser systems [39]. In our proposed
methodology, this information was assumed available.

Backscattered signals contain high amplitude artefacts gen-
erated by air/dielectric interface at the phantom surface. These
were removed using Singular Value Decomposition (SVD).
SVD is a linear algebra method that computes the factorisation
of a matrix. Given matrix M of dimensions m X n, it can be
decomposed as follows:

M =UXV* (1

where U is a m X m unitary matrix, 3 is a m X n diagonal
matrix with non-negative real non-increasing numbers o;, for
Il =1,...,min[m;n], and V is a n X n unitary matrix. The
columns of U and V are called the left-singular and right-
singular vectors of M, respectively, and the values o; of X
are called singular values of M. The first ¢ singular values
represent the highest magnitude components contributing to
the signal, which likely correspond to the air/phantom interface
artefacts [27].

In the present problem, M was a Ny x IV, matrix where each
column is the antenna-independent input reflection coefficient
Sa,h, obtained as the difference in linear units between the
measured antenna input reflection coefficient in the presence
of the body and the measurement in free-space [38]. Ny was
the number of frequency points, a and h are the indices of
each angular and horizontal antenna positions, respectively,
and N, was the number of antennas considered for the matrix
factorisation.

The signals without the air/phantom response (M) can
be obtained by subtracting the contribution from the first ¢
singular values [27]:

q
M = M — Z oy )
=0

The resulting signals are designated sfla,ll The number of

components ¢ that need to be removed was found by an
iterative process aiming to optimise the performance metrics
of the produced images, in representative experimental tests.
These tests comprised measurements with ALNs in known
positions inside an axillary region phantom using the current
antenna configuration. Once the value of ¢ is determined, it can
be applied for axillary regions with comparable shape where
the target location is not known in advance.

Due to the wide range of distances from each antenna to the
phantom surface, and owing to different surface slopes at the
rays entry point in the phantom, matrix M actually contained
only a subset Gy of antenna positions neighbouring the an-
tenna under analysis. The factorisation of s, ; was performed
considering the surrounding 8 neighbours and the signal itself:
Sa+An,h+Ays. Where Ay = —1,0,1. This strategy improves
the factorisation of the artefacts into separate singular vectors
since each group of neighbour antennas shares similar shape
of the phantom surface, and therefore corresponding responses
are similar.

B. Image Reconstruction Algorithm

The imaging algorithm was based on wave migration, where
the intensity of each voxel can be calculated as the following:

N, Ny 2

intensity(v) = Z Z sg‘f}lL(f)BijO(dathrde) 3)

ah f

where d. is the electric length of the antenna, d,p, is the
electrical distance between each antenna position (a, h) and
each voxel v, calculated as dyr,ahv ++/€diel X Adiel,ahv, Where
dqir,aho 18 the corresponding distance travelled in air, dgier, aho
is the corresponding distance in the new phantom medium, and
€diel 18 the corresponding refractive index. The wave number
ko is calculated as @ for each frequency point f, with ¢ as
the speed of light.

Refraction effects were not considered in the image recon-
struction algorithm, since their computation increased the com-
putational cost and we verified in a separate study their effect
on imaging results is not significant for this configuration [40].
For visualisation purposes, the results are represented in axial
(zy), coronal (zz) and sagittal (yz) planes.

C. Spatial Filter

Only a sub-volume of the whole 3D region of the phantom
filled with fat tissue-mimicking mixture is relevant. The region
of interest should correspond roughly to the fat layer region
where level I ALNs are located. The region of interest is
shaded in blue in Fig. 2. A spatial filter (SF) was used to
create this sub-volume analytically, regardless the antennas
used for image reconstruction algorithm. As will be discussed
ahead, the definition of the sub-volume is relevant to define
performance metrics.
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Fig. 6. Representation of the volume of interest for (a) axial, (b) sagittal,
and (c) coronal planes. The blue shade represents the axillary region where
lymph nodes have higher probability to be located. The yellow shade shows
each represented plane in the phantom.

The SF filter was normalised so the maximum magnitude
would be 1. The final image was obtained by multiplying
the SF and the reconstructed image obtained from the wave
migration algorithm. This assigns a higher weight to the voxels
in the axillary region, which is the region of interest. The SF is
a skewed Gaussian function resulting from the multiplication
of a power function of exponent v (SF;) and a piece-wise
function with a Gaussian decay (SF5):

ddiel ahv 7
SF, — ( LdicLahe @)
1
1, if dSF,ahv < T
SF, = i\ 2 5
2 exp (— (dSF“TiZ”) >, otherwise )

where dsr oho = dair,aho + 2 - ddiel,ahv, Which is neither a
physical distance nor electrical distance, but instead a weighted
distance in which a higher weight is given to dgjei ahvs
since the region of interest is close to the phantom surface.
Parameters 71, 7, 74, and 79 can be adjusted according to
the region we aim to select and can be defined differently
for each antenna position. Parameter r; is proportional to the
magnitude of function SF;, v determines the growth rate of
function SF'¢, and r; and ro define the threshold and the rate
of the Gaussian decay of function SF5, respectively (Fig. 7).

In order to retrieve the phantom shape and create the corre-
sponding volume of interest, the SF was created using a subset
of the antenna positions (Ggp) comprising the horizontal
antenna positions centred at the region of interest and the
angular antenna positions closer to and surrounding the region
of interest. The selected subset of antenna positions is chosen
considering the volume of the axillary region under study.

0.5 0.5

Magnitude
-t

0 100 200 300 0 100 200 300 0 100 200 300

Distance between each antenna position and each voxel - dSF ahv (mm)

Fig. 7. Plot of each function of the spatial filter SF over the distance between
an antenna position and a voxel (dsf,qhv) for an arbitrary combination of
parameters. Mg represents the point of maximum magnitude.

D. Performance Evaluation

The performance of the current setup and algorithms was
evaluated using metrics that quantify the quality of ALNs de-
tection: Signal-to-Clutter Ratio (SCR), Signal-to-Mean Ratio
(SMR), Full Width Half Maximum (FWHM) and Location
Error (LE). The ALN response was identified with the maxi-
mum voxel value (M n) of the volume of interest defined in
the previous sections and its neighbouring voxels when they
were above half of the maximum. SCR measures the contrast
between M n and the maximum value of clutter (clutter are
local maxima originated by common and random reflections
or unidentifiable sources). SMR is the ratio between Marn
and the mean value of the clutter, measuring how easily the
ALN can be identified within the image. FWHM measures
the extent of the response by computing the average distance
in 3D-space between the coordinates of Mapn and the voxels
where its response drops to half. LE is the distance between
the coordinates of M N and the centre of the true location of
the ALN.

In line with other authors [11], [41], we require a SCR above
1.5 dB for positive detection. We consider LE acceptable if it
is within the dimensions of the ALN.

E. Antenna Position Selection

The original grid of antenna positions (Gyy) covers a larger
volume in front of the phantom than the volume of interest.
Depending on the location of the targets, some antenna posi-
tions may be far or with unfavourable signal paths to the target,
penalising the reconstructed image quality. It is desirable to
identify the best size of the subset of antenna positions for
that reason. Because the location of the ALNs is not known a
priori in a real application, an automated test can be run which
successively tests different sizes of subsets Gp of antenna
positions, to maximise SCR and SMR.

As of now, the relationship between the number of antennas
and the resulting imaging resolution was evaluated by visual
inspection by maximising both SCR and SMR and minimising
FWHM to acceptable dimensions, which gives a measure of
the image resolution (e.g. a lower image resolution results
in higher FWHM). A 5 x 4 grid of antenna positions (i.e.
a total of 20 antennas) was found to provide the best results
(a balance between the number of antennas, better resolution,
less artefacts and optimised metrics), as represented in Fig.
5(a). This subset grid was then translated by one column or
one line across the original antenna position grid (Gyr) to
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detect the ALNs in different locations. The resulting images
are then analysed by visual inspection.

IV. RESULTS AND DISCUSSION

This section presents the optimal parameters found for the
imaging algorithms, which maximise the performance metrics
of the reconstructed images. We present the resulting images
and performance metrics of the experimental tests with one
level I ALN embedded in fat mimicking material. We tested
three different locations, named ALN-1, ALN-2 and ALN-3,
represented in Fig. 8. ALN-1 is at a central position between
the breast and the arm, ALN-2 is closer to the arm, and
ALN-3 is closer to the breast. The distance between ALN-2
and ALN-3 is 48 mm. ALN-1 and ALN-3 are placed at an
average depth from the phantom surface of ~ 30 mm, while
ALN-2 is closer to the surface at ~ 20 mm depth.

A. Algorithms Parameters

The SF parameters were defined considering the anatomy of
a patient with similar torso dimensions to our phantom. The
subset of antenna positions (Ggr) comprised the horizontal
positions 4 to 5 (corresponding to 30% of the horizontal
antenna positions) and the angular antenna positions C to
I. We considered r; = 75 mm, v = 0.5, 74 =0 mm,
and r5 = 120 mm. Parameters r; and r; were increased
for angular antenna positions G to I since they are farther
away from the region of interest than the others, assuming
r1 = 400 mm and 7, = 50 mm. This highlights a volume
of interest extending from the phantom surface to a depth of
approximately 40 mm in the phantom. The optimal subset of
antenna positions Gy to image the current axillary phantom
was obtained with horizontal antenna positions 3 to 6 and
angular antenna positions E to I (Fig. 5(a)). In a clinical
scenario, the SF parameters, Ggr, and Gy would need to
be adjusted according to each patient’s biometric information,
such as the axillary region size and BMI. This would prevent
the SF from influencing the results, namely by hiding ALNs.

Regarding the artefact removal, the number of components
to be removed with SVD for each antenna position, which
resulted in a reliable ALN detection for the three experimental
tests, was determined as ¢ = 4. Due to its non-uniform shape,
the response of the phantom surface is present in more than
one singular vector. The first singular vector contains the main
reflection from the surface, with an average magnitude of
22. The remaining removed singular vectors present residual
reflections with average magnitudes of 1.3, 0.9 and 0.7. The
singular vectors that preserve the ALN response have average
magnitudes below 0.5.

SVD yields good results for the performed tests for ALNs
positioned at depths varying between 20 to 30 mm: in fact,
results show that SVD is able to remove components with
magnitudes up to 44 times higher than the ALN response,
which is encouraging to trust the viability of a dry setup.
The detection of shallower ALNs can be more challenging.
In those cases, the ALN and the phantom surface response
can be factorised in the same singular vector, hampering the
ALN detection. Nonetheless, ALLNs shallower than 20 mm are
only observed in few cases of breast cancer patients [17].

178 262 345
z (mm)

(@ (b)

Fig. 8. Projection of phantom and lymph nodes positions on (a) axial, and (b)
sagittal planes. Average contours of the phantom in yellow, ALN-1 in solid
red line, ALN-2 in dashed red line and ALN-3 in dotted red line.

B. Imaging Results

Fig. 9(a-c) shows the reconstructed images on the main
planes of ALN-1, using the SF presented before. We observe
an adequate detection of the ALN with a SCR of 3.01 dB
and LE of 11.40 mm, which is within the range of the ALN
dimensions (23.6 x 17.6 x 12 mm). FWHM is larger than the
average dimensions of the ALN. It is larger in the yz-plane
due to the shape of the axillary region in that plane, which
results in a lower cross-range resolution.

In order to better understand the impact of the SF on
the imaging results, we show the corresponding reconstructed
images when the SF is not applied in Fig. 9(d-f). Firstly,
there is no significant impact on the peak intensity, as the
gain of the filter is 1. Secondly, the arm and the breast regions
present some additional clutter that is removed with the SF.
The removal of such clutter is intentional, since ALNs are
not expected in the arm or breast itself. Thirdly, the detected
position of ALN-1 does not change with the SF, as it is
detected at the same location as in Fig. 9(a-c). Finally, it is
confirmed that the artefacts at the phantom surface are entirely
removed with SVD and not with the help of the SF, which is
only used to select the volume of interest.

It is also important to show the reconstructed images
obtained when no ALN exists in the axillary phantom, with the
SF, as in Fig. 9(g-i). We observe that the maximum magnitude
of the reconstructed image with ALN (Fig. 9 (a-c)) is 39.6,
whereas without ALN (Fig. 9 (g-i)) it is 17.7. This shows
that MWI is sufficiently sensitive to the presence of an ALN,
and, therefore, a promising technology for ALN screening.
The images also allow observing the effect of the challenging
shape of the axillary region. The concavity of this shape causes
some artefacts in the region where ALNs are likely to be
located. In fact, the more concave the shape is, the more
challenging the artefact removal becomes. These artefacts are
the major challenge for ALN-MWI, and one of the reasons
why this study is relevant to the scientific community. In fact,
in breast and head MWI, where the most advanced medical
MWI systems are found, the shape of the body is much more
regular, and artefacts and clutter are easier to overcome.

Both images of ALN-2 and ALN-3 produce similar per-
formance as ALN-1. Images are not shown due to space
constraints but a summary of the performance metrics is given
in Table I. Both present a positive detection, having a SCR
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Fig. 9. Reconstructed images of the axillary region. The first and second
row show the images of the axillary phantom with ALN-1 inside, when
applying and not applying our proposed spatial filter, respectively, and the
third row shows the images of the axillary phantom without ALNs and when
applying the spatial filter. The first, second and third columns represent the
axial, sagittal, and coronal planes, respectively. The approximate location and
shape of the lymph node is represented as a red contour. The white solid and
dashed contours correspond to the phantom limits and the volume of interest
selected with the spatial filter, respectively.

TABLE I
PERFORMANCE METRICS OF THE PERFORMED TESTS.

SCR (dB) SMR (dB) FWHM (mm) LE (mm)
ALN-1 3.01 8.95 32.7 11.4
ALN-2 2.78 8.69 353 12.2
ALN-3 2.89 8.73 34.7 14.9

higher than 2.78 dB. LE and FWHM are slightly higher than
the corresponding metrics for ALN-1. LE is still within the
range of the ALN dimensions, although FWHM is slightly
larger. This can be explained by their positioning in the axillary
phantom, farther from the selected subset of antenna positions
when compared to ALN-1 position.

The average response in all three tests is very similar, with
SMR ranging from 8.69 to 8.95 dB. The FWHM metric shows
that the overall spatial resolution of the ALN response is low,
which is common in MWI systems and particularly in this
application is affected by the limited angular range imposed
by the torso. Nonetheless, the ALN responses are detected in
the correct position.

We believe these preliminary results demonstrate the po-
tential of MWI to assess ALNs detection, although further
assessment must be performed before considering clinical
tests.

V. CONCLUSION

We presented a detailed methodology and promising results
from the first tests to detect ALNs using MWI technology.
MWI may be a useful complementary diagnostic tool for
metastasised level I ALNs and potentially decrease the false
negative and false positive rates of ALNs diagnosis ahead of
surgery.

The results show the robustness of the method to the
complex and non-uniform body region of the axilla. The
performance metrics show a SCR higher than 1.5 dB and a
LE lower than the ALNs dimensions in the performed tests.

The work presented in this paper is a significant techno-
logical and methodological contribution in the area of MWI
towards the detection of level I ALNs in an experimental sce-
nario. We developed and presented a full pre-clinical system
comprising the mechanical setup, axillary realistic phantoms
and algorithms designed for ALN imaging, addressing the
challenges that imaging the axillary region presents, which
are mainly related to its morphology and anatomy. We showed
that a cylindrical antenna sweep a few centimetres away from
the phantom surface in air and in an experimental volumetric
setup, with similar conditions to a clinical scenario, provides
promising results in detecting level I ALNs. The proposed
configuration is also suitable for axillary imaging since it does
not limit the number of antenna positions surrounding a limited
volume such as the axillary region. Furthermore, we estab-
lished solutions for the limitations inherent to the morphology
of the region of interest that are significantly different from
other well-studied applications (i.e. breast or brain). For this
purpose, we removed artefacts considering neighbour antenna
positions decreasing the variability of the distance from the
antenna to the phantom surface and performed an automatable
search to find an optimal group of antenna positions for
imaging the axillary region. We also applied a spatial filter to
select the volume of interest, which is of utmost importance
in such non-uniform anatomical shape such as the axillary
region with ALNs surrounded by other anatomical structures
of the torso. Information on patient-specific biometrics for this
volume is also important to ensure ALNs detection.

In future work, further tests will be performed to validate
this system, such as considering other axillary region models,
imaging multiple level I ALNs and differentiating healthy
and metastasised ALNs. We intend to increase the phantom
complexity, by adding muscle mimicking materials, and also
by adding a dielectric-representative skin layer. It is also
important to adequately model the complex permittivity of
both healthy and metastasised ALNs. Hence, the dielectric
properties of ALNs should also be updated according to
new data, once it becomes available. Finally, the Specific
Absorption Rate (SAR) of our system will also be assessed in
a future stage, although we are using the same power level as
for breast MWI in which we found safe SAR values.
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