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Microwave tomographic system for axillary lymph node detection.

Take-Home Messages

This paper represents the first experimental assessment of microwave tomography for the detection of axillary

lymph nodes in patients affected by breast cancer.

Our microwave tomography system can detect an axillary lymph node placed, in different positions, inside

our anthropomorphic phantom of the axillary region.

The target medical application is the diagnosis of axillary lymph nodes using microwave imaging, which

could complement the limited diagnostic information from magnetic resonance imaging and ultrasound.

This paper presents a microwave tomography setup which could be used as a novel complementary imaging

modality for axillary lymph node detection.

This paper also highlights the challenges of axillary microwave tomography, and proposes a novel method
(i.e., two-step angular measurement) to maximize the amount of retrievable information given the limited
space for probe placement.
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Experimental Assessment of Axillary Lymph Node
Microwave Tomography using Anthropomorphic
Phantoms

Matteo Savazzi, Olympia Karadima, David O. Rodriguez Duarte, Jorge Tobon, Francesca Vipiana, Panagiotis
Kosmas, Carlos A. Fernandes, Jodo M. Felicio, Raquel C. Conceicio

Abstract—We assess the application of microwave tomography (MWT) for the detection of axillary lymph nodes (ALNSs) in breast
cancer patients. We numerically study the effects of limiting angular view in axillary MWT, as probes can only be placed on a
limited arc around the axillary region. We also numerically study the possibility of increasing the amount of retrievable information
by acquiring data in two consecutive steps, with a single antenna set in two different angular positions. We finally experimentally test
axillary MWT on anthropomorphic phantoms with different levels of anatomical fidelity, and different ALN positions. Our MWT
system (0.8-2.5GHz) employs 6 monopole antennas placed on a single transverse plane, facing the axillary region. The reconstruction
algorithm implements the distorted Born iterative method, combined with the two-step iterative shrinkage/thresholding for the
inversion (DBIM-TwIST). Our numerical results (i) highlight the challenges associated with the limited angular view, and (ii)
show that performing two-step angular measurements enhance imaging results, suggesting that rotating the antenna set between
consecutive measurements is an effective means to increase the retrievable information in ALN MWT. Our experimental results
show that our MWT system can detect an ALN in different positions. To the best of our knowledge this is the first paper to assess
ALN MWT in a realistic 3D experimental scenario.

Keywords—axillary lymph node imaging, breast cancer, distorted Born iterative method (DBIM), limited angular information, medical

microwave imaging, microwave tomography.
I. INTRODUCTION

REAST cancer is the most frequently diagnosed type of

cancer worldwide, with an incidence of 2.26 million cases
in 2020 [1]. Due to their filtering role, axillary lymph nodes
(ALNSs) are the first organs where possible metastases from
breast cancer migrate, which makes ALN diagnosis important
for breast cancer staging and for treatment planning [2].
The most accurate method for ALN diagnosis is the sentinel
lymph node biopsy (SLNB), which consists of the surgical
excision and histological examination of the first regional
node (or nodes) to drain the primary tumour. However,
SLNB is an invasive procedure which often leads to longer
patient recovery, risk of infection and lymphoedema [3], [4].
Pre-surgical and non-invasive medical imaging techniques,
such as ultrasound [5] and magnetic resonance imaging [6],
[7], are often used to diagnose ALNS, but they have sensitivity
and specificity limitations.

M. Savazzi and R. C. Conceicdo are with the Instituto de Biofisica
e Engenharia Biomédica (IBEB), Faculdade de Ciéncias, Universidade
de Lisboa, 1749-016 Lisbon, Portugal (e-mail: mlsavazzi@fc.ul.pt;
rcconceicao @fc.ul.pt)

0. Karadima and P. Kosmas are with the Faculty of Natural and
Mathematical ~Sciences, King’s College London, Strand, London
WC2R 2LS, London, UK (e-mail: olympia.karadima@kcl.ac.uk;
panagiotis.kosmas @kcl.ac.uk)

P. Kosmas is also with Metamaterials Inc., Dartmouth, Canada, NS B2Y
4M9

D. O. Rodriguez-Duarte, J. A. Tobon Vasquez, and F. Vipiana are with the
Department of Electronics and Telecommunications, Politecnico di Torino,
10129 Torino, Italy (e-mail: david.rodriguez @polito.it; jorge. tobon @polito.it;
francesca.vipiana@polito.it).

J. Felicio and C. A. Fernandes are with the Instituto de Telecomunicagdes,
Instituto Superior Técnico (IST), Universidade de Lisboa, 1049-001 Lisbon,
Portugal (e-mail: joao.felicio@Ix.it.pt; carlos.fernandes @Ix.it.pt)

J. Felicio is also with Centro de Investigacdo Naval (CINAV), Escola Naval,
2810-001 Almada, Portugal

The possibility of imaging level I ALNs - the ALNs more
likely to receive drainage from tumour cells first - using
microwave imaging (MWI) is under study in our research
group [8], [9], [10], [11], [12], while other authors in the
literature also considered such possibility [13]. MWI relies
on contrast of dielectric properties between healthy and
pathological tissues at microwave frequencies (typically in the
1-10 GHz band), and has the advantages of being non-invasive,
low-cost, and potentially translatable into portable devices.
In clinical practice, a MWI device for ALN diagnosis could
complement the information from other imaging modalities
(magnetic resonance and/or ultrasound) and hence improve the
sensitivity and specificity of level I ALN diagnosis, possibly
avoiding biopsy.

However, axillary MWI presents challenges that are not
commonly posed by other medical-MWI systems (e.g., breast
and brain MWI devices). In fact, the morphology of the
axillary region restricts the measurement domain to a limited
arc around the axillary region (= 70° — 90° considering the
transverse plane) as shown in Fig. 1, significantly limiting
the measurement domain, and hence the information available
for image reconstruction. Additionally, the concave shape
of the axillary region limits the placement of antennas and
cables, also restricting the number of probing points in the
measurement domain. Level I ALNs are usually located near
muscle tissue (with similar dielectric properties) that may
have comparable microwave response [10], which poses an
additional challenge.

The first experimental study on ALN MWI was conducted
in [11], which proposed an air-operating radar-based MWI
system to detect ALNs in a fatty homogeneous medium
(muscle presence not considered), showing promising results.
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The possibility of imaging ALNs with microwave tomography
(MWT) was initially numerically assessed in [14] using a
simple 2D model of the axillary region. That study investigated
the effects of error in prior information on axillary tissue
anatomy and dielectric properties, and stressed the importance
of having prior information about the fat/muscle interface
position.

In this paper, we study - for the first time in a realistic 3D
experimental scenario - the application of MWT to the axillary
region, which presents several challenges when compared to
other anatomical sites commonly studied in medical MWT.
We address key aspects of the application, aiming to provide
a starting point to anyone approaching axillary MWT in
the future. Firstly, we perform a qualitative assessment of
the effect of having limited angular view. Secondly, we
investigate the possibility of acquiring data from two different
angular positions of the antenna set, as a means to overcome
the challenges given by limited space for probe placement.
Finally, we build an experimental setup and use it to validate
our numerical results. Our phantom considers different ALN
positions and - as a further element of novelty - the presence
of muscle tissue.

II. AXILLARY ANATOMY AND MODELS

This section describes the anatomy of the axillary region,
the dielectric properties of axillary tissues, and the axillary
models adopted in this work to assess the application of ALN
MWT.

A. Axillary anatomy and dielectric properties

Fig. 1(a) shows a representation of the axillary region,
where three main tissues can be distinguished: anatomically
realistic fat and muscle, and a level I ALN (simply represented
as spheroid shape). Based on the anatomical three-level
classification of ALNSs, level I ALNs are located in the lower
part of the armpit, and are usually surrounded by fat tissue.
In around 97% of the cases, level I ALNs are the first nodes
affected by breast cancer metastases [15], [16]. Their depth
(i.e., distance to skin) varies between 14 and 80 mm [17], [12],
and correlates to each patient’s Body Mass Index (BMI) [18],
[19], [12]. Level II ALNs are located between lateral and
medial margins of the pectoralis minor muscle, and level
IIT ALNs are medial to the medial margin of the pectoralis
minor muscle and inferior to the clavicle [20]. Hence, due to
excessive biological tissue attenuation and low contrast against
muscles, it is unlikely that level II and level III ALNs can be
screened using MWI.

The complex permittivity of axillary tissues at 1.0 GHz is:
€ ~ 6 — 15 for fat [21]; €. =~ 55 — 175 for muscle [21];
€, = b6 — 2435 for ALN [9].

B. Axillary models

We used axillary models derived from the anthropomorphic
phantom that we recently developed in [9]. We considered
two increasing levels of anatomical accuracy: (i) homogeneous
(H) model, consisting of fat tissue only; (ii) multi-tissue
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Figure 1. Representation of the anatomy of the axillary region, and
measurement configuration: (a) 3D-rendering view; (b) cross-sectional view.
A level I axillary lymph node (ALN), simply represented with a spheroid
shape, is surrounded by fat tissue; at a deeper level (further from the skin)
muscle tissue is present. N4 antennas are placed on a single transverse plane
Z, facing the axillary region. The axillary model is built from the segmentation
of a computed tomographic (CT) image in [9].

anthropomorphic (MTA) model, which is an accurate
representation of axillary anatomy, composed of fat and
anthropomorphic muscle tissues. Fig. 2 reports pictures of the
3D-printed version of the H and MTA axillary models (i.e.,
phantoms) used in this study. We then modeled the ALN as
a spheroid target, with an equatorial diameter of 16mm and a
polar diameter of 12mm.

For the experimental assessment, we 3D-printed physical
phantoms and filled them with liquid tissue mimicking
materials (TMMs) made of water, Triton X-100 and NaCl
mixtures, as detailed in [9]. We fabricated an ALN TMM as
a solidified mixture of polyurethane, carbon black, graphite,
and acetone, and we held it in a stable position inside fat
TMM using a system of nylon wires tied on specific supports
on the 3D-printed phantom parts. We measured the complex
permittivity of the TMMs with the open-ended coaxial-probe,
and we found that, at 1.0 GHz: ¢, =~ 6 — 25 for fat TMM,;
€ ~ 53 — 305 for muscle TMM; ¢, ~ 63 — 325 for ALN
TMM.

We report that our axillary model does not include skin
tissue, which simplifies the fabrication of the phantom, but
does not impair imaging result. This was verified in [22] and
in our numerical analyses - not reported here for the sake of
brevity.

(a) H model

(b) MTA model

Figure 2. Representation of the two different axillary models, with increasing
level of anatomical fidelity: (a) homogeneous (H) model; (b) multi-tissue
anthropomorphic (MTA) model.
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III. MICROWAVE TOMOGRAPHY SYSTEM DESCRIPTION

This section describes the MWT system adopted in this
work and the main design constraints.

Fig. 1 reports a generic representation of the MWT system
developed in this paper. In the proposed configuration, the
body is immersed in a matching medium, and it is illuminated
by N4 antennas placed on a single transverse plane z, facing
the axillary region. Such antenna configuration is convenient
given that anatomical constraints (i.e., concave shape of the
body) limit the placement of antennas on different planes.

As antennas are placed on a single transverse plane, we may
describe the problem at hand referring to the 2D-schematic
represented in Fig. 1(b), which illustrates the imaging scenario
at an arbitrary z. Considering the reference system defined
in Fig. 1, the antennas are placed on an arc centred in
O4, subtending an angle & = (N4 — 1)A¢, being A¢ the
angular spacing between adjacent antennas. We emphasise that
- contrary to other MWT applications where the antennas
are distributed all around the body [23], [24], [25] - ® is
typically limited to 70° — 90° given the morphology of the
axilla (imaging problem severely aspect limited), while A¢ is
limited by the size of the antennas. Additionally, it has been
shown [26] that placing the probes near the imaging domain
leads to better reconstruction results in the region close to
the border of the imaging domain. This may play a major
role in ALN MWT, given the shallow location of the ALN.
However, the concave shape of the axillary region hampers the
placement of the probes near the body, potentially affecting the
performance of the system.

The following subsections detail all different parts of our
MWT system.

A. Immersion liquid and frequency range

In MWT, immersion liquids can be used (i) to reduce the
size of the antennas, (ii) to increase the system resolution,
and (iii) to moderate the mismatch between the system and its
model in the imaging algorithm [27]. However, using a lossy
medium can cause excessive signal attenuation and deteriorate
the reconstruction quality [22]. Additionally, the wavelength
reduction is associated to higher degree of non-linearity which
challenges the inversion, and requires an increase of the
number of probing points in the measurement domain to
ensure not missing potential information. In the present study,
we adopted glycerol as the immersion liquid, which we
identified as a good compromise between the pro and cons
listed above. The complex permittivity of glycerol - measured
in this work with the open-ended coaxial-probe method - is
€ ~ 11 —9j at 1.0 GHz.

Regarding the choice of the frequency bandwidth, previous
numerical studies [22] for breast MWT showed that
reconstruction accuracy and stability are enhanced when
performing a low-frequency reconstruction (e.g., 0.8 GHz)
as a prior step to reconstructing data at higher frequencies.
We conducted this work in the wide band between 0.8 and
2.5 GHz. The choice of the smaller frequency is related to
the minimum acceptable resolution (i.e., A\/4 ~ 26mm in
glycerol, at 0.8 GHz), while the choice of the maximum
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Figure 3. Scattering parameters of the 6 antennas, measured inside our setup
when facing the axillary region phantom filled with fat TMM. (a) Reflection
coefficients S;; (b) Transmission coefficients S;;.

frequency is constrained by the maximum number of antennas
that could face the axillary region: the canonically used
antenna spacing to maximise the amount of retrievable
information without redundancies is A;A;11 = A/2 [28]. This
topic will be further discussed in Sec. IV-B.

B. Antenna

We adopted wideband monopole antennas (size 30mm x
38mm x 1.6mm), that were already used for medical MWT
applications [29]. These antennas have an omnidirectional
radiation pattern (in the plane orthogonal to the antenna plane),
which represents an advantage as they are best modeled by
point sources as the ones we used in our forward model (see
Sec. III-C). Fig. 3(a) reports the antenna reflection coefficient
measured in glycerol: the matching is always below -10 dB in
the 1.1-3.0 GHz frequency band, even though we noticed that
we can use it at 0.8 GHz. Additionally it has been shown [29],
[30] that working outside the main resonance of the antenna
(i.e., in a “flatter region" of the S11 plot in Fig. 3(a)) can aid
tomographic reconstruction.

C. Imaging algorithm

To solve the nonlinear inverse electromagnetic (EM)
scattering problem, we employed the general framework of
the distorted Born iterative method (DBIM) [31], combined
with the two-step iterative shrinkage/thresholding (TwIST)
algorithm [32] to solve the linearised system of equations at
each iteration. The adopted algorithm was originally proposed
for the numerical assessment of breast MWT, using a 2D breast
model [22], and experimentally tested for brain MWT in [23].

To solve the forward problem, we run the finite-difference
time-domain (FDTD) EM-solver with a convolutional
perfectly matched layer (CPML) boundary condition, and
Imm x 1mm mesh size, at each DBIM iteration. The
2D-FDTD simulation is excited by point sources with a
wideband Gaussian pulse in a transverse-magnetic (TM) mode
(i.e., the electric field is perpendicular to Zz), centered at
the resonance frequency of the antenna. Hence, only one
component of E-field (E.) is modeled.

As a first step after measurements, data calibration is
required as the forward model computes the electric field
(E-field) at the antennas, while the VNA measures the
scattering parameters at each port. Additionally, differences
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between the computational model and the physical system
must be taken into account. In this paper, we adopted the
methodology proposed in [33] for data calibration. Such
methodology entails (i) measuring a known scatterer (Sknowny
and (ii) computing the E-field (EF™"™) from the same
scatterer with the forward model. The calibrated E-field for

patient . .

the unknown scatterer (E_ ;" .) is then calculated as:
known
Epatient E
calibrate

6]

e Spatzent Sknown
where SP'*"* is the data obtained measuring the unknown
scatterer (i.e., patient). Here, we measured Sknown  and
computed EF"°“" using the axillary model without ALN.

We assumed prior knowledge about the morphology and
position of torso and muscle to be available. According to this
information, we defined the initial guess (i.e., the first estimate
of the background given as input to our DBIM algorithm) as a
2D cross-section of the axillary region with all organs except
the target. We limited the reconstruction of the dielectric
profile to the voxels contained in the body (at z = 2).

IV. NUMERICAL ASSESSMENT

This section focuses on two of the main challenges posed
by ALN MWI, namely (i) the limited angular view, and
(ii) the space constraints for probe placement. Regarding
the first challenge, Sec. IV-A shows the effects of having
limited angular view on imaging results. Regarding the
second challenge, Sec. IV-B investigates the possibility of
acquiring data in two consecutive steps with different angular
perspectives. This is a means to increase the probing points in
the measurement domain, with the objective of increasing the
amount of retrieved information.

A. Effect of limiting angular view

We placed Ny = 6 probes (probes 1-6) on the
anatomically accessible side of the homogeneous model, while
we intentionally placed an extra set of 6 probes (probes
7-12) facing the two - not anatomically accessible - flat
back-sides of the model, aiming to obtain a benchmark result
to qualitatively assess the effects of having a limited angular
domain, which is a major constraint in ALN MWI. Fig. 4(a)
illustrates a cross-sectional view of the setup. We embedded
an ALN in fatty medium, with ALN-skin distance equal to
23mm (computed from the centre of the ALN). The position
of probes 1-6 is given by: O4(—21mm,—1mm,z); p =
[136, 136,136,136, 136, 136]mm; A¢ = 15°. The resulting
distance between adjacent antennas is 35mm. The average
(£standard deviation) antenna-body distance is 23(46)mm,
for probes 1-6. Probes 7-12 are spaced 36mm from each other,
with constant antenna-phantom distance equal to 23mm.

We collected S-parameters using CST software, discretising
the space using an hexaedral mesh, ensuring that the side of
each voxel was at maximum A/20.

To pursue our investigation, we compared the results
obtained considering two subsets of antennas for image
reconstruction: (i) antennas 1-12 (i.e., all the antennas), and (ii)
antennas 1-6 (i.e., only those on the anatomically accessible

side of the axillary model). We reconstructed the images
using frequency hopping between 0.8, 0.9 and 1.0 GHz, with
25 DBIM-TwIST iterations per frequency point, in a total
of 75 iterations. The choice of the hopping frequencies is
later justified in light of the experimental results obtained
in Sec. V-B. We chose 25 iterations per frequency as we
verified that results tend to be stable when further increasing
the number of iterations. Hopping between frequencies means
that we firstly reconstructed the lowest frequency, and then
used the resulting dielectric map as the initial guess to the
subsequent (higher) frequency. The reasoning is to initially
exploit the stabilizing effect of lower frequencies, and combine
it with the finer resolution of higher frequencies, resulting in
an enhanced imaging performance as reported in [22].

Fig. 5 reports the images reconstructed at the highest
hopping frequency (1.0 GHz) for the two analysed cases. We
note that, in the case where we used the signals collected by
all the 12 antennas, the target is detected in its correct position
in both real and imaginary part of the permittivity. The target
detection is more challenging in the case where we considered
only the 6 antennas facing the axillary region. As expected,
limiting the illumination angle (and the number of probes)
affects target detection, which highlights the challenges of the
application.

We notice that our algorithm fails to estimate the target
dielectric properties within acceptable error (in the real part,
the estimated target permittivity is approximately 1.05 times
higher than fat permittivity, while it should be approximately
10 times higher). In our previous study [14], we obtained
good ALN permittivity estimation when using the same
2D-FDTD in both data generation and image reconstruction,
which suggests that the failure to estimate ALN properties
may be due to the measurement and model mismatches (i.e.,
modelling errors). We also report that in experimental studies
on brain MWT [23], the same DBIM-TwIST algorithm was
able to differentiate between targets with different dielectric
properties. We hence suspect that the modelling errors in
axillary MWT are due to: (i) the small size of our target over
the z-axis which - after mapping data to the 2D-domain of our
model - may result in a reduced response of the target with
respect to other organs, and translate in an underestimation of
the permittivity; (ii) the different shapes of axilla and brain,
and in particular in the non-invariant shape of the axilla over
the z-axis (as is almost the case for the brain).

B. Effect of performing two-step angular measurement

Given the limited space available for probe placement in the
axillary region, this section proposes a method to maximise
the useful retrievable information in axillary MWT, which
relies on acquiring data from multiple angular perspectives.
We note that the distance between antennas is 36mm, which
corresponds to the commonly used A/2 antenna spacing at
1.7 GHz. However, the optimal probe spacing depends on
several factors, including the measurement precision (dictated
by the measurement dynamic range and the signal to noise
ratio) and the extension of the measurement domain [34]. In
the present case, given the low response of the ALN and
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Figure 4. Tomographic setups used for numerical assessment (cross-sectional
views at the level of the target). (a) Setup used to assess the influence of
having limited angular view in axillary MWT: 12 monopole antennas are
placed around the homogeneous (H) axillary model. The probes are placed
not only in front of the axillary region, but also - in a non-realistic manner
- on the back side of the phantom, enlarging the measurement domain. (b)
Setup used to assess the effect of performing two-step angular measurements:
the representation shows the 12 probing points in front of the axilla, obtained
as a result of the two rotational position assumed by the 6-antenna set. The
apices r/ and r2 indicate the two rotational positions assumed by the antennas.
Distances are reported in millimeters.
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Figure 5. Numerical imaging results obtained with: (a, b) 12 antennas, placed
all around the model; (c, d) only the 6 antennas facing the axillary region;
(e, f) 6 antennas in two angular positions (as an effect of a A¢/2 phantom
rotation). (a, b) vs (c, d) shows the effect of having limited angular view in
axillary MWT. (c, d) vs (e, f) shows the effect of increasing the number of
probing points in the measurement domain by performing two-step angular
measurements. Each image is plotted in the range comprised between the
minimum and maximum values of the imaging domain.

the limited measurement domain (limited angular view), we
evaluate whether doubling the sampling points will increase
the amount of retrieved information.

To pursue such investigation, we adopted the same setup
used in Sec. IV-A, excluding antennas 7-12. We collected our
data in two consecutive steps, rotating the 6-antenna set by
A¢/2 between subsequent measurements. The resulting 12
probing points (6-antenna set in 2 rotational positions) are
illustrated in Fig. 4(b), which highlights (different colours)
the two rotational positions assumed by the antennas.

As a result, we merged the two obtained 6-by-6 scattering
matrices in a single 12-by-12 matrix which - for each
frequency - is defined as:

n.a., if ¢ + j is odd
S(i,j) = SA”-‘]l(i#', L), if i and j are odd
SA"-‘”(%, ), if 7 and j are even

where i € {1,2,...,12}, j € {1,2,...,12}; S4n9' and S4"92
are the 6-by-6 scattering matrices measured when illuminating
the axillary model with the antenna set in the first and second
angular position respectively.

We collected S-parameters using CST software, discretising
the space using an hexaedral mesh, ensuring that the side of
each voxel was at maximum A/20.

Fig. 5(e, f) presents the imaging results obtained using
frequency hopping between 0.8, 0.9, and 1.0 GHz, with 25
DBIM-TwIST iterations per frequency point. A comparison
between Fig. 5(c, d) and Fig. 5(e, ) suggests that - when
acquiring data in two consecutive steps, rotating the antennas
- the target detection significantly improves. However, despite
good detection in the real part of permittivity (Fig. 5(e)), we
observe a localization error (LE) of 26mm in the imaginary
part (Fig. 5(f)). We believe that such error is part of the
inaccuracies of the inversion process due to the mismatch
between the model and the true system. Additionally, a
comparison between Fig. 5(b) and Fig. 5(f) suggests that
the LE may be due to the limited angular view. We also
report that other studies in the literature [23] encountered more
difficulties in reconstructing the imaginary part rather than the
real part of permittivity. Regarding the significance of the LE,
we emphasise that LE = 26mm is deemed acceptable since
26mm (i) corresponds to 0.23 wavelengths (A=123mm at 1.0
GHz, in fat tissue), and (ii) is comparable to the ALN diameter
(16mm) in the analysed plane.

In conclusion, these results suggest that performing
measurements at two different angular positions of the antenna
set is a good strategy to mitigate space limitations posed by
axillary MWT, which motivated us to adopt such approach
during our experimental assessment.

V. EXPERIMENTAL ASSESSMENT

This section illustrates the developed experimental setup and
the results of the measurement campaign performed to test
our system, using four different phantom configurations, with
increasing level of anatomical fidelity.
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Figure 6. Experimental setup used to assess axillary microwave tomography:
6 monopole antennas are placed covering an angle ® = 75° around the
axillary region. The phantom is composed of three tissues: fat, muscle, and
axillary lymph node (ALN).

A. Experimental setup

Fig. 6 illustrates our microwave tomography system, which
consists of a cylindrical acrylic tank (diameter d = 400mm)
filled with glycerol, where we immersed an axillary region
phantom, and a set of 6 antennas placed on a single Z plane
facing the axillary region.

Referring to the 2D polar coordinates defined in Fig. 1,
the position of the antennas on Z is given by: 04(0,0, 2),
p = [135,125,115,120,125,120]mm, and A¢ = 15°. The
average (+ standard deviation) distance between antennas and
body was of 21(+3)mm (computed on 12 elements, as a result
of the two illumination angles), and as uniform as possible
across all angular positions.

We combined different ALN positions with different levels
of anatomical complexity, which resulted in four different
phantom configurations:

1) H-P1: H-phantom with target in position P1(29, 65, )

(i.e., the same model used for the numerical assessment)

2) H-P2: H-phantom with target in position P2(63,44, z)

3) MTA-P1: MTA-phantom with target in position P1

4) MTA-P3: MTA-phantom with target in position

P3(56,58, 2)

We used a Keysight M9804A 6-port vector network
analyzer, VNA [35] (maximum nominal dynamic range
of 140 dB at 10 Hz IF bandwidth), and we connected
each port to a single antenna through two coaxial cables
connected in series. Prior to measurements, we performed
electronic-calibration at the end of the first cable to remove the
influence of the VNA and the cable. We set the VNA output
power to the maximum power of 13dBm, while we set the
IF bandwidth to 50 Hz, as a compromise between acquisition
time and dynamic range. That choice can be understood in
light of the low response of the ALN transmitted by the
i-th probe to the j-th probe, which is approximately between
-120dB and -100dB.

We initially performed single-frequency reconstructions for
all phantom configurations to assess the potential of each
frequency. Once the best operating frequencies were identified,

0.8GHz
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Figure 7. Experimental results obtained reconstructing images at different
(independent) frequencies, using the homogeneous phantom whit target in
position P1 (H-P1 phantom). (a, b) 0.8 GHz, (c, d) 1.0 GHz. (left) Real part,
and (right) imaginary part of relative permittivity. Each image is plotted in
the range comprised between: (i) minimum value of the image, and (ii) +5%
and +15% (for real part and imaginary part respectively) times the median
value of the image (which is fat value).

we computed the results with frequency hopping within the
best-operating frequency band.

B. Experimental results

Fig. 7 presents single-frequency reconstructed images for
the H-P1 phantom, at 0.8 and 1.0 GHz. We observe that
the ALN is detected in that frequency band (similar results
were observed at 0.9 GHz); while for frequencies higher
than 1.0 GHz (results not reported due to space constraints),
we report that the detection is hindered by clutter presence.
This can be explained by the insufficient number of probes
that are not able to fully capture the retrievable information
at higher frequencies. We also notice that the real part
is better reconstructed than the imaginary part, which was
also observed in previous studies that adopted the same
DBIM-TwIST algorithm [23].

Given that the optimum results are obtained at the
0.8-1.0 GHz frequency range, we reconstructed the images
using frequency hopping between 0.8, 0.9 and 1.0 GHz, with
25 DBIM-TwIST iterations at each frequency, in a total of 75
iterations. Fig. 8 presents the imaging results at the highest
hopping frequency for the four phantom configurations tested.
Referring to H-P1 phantom (Fig. 8(a,b)), we observe that
the ALN is detected in its correct position, with improved
detection if compared with single frequency reconstructions.
The results are consistent when considering a different position
of the ALN (H-P2 phantom, Fig. 8(c,d)). The target is detected
also when a second known scatterer (muscle) disturbs the
propagation inside the axillary region (MTA-P1, MTA-P3
phantoms, Fig. 8(e-h)), which is a promising result. We
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Figure 8. Experimental imaging results obtained with frequency hopping
between 0.8, 0.9 and 1.0 GHz, for four different phantoms: (a, b) H-PI,
(c, d) H-P2, (e, f) MTA-P1, (g, h) MTA-P3. (left) Real part, and (right)
imaginary part of relative permittivity. Each image is plotted in the range
comprised between: (i) minimum value of the image, and (ii) +5% and +15%
(for real part and imaginary part respectively) times the median value of the
image (which is fat value).

also report that we observed such improvement in most
of the configurations tested, which suggests that hopping
between frequencies is a valid way to improve imaging
results while exploring multiple-frequency information. We
quantified the LE for each image, and we found that in
the worst-case-scenario (imaginary part of permittivity of the
MTA-P1 phantom, Fig. 8(f)), LE = 24mm, which is deemed
acceptable considering the discussion presented in Sec. IV-B.
Overall, we report that more artifacts are present in the
experimental results rather than in the numerical results, which
may be due, not only to noise and other unknown factors, but

also to the presence of polymeric containers in the physical
phantom [36].

It should be noted that we obtained these results using
a reference model for calibration that corresponds to the
“no-target scenario", which is likely to lead to a successful
data calibration [33], but would not be feasible in real practice.

VI. CONCLUSIONS AND FUTURE WORK

This work represented the first experimental assessment
of MWT technology for the detection of ALNs in patients
affected by breast cancer. We tested a prototype (0.8-2.5 GHz)
with 6 monopole antennas placed around our anthropomorphic
axillary region phantom, immersed in a glycerol bath, and we
reconstructed images using the DBIM-TwIST algorithm.

We firstly numerically showed that imaging results
deteriorate when placing antennas only on the anatomically
accessible side of the axillary model. Secondly, given the
limited space available for probe placement near the axillary
region, we proposed a method that performs measurements in
two subsequent steps, with a single antenna set in two different
angular positions, to increase the amount of retrievable
information. We demonstrated the effectiveness of our method,
and we adopted it for our experimental assessment. Regarding
experimental results, these showed that the DBIM-TwIST can
detect an ALN in different position in the axillary region,
when using simplified (homogeneous) or anthropomorphic
(multi-tissue) phantoms, which encourages further studies of
the application. However, our algorithm fails to estimate the
dielectric properties of ALNs, probably due to the difficulties
of our 2D-FDTD solver in modelling the propagation of the
E-field in the axillary region. The possibility of using a more
accurate 3D model as a forward solver for our algorithm will
be studied in future work.

Finally, the data calibration procedure proposed in [37]
should be studied in future work as an alternative calibration
to the “no-target scenario".
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