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Abstract: Worldwide, lung cancer is one of the most common causes of cancer-related death. Detected
by computer tomography, it is usually removed through thoracoscopic surgery. During the surgery
the lung collapses requiring some strategies to track or localize the new position of the lesion. This is
particularly challenging in the case of minimally invasive surgeries when mechanical palpation is
not possible. Here we undertake a preliminary study with numerical analysis of an ultra-wideband
(UWB) radio technology which can be employed directly during thoracoscopic surgery to localize
deep solitary pulmonary nodules. This study was conducted through Finite Difference Time Domain
(FDTD) simulations, where a spherical target mimicking a nodule located between 1 and 6 cm of
depth and an UWB pulse at several frequencies between 0.5 and 5 GHz was used for localization.
This investigation quantifies the influence of several parameters, such frequency, lesion depth, and
number of acquisitions, on the final confocal image used to locate a cancer in the lung tissue. We also
provide extensive discussion on several artifacts that appear in the images. The results show that
the cancer localization was possible at operational frequencies below 1 GHz and for deep nodules
(>5 cm), while at lower depths and higher frequencies several artifacts hindered its detection.

Keywords: lung cancer; solitary pulmonary nodule (SPN); microwave imaging; ultra-wideband
(UWB); finite difference time domain (FDTD)

1. Introduction

As of 2018, lung cancer is the most commonly diagnosed cancer with circa 12% of
tumor cases worldwide [1,2]. Despite advances in therapy, the five-year survival rate is
approximately 18% [3] and with 18.4% of the total, it is the leading cause of cancer-related
death [1].

Solitary pulmonary nodules (SPNs) have a prevalence of 50% in lung cancer screening
studies of high-risk smokers, which is becoming an increasing clinical problem [4,5]. They
are usually detected incidentally by low-dose helical computed tomography (CT) and,
as general rule, with high probability of malignancy, such as solid and subsolid SPNs,
evidence of growth, and size larger than 8 mm, the lesion should be biopsied or surgically
excised for diagnosis [4,6].

This is performed by video-assisted thoracoscopic surgery (VATS) when a nonsurgical
biopsy is unavailable, not practical, or nondiagnostic. However, in the case of small, deep
and solitary pulmonary nodules its localization is particularly challenging [7].

VATS falls in the group of minimally invasive procedures where the surgeon makes
some small incisions in the skin and inserts several long and thin tubes into the patient
body. At one end of the tubes there is either a miniaturized camera, called a laparoscope,
or other laparoscopic instruments, such as dissecting forceps and scissors. A minimally
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invasive surgery has the advantage of a faster recovery and less postoperative pain because
of the smaller incisions in the patient body.

Although the position of the lung nodule was known before surgery, due to the
lung collapse at thorax opening, a new localization is necessary. However mechanical
palpation is not possible during laparoscopic surgery [4] and different methodologies are
used. The cancer can be marked by CT-guided operations which involve the insertion of a
percutaneous needle through the chest wall toward the nodule or in its close proximity.
The percutaneous needle is either used to insert a guidewire with a metal hook at the end
or to inject a small quantity of methylene blue. The risks associated with these procedures
can be pneumothorax, hemothorax, or pulmonary hemorrhage due to the needle insertion.
Or in the case of the methylene blue, uncontrolled spillage of the dye over the complete
site making the subsequent localization of the tumor impossible [8].

Alternatively, intraoperative imaging with ultrasonography, fluoroscopy, or molec-
ular imaging devices are used [4]. Nevertheless, air pockets remain in the alveoli and
bronchioles even when the lung is in a deflated state producing artifacts in the ultrasound
image [9,10] and fluoroscopy and molecular imaging are unable to provide information of
deep lesions [4]. Therefore an innovative methodology is sought to address the problem of
localization of pulmonary lesions in operando conditions.

On the other hand, for breast cancer, which is the leading case of cancer-related death
for women [2], microwave imaging is widely used. This technique employs non-ionizing
radiation in the frequency range between 300 MHz and 30 GHz and therefore can develop
images of the internal tissues of the human body with low health risk. The imaging is based
on the backscattering of the electromagnetic waves given by dissimilarities in dielectric
properties of different tissues. These properties are tabulated for a large variety of human
tissues [11–14] and can be found online [15].

The backscattered signal (echo) is used to reconstruct the morphology of the medium
through Confocal Microwave Imaging (CMI). The locations of any dielectric dissimilarity
are inferred through synthetic focusing upon irradiation with an ultra-wideband (UWB)
electromagnetic pulse from different physical positions.

Confocal microwave imaging has been under development for two decades in the
detection of breast cancer [16–18]. While only in recent years researchers moved toward
lung cancer [19,20]. One of the main challenges in lung cancer detection through mi-
crowave imaging is the large number of tissues the electromagnetic wave needs to travel
through compared to breast cancer analysis. In fact the ultra-wideband pulse encounters
several layers of skin, bones, and muscles before reaching the lung. Therefore we suggest
illuminating the lung directly during VATS. This would greatly simplify the problem of
multiple scattering given by several layers of different tissues. However, this approach is
not free from adversities as lung tissue has high dielectric permittivity and conductivity.
The latter strongly attenuates microwaves reducing their penetration depth, but on the
other side, it also hinders backscattering and clutter from neighbor organs.

Compared to breast cancer, lung cancer has a relatively low difference in dielectric
properties compared to the surrounding tissue. The difference in permittivity is between a
factor of 1.2 to 3 times higher than the permittivity of the healthy lung tissue and a factor
of 1.6 to 2 for the conductivity (values extrapolated from reference [21]). These factors are
as high as 5.5 and 2 for the breast cancer permittivity and conductivity, instead [16]. This
potentially produces lower contrast in the confocal images.

This contribution represents a preliminary analysis, performed by numerical simu-
lations, of microwave imaging of lung cancer. This is the first work on the problem of
localization of pulmonary lesions by microwave imaging during video-assisted thoraco-
scopic surgery. The final goal is to screen several parameters on the confocal imaging
which will be used in future works to design a microwave transmitter/receiver for a laparo-
scopic instrument. The parameters investigated are the frequency of the ultra-wideband
(UWB) signal, the depth of the lung nodule to localize, and the distribution of the antennas,
as summarized in Table 1. The simulations were performed in such a way to mimic the
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direct illumination of a collapsed lung, but to keep the results as general as possible, a
particular model for the transmitter/receiver antennas was not employed.

Table 1. Parameters investigated.

Parameter Values

UWB frequency 0.5–5 GHz
Cancer depth 1–6 cm

Antenna distribution 3× 3, 4× 4, and 5× 5

2. Materials and Methods

Similarly to our previous work [22], a half-space composed of air at the top and a
medium with the dielectric properties of a deflated lung at the bottom was simulated
through 3D Finite Difference Time Domain (FDTD) using a recompiled version of gprMax
version 3.1.5 [23,24] which allowed double precision calculations.

An FDTD solver was selected because it offers a straightforward implementation of
the problem at hand. It also scales almost linearly with the problem size and it offers the
possibility to create movies of the wave propagation which are important for understanding
and troubleshooting. In particular gprMax was selected because it is open-source, easy to
modify (we recompiled it for our purposes) and use, and geared for ground-penetrating
problems which are very similar to microwave imaging of targets in biological tissues.

The FDTD solves the four Maxwell’s equations:

∇× E = −∂B
∂t

(1)

∇× H = J +
∂D
∂t

(2)

∇ · D = ρv (3)

∇ · B = 0 (4)

together with the constitutive relations:

D = ε ∗ E (5)

B = ν ∗ H (6)

Jc = σ ∗ E (7)

in space on a staggered grid though the use of Yee cells [25] and electric- and magnetic-field
quantities are computed at alternating time steps.

The Equations (1)–(4) are also known as Faraday’s law (Equation (1)), Ampère’s
circuital law (Equation (2)), Gauss’s law (Equation (3)), and the nonexistence of a magnetic
monopole (Equation (4)) [26]. They describe how the electric field E and the magnetic field
H are interconnected through the electric displacement field D, the magnetic flux density
B, their time derivative, the volumetric charge density ρv, and the current density J which
is comprised of the conductive current Jc and the surface current Js.

In addition, the Equations (5)–(7) represent the constitutive relations. They link D, B,
and Jc to the local properties of the materials which form the computation domain. These
properties are the dielectric permittivity ε, the magnetic permeability ν, which is usually
taken as zero for biological materials, and the conductivity σ. In general, they are time-
dependent, viz. frequency dependent, and Equations (5)–(7) are convolutional relations
(note the convolution sign ∗). The dielectric permittivity εr and the conductivity σ for lung
tissue (deflated lung taken from reference [15]) are reported in Figure 1 together with the
wavelength and attenuation of the electromagnetic wave calculated for the lung tissue.
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A schematic of the half-space used for the computations is illustrated in Figure 2 to-
gether with one antenna distribution (3× 3) on the top of the lung tissue which is displayed
in violet. Lung tissue properties were taken from the Tissue Properties Database [15] (con-
sidering deflated lung as material reference). Permittivity and conductivity were changed
according to the central frequency of the electromagnetic pulse, however, no dispersive
properties were actually implemented in the simulation, that is for every simulation the
dielectric properties of the materials were taken as frequency independent. The excita-
tion pulse used was the derivative of a 1 V amplitude Gaussian function (gaussiandot
in gprMax). Ten central frequencies between 0.5 and 5 GHz were used as excitations
and additional simulations were performed at 1 GHz to investigate extra parameters (see
Supplementary Information SI).
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Figure 1. Dielectric properties of lung tissue taken from the Tissue Properties Database [15]. (a) rela-
tive dielectric permittivity εr and conductance σ of lung tissue. (b) Wavelength λ and attenuation α

of a plane wave traveling through lung tissue (calculated from a).

Lung medium

Target

Antenna positions

PML edges

Computational domain

Figure 2. Schematic of the 3D computational domain. The violet parallelogram represents the lung
medium. Inside the lung medium, the target is present (red sphere). On top of the lung medium a
3× 3 antenna distribution is shown. A simulation was performed at each of these positions. The edge
of the Perfectly Matched Layers (PMLs) are shown in red.

In this frequency range the wavelength of the electromagnetic wave in the lung tissue
has a dimension comparable to that of a solitary pulmonary nodule of 8 mm, which is the
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threshold size for diagnosis (see Figure 1b). Note that higher frequencies would provide
higher spatial resolution, but their attenuation in the lung tissue increases quickly (see
Figure 1b).

Ten-cells wide perfectly matched layers (PML) as highlighted in red in Figure 2 were
used to truncate the computation in all the directions and the discretization was either
12 divisions per wavelength at the central frequency or 1 mm according to the smallest size.

A pulmonary nodule was simulated by a spherical target with 0.5 cm of radius placed
in the middle of the lung, as it is recommended that nodules larger than 8 mm should be
biopsied or surgically excised for diagnosis [4,6]. Six target depths between one and six
centimeters were investigated. The permittivity and conductivity of the cancer were taken
from the work of Wang et al. [21] where it was found that at 100 MHz, lung cancer had
permittivity three times and conductivity two times larger than that of the lung medium.

A monostatic antenna assembly was made of a voltage source with 50 Ohm impedance
and z polarization and a simple receiver. The receiver recorded the value of the electric field
at the position of the voltage source. This configuration is less effective than a real physical
model of an antenna, but it allows us to study the backscattered signals independently of
the antenna characteristics such as bandwidth and gain directivity. Note that, for most of
the frequencies selected, the antenna would be receiving signals from within its near field,
that is at a distance lower or comparable with the wavelength of the electromagnetic wave
employed. Only at the higher frequencies or larger distances, the antenna operates in its
far-field (see Figure 1b).

The position of the antenna was changed according to a regular grid of size 3× 3,
4× 4, and 5× 5 as shown in Figure 2. A simulation was run for every antenna position
resulting in nine simulations for the 3 × 3 grid, 16 for the 4 × 4, and 25 for the 5 × 5.
The antennas were spaced according to one wavelength of the electromagnetic wave in
the lung medium. Any object as antenna and nodule target were at least thirty cells away
from the end of the computation domain. The target was always located exactly under the
center of the antenna grid. This represents the best configuration. Changing the alignment
between the antenna grid and the target could create more realistic results, but it would also
introduce additional degrees of freedom in the pool of simulations, which is not necessary
as preliminary analysis.

This approach was designed to mimic a series of real measurements, where either an
array of antennas is positioned at the surface of the lung or a single antenna is moved at
several positions on the lung surface. In the first case one single measurement is taken
at every one of the antenna positions as, for example, when a physical switch would
connect it to the transceiver apparatus. In the second case the same antenna would be
used to perform more measurements at different locations. The main advantage of an
antenna array would be a precise and known distance between the antennas, as these are
embedded in the array, and the possibility to work with several receivers at once. On the
other side, a single antenna gives more flexibility in the positioning, but it also requires
precise knowledge of the position where the recording was produced.

Only the z component of the electric field was used to reconstruct the confocal map
through the Delay and Sum (DAS) algorithm [27]. Although several reconstruction algo-
rithms exist, DAS is the simplest and still among the best performing ones [28]. In depth
description of the DAS can be found elsewhere [16,22,28] and only a short description is
presented here.

The DAS is composed of three parts. In the first part, the waveforms acquired by all the
antennas are calibrated by subtracting their average. In fact, the averaged signal contains
the reflection from the main tissues or objects which are in common to all the antennas,
in this application the back-scattered signal deriving from the interaction between the air
and the lung medium. The calibrated signals are then time aligned and integrated. This
converts the back-scattered signals which were not removed by the calibration into bell-like
peak shapes appearing at particular time delays. Radial attenuation was compensated
by scaling the signals by the square of the distance. Every point of the half-space is then
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taken as synthetic focal point~r and the intensity I of the confocal map was reconstructed
by [16,28]:

I(~r) =

[
N

∑
n=1

Bn(τn(~r))

]2

, (8)

where Bn is the calibrated waveform acquired at the antenna n and τn(~r) is the return time
from the point~r to the antenna n. The return time was mapped into position considering
the velocity of the electromagnetic wave in the medium. In this case the wave velocity
was taken from the dielectric permittivity of the lung tissue at the central frequency of the
electromagnetic excitation. Finally, the pixel intensity of the confocal maps was normalized
to unity to facilitate the comparison.

3. Results and Discussions

Figure 3 shows the averaged waveform collected by the simulations performed with a
3 cm deep target at 1 GHz with a 3× 3 antenna grid. This is the average that was used to
calibrate the waveforms. Since the receiver was located at exactly the same positions as
the voltage source, all the recordings contained the main excitation pulse which is the only
waveform appreciable in the figure. Every backscattering would be orders of magnitude
smaller than this signal.

Figure 3. Averaged waveform for a 3 cm deep target at 1 GHz central frequency and a 3 × 3
antenna grid.

The calibrated waveforms for the simulation set of Figure 3 are reported in Figure 4.
The waveforms are divided according to at which antenna they were recorded. A schematic
of the antenna grid with the antenna position highlighted in gray is displayed at the top-
right corner of every graph. Figure 4a shows the antenna in the corner positions, (b) and (c)
those in symmetric position around the center, while (d) shows the calibrated waveform
from the central antenna (see caption for details). It is noteworthy that the waveforms are
not overlapping exactly inside the same group because of the finite space discretization
level of the simulations. The triangle, the square, and circle in the middle of the graph
indicate the expected time of some events. The triangle represents the central time of the
excitation pulse.

As it can be seen in Figure 3, at 1 ns the pulse had its zero-crossing middle point
which can be used as reference time. In fact, this point is the same in all graphs of Figure 4.
The second event, highlighted by a square, represents the return time of the echo from the
first target interface. This time was calculated considering the average propagation speed
of the electromagnetic wave in the homogeneous lung tissue and a straight line from the
antennas to the target. This distance was the shortest for the central antenna (Figure 4d)
and the longest for the antennas in the corner position (Figure 4a). In Figure 4b,c this return
time is the same.

The last event, highlighted by a circle, corresponds to the return time of the echo
coming from the second interface of the target, which is when the electromagnetic wave
traveled past through the target in a straight line. In this case also the target material was
considered to calculate the propagation speed.
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Figure 4. Calibrated waveforms Bn for a 3 cm deep target at 1 GHz central frequency and a 3× 3
antenna grid. The black triangle, square, and circle represent, in order from left to right, the middle
time of the pulse excitation and the return time for the first and second interface of the target.
(a) Waveforms for the corner antennas. (b) Waveforms for the top and bottom central antennas.
(c) Waveforms for the left and right central antennas. (d) Waveform for the central antenna.

It can be seen that the waveforms are relatively flat at the positions where Figure 3
has the maximum intensity, showing that the calibration procedure of the DAS algorithm
indeed helps in enhancing the backscattered signals. In all graphs, there are some mod-
ulations at the time corresponding to the two target echoes (square and circle). These
modulations are the strongest for Figure 4a and the weakest for (d). In fact, the antennas at
the corners had the largest distance from the target, while that in the center the shortest.
As it can be seen from Figure 1b, the lung tissue shows a non-negligible attenuation in all
the frequency range which sums up with the standard attenuation experienced by a radial
propagating wave.

Notice that there are other signals before the first target echo. These were produced by
the bouncing of the electromagnetic wave in the half-space on top of the lung tissue. In fact,
although PML boundaries were enforced, a fraction of the electromagnetic wave was not
totally absorbed at the end of the computation domain and was reflected back toward the
receiver. This is similar to a real case scenario where the materials surrounding or housing
the antennas are not totally absorbing the radiation. These signals contribute to increasing
the clutter, amount of undesired intensity, in the confocal maps. They are the strongest in
Figure 4a). In this case, in fact, once hitting the target the electromagnetic pulse was, in
addition, reflected vertically toward the lung–air interface which was considerably closer
than the receiver. From there, since the dielectric permittivity of air is much smaller than
that of the lung tissue, the wave could reach the receiver faster traveling through the air
region than by simply remaining inside the lung tissue, producing some undesired signals.

For all the antenna positions, the intensity of the second echo (circle in Figure 4) was
comparable with the intensity of the first one (square). This was a consequence of the small
difference in dielectric properties between the lung tissue and the target material. In fact,
the conductivity of this material, which affects the attenuation, was only a factor of two
higher than the surrounding.
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Passing to the confocal images, Figure 5 shows the confocal map for 0.6 GHz frequency,
target depth of 6 cm, and an antenna distribution on top of the lung tissue following a 3× 3
grid. To better visualize the results, the confocal map is sliced parallelly to the x-plane
(Figure 5a) and to the z-plane (Figure 5b), respectively. The slices intersect each other at the
center of the target which is represented by a red circle. Note that the confocal images are
oriented as Figure 2 with the antennas positioned on the top.
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Figure 5. Confocal map for a 6 cm deep target at 0.6 GHz with a 3× 3 antenna grid. (a) x-parallel
slice and (b) z-parallel slice. Expected target position is indicated by a red circle.

In general, a good localization of the target requires that most of the pixel intensity
should cluster at one position. In Figure 5 although there are clear and intense signals at the
expected position of the nodule (red circle), the cluster at the target is not a continuous spot,
but presents some modulations. This was not a novel phenomenon in confocal imaging,
see for example reference [29], and in our case it can be reconnected with the findings of
Figure 4 where some signals intensity was not only present at the return time expected
for the target echos. However, despite the clustering, the target position could clearly be
inferred although not with high accuracy.

Some reconstruction artifacts are visible in Figure 5 as rings extending from the lung
surface into the lung. The other three types of artifacts and features were encountered
in the set of simulations and are collected in Figure 6. The extend of these artifacts and
features could completely ruin the localization of the pulmonary nodule. Beyond the ring
artifacts visible in Figure 5, Figure 6 shows the appearance of a ghost-like artifacts, where
the concentrations of pixel intensity are at a location deeper than the expected position of
the target (Figure 6a) and the appearance of an undersized target at a lower depth than
the expected target (Figure 6b). Furthermore, in Figure 6c there is a case where no pixel
intensity is present in the proximity of the target. Some of these artifacts can potentially
be decreased or eliminated by image analysis algorithms, based for example on Fuzzy
logic [30,31].

These artifacts and features were common to all the antenna grids. Figure 7 shows
in which range of frequencies and target depths the artifacts appeared. At the lowest
frequencies, below circa 1 GHz, independently of the target depth, the main artifact was
the appearance of rings in the confocal map as those of Figure 5. At higher frequencies
this artifact appeared only when the target was in a shallow position up to 1–2 cm of
depth. The appearance of a ghost target was visible at 1 GHz with deep targets and at
higher frequencies at all depths. The maps that showed a too-small target or no target at all
were those made at the highest frequencies and at the highest depths. This distribution of
artifacts and features was in common to all the simulations with different antenna grids,
however with minor variations.
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Figure 6. The 5× 5 confocal maps showing particular artifacts and features. (a) ghost-like artifact for
a 4 cm deep target at 2 GHz. (b) undersized target for a 4 cm deep target at 5 GHz. (c) no target for a
5 cm deep target at 5 GHz with a 3× 3 antenna grid.
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Figure 7. General distribution of the artifacts relatively to central frequency and target depth.

There are several reasons behind the artifacts. The rings of Figure 5 were given by the
strong interaction between the central antennas and the target. In fact the distance between
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the target and those antennas was comparable to the wavelength of the electromagnetic
pulse. This can be observed in Figure 4d), where the signal coming from the central
antenna was much more intense than that for the other antennas and therefore contributed
more heavily to the formation of the confocal map. For shallow targets, there was a
large difference in distances from the target between the central antenna and the lateral
ones. However, this phenomenon became weaker and weaker with the depth (see the
Supplementary Information SI) in agreement with the fact that only at short distances the
target still resided in the antenna near-field. In fact, these artifacts appeared at the lowest
frequencies or at the lowest depths.

The appearance of a ghost target (Figure 6a) at higher depths instead was associated
with the low dielectric contrast between the target and the surrounding medium. In fact,
the ghost represented the backscattering given by the bottom of the target. As it can
be seen from Figure 4, the second echo was temporally separated from the first one,
but still displayed similar amplitude. This was a consequence of the low attenuation of
the electromagnetic wave inside the target compared with the surrounding medium. Since
the dielectric permittivity of the medium increased with the frequency, the time separation
between the first and the second echo, dependent on the phase velocity, became larger
at larger frequencies (see SI). Furthermore, the intensity of the second echo was actually
amplified by the integration performed in the reconstruction algorithm (DAS). Additionally,
the ghost disappeared when the target was substitute with a perfectly conductive one for
which there is no echo at the bottom of the target (see SI). Summarizing, this artifact was
present only at intermediated frequencies for high target depths and because of the strong
attenuation of the medium at high frequencies (see Figure 1b), it was not visible at high
frequencies for deep targets.

The fact that the target appeared much smaller and at shallower positions than the
original one (Figure 6b) was connected with the shortening of the wavelength at high
frequencies. In fact, as it can be seen from Figure 4 the modulations in intensity belonging
to a particular echo extended for a certain length of time which translated to a certain
span in space in the confocal map. This span was connected with the wavelength of
the signal used: at higher frequencies, i.e., smaller wavelength, the time extend of the
modulation was shorter (see SI for an example), which is in agreement with the idea that
shorter wavelengths correspond to higher spatial resolution. Considering the increase in
the attenuation α at high frequencies (Figure 1b) in these conditions it was only possible to
localize the very top part of the target.

Increasing the depth of the target, the electromagnetic attenuation α given by the lung
tissue was too high to allow any signal to travel back from the target, which is in agreement
with the fact that the disappearing of the target from the confocal map (Figure 6c) happened
only at the highest frequencies and at the largest depths.

To quantify in which frequency range and nodule depth the cancer localization was
possible, the confocal map was split into two regions VIn and VOut; the first corresponds
to the position of the expected target, the latter covers the remaining of the confocal
map. To account for blurring effects, VIn was taken as 10% larger than the real target.
For both regions the averaged pixel intensity was calculated and the ratio R was chosen as
a quantitative indicator of the goodness of the target localization:

R =
〈VIn〉
〈VOut〉

(9)

where 〈V〉 represents the pixel intensity averaged on all the region V. Ideally, the confocal
map should not show any signal intensity apart from the expected location of the target
giving an R value approaching infinity as 〈V〉 ≈ 0. In the case of a very poor localization,
instead, a considerable amount of signal appears also at positions not coinciding with the
target position. In which case 〈Vin〉 is close to zero and 〈Vout〉 is a large number, bringing
the ratio R close to zero.



Appl. Sci. 2021, 11, 4282 11 of 15

The ratio R was calculated for all the confocal maps performed. There were three
antennas grids distributions (3× 3, 4× 4, and 5× 5, i.e., with nine antennas, 16 antennas,
and 25 antennas) and for every distribution the central frequency and the depth of the target
was changed, between 500 MHz and 5 GHz and between 1 and 6 cm, respectively. This
accounted for 180 confocal images. The ratio R for all these images is displayed as contour
maps in Figure 8 separated by the three antenna distributions. The abscissa corresponds to
the depth of the target, while the ordinate corresponds to the central frequency of the pulse
reported in log scale. The dark part of the contour map represents a combination of pulse
frequency and target depth which gave a low ratio R and therefore a poor localization
of the target in those conditions. On the other side, the bright part of the contour map
represents the conditions necessary for a good localization.

There is a large variation in the accuracy in the localization of the pulmonary nodule
by microwave imaging as given by the large variation in R which varied between some
decimals and few decades as a maximum value. In particular, the 3× 3, with a value of 20,
shows the lowest maximum value, while the 5× 5 shows the highest. In general, an R value
above 15 represented a good localization and a value of circa 10–15 a mediocre localization.

The larger values in the 5× 5 antenna grid were in agreement with the larger number
of antennas in this configuration, which enhanced the localization and therefore suppressed
the background.

All in all, the best localization appeared at the lowest frequencies and for the deepest
targets. However, there are some differences between the antenna distributions. For the
3× 3, (Figure 8c), the highest values of R were between 0.5 and 0.8 GHz and 5 to 6 cm of
depth. Similar for 5× 5, however with higher values of R. For the 4× 4, instead, the highest
R were at 0.9 GHz. This can be explained by the fact that in the 4× 4 the ring artifacts were
slightly lower than with the 3× 3 and 5× 5 grids because there was no central antenna
located exactly above the target, which were those producing the strongest rings artifacts
as previously explained.

In all cases, the localization was very poor for shallow targets, below 3 cm, and high
frequencies, above 2 GHz. Only exception the confocal map at 0.5 GHz, 1 cm target depth,
and 5× 5, which shows an R value circa 20. This particular map was affected by intense
ring artifacts localized around the target location which produced an extremely high value
of 〈VIn〉 compared to 〈VOut〉.

Clearly, the most important factor in the reconstruction of meaningful confocal maps
was the attenuation of the electromagnetic waves at the highest frequencies and the strong
interaction between the target and the antennas at the lowest depths. Whereas the number
of antennas played a secondary role in improving an already good localization, but did not
change either the frequency nor the target depth at which the localization worked.

Furthermore, the effect of a smaller target was investigated (see SI) and we found that
even a nodule of 2.5 mm in radius could be identified in the confocal images at a depth of
4 cm and at 0.6 GHz. The R value, in this case, was 23.3 against 26.3 for the 5 mm target
radius. This shows that even if the wavelength at 0.6 GHz is 6.7 cm (see Figure 1) since the
target was located in the near-field of the antennas it could still be localized.

To further investigate the performance of this localization method, some simulations
were repeated for the best conditions, i.e., 0.6 GHz and 5× 5 antenna distribution, up to 10
cm of depth. Figure 9 reports these results which show how the ratio R increased up to
more than 35 at 8 cm of the target depth and sharply decreased for further depths. This
demonstrates how this localization could theoretically work for very deep nodules.
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Figure 8. Ratio R between the mean intensity at the expected target position and the rest of the map
for 3× 3 (a), 4× 4 (b), and 5× 5 (c) antennas distributions.
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Figure 9. Ratio R at 0.6 GHz for 5× 5 antenna distribution at different target depths.

4. Conclusions

In this article, the influence of several parameters, such as frequency, lesion depth,
and number of acquisitions, was investigated for the localization of lung nodule by mi-
crowave imaging. This was studied through finite difference time domain (FDTD) simu-
lations where a simple monostatic antenna was placed in contact with the lung tissue. A
deflated lung was assumed as a medium to mimic the case during a thoracoscopic surgery
and a pulmonary nodule was approximated by a sphere with different dielectric properties.

Several antenna grids were investigated spanning from 3 × 3 to 5 × 5. In all the
simulations, the nodule was positioned between 1 and 6 cm below the lung surface and
the frequency of the microwave pulse was varied between 0.5 and 5 GHz.

The results show that the best localizations were those performed for deep pulmonary
nodules, between 5 and 6 cm of depth, and at the lowest frequencies, below 1 GHz.

At lower depths, some artifacts appeared in the confocal images hindering the local-
ization and at the highest frequencies, the attenuation given by the lung tissue was too
strong to show any meaningful target in the confocal images.

However, despite the strong attenuation of the lung tissue and the low dielectric
contrast between the tissue and the nodule, on theoretical ground, deep pulmonary nodules
could be successfully localized through microwave imaging, even though a very simple
antenna model without any directionality was used.

The best performances were found for 0.6 GHz for a 5× 5 antenna grid and showed
that the nodule localization was possible up to 10 cm of depth.

This work gives some first guidelines for the usage of microwave imaging directly
in the proximity of the lung which could be implemented in a thoracoscopic surgery as a
simple and non-invasive method.

Further refinements are necessary to really establish the limit of this technique. In fact,
higher working frequencies are preferred because of their improved spatial resolution and
a more sophisticated antenna and a less homogeneous and ideal lung model should be used
to realistically mimic the surgery condition. Moreover, different strategies can be employed
to identify also those nodules that lay in shallow positions, as for example to change
the distance between the antennas and the lung tissue, or to use spacing materials with
predefined dielectric properties. Furthermore, measurements done at different frequencies
could be used to improve accuracy. Finally, testing with tissue samples is foreseen in order
to confirm and refine the numerical results.
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