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Abstract: To date, tumors, the second cause of death worldwide, are a modern medicine plight.
The development of rapid, cost-effective and reliable prevention and diagnostics tools is mandatory
to support clinicians and ensure patients’ adequate intervention. Pituitary tumors are a class of
neoplasm, which calls for suitable and ad hoc diagnostic tools. Recently, microwaves have gained
interest as a non-ionizing, non-invasive valuable diagnostic approach for identifying pathologic
tissues according to their dielectric properties. This work deals with the preliminary investigation of
the feasibility of using microwaves to diagnose pituitary tumors. In particular, it focuses on benign
tumors of the adenohypophysis, e.g., the pituitary adenomas. It is assumed to access the region of
interest of the pituitary region by following a trans-sphenoidal approach. The problem was modeled
by developing an equivalent transmission line model of the multi-layered, lossy tissues (front bone
of sphenoid sinuses, air in the sinuses, posterior bone of sphenoid sinuses, the pituitary gland and
the tumor). The forward problem was developed to investigate the transmission coefficient for
identifying the most favorable propagation conditions. Then, it was analyzed if, by the solution of
an inverse problem, it is possible to reconstruct the permittivity and electrical conductivity profiles
and identify the tumor presence. The results are promising since a maximum reconstruction error of
8% is found, in the worst case, thus paving the way for the use of microwaves for the diagnosis of
pituitary tumors.

Keywords: diagnostics; inverse problem; microwaves; pituitary tumors; transmission line model

1. Introduction

Pituitary adenomas are benign tumors of the hypophysis anterior lobe (adenohypoph-
ysis), and are often associated with an excessive secretion of pituitary hormones (e.g., free T4,
insulin growth factor 1, cortisol, testosterone) related to an endocrine hyperfunction [1–4].
The benign tumors of the adenohypophysis may present as microadenomas, which are
small lesions (< 1 cm) that do not increase the volume of the pituitary peduncle, or as
macroadenomas, which are large size (> 1 cm) formations that can grow to erode the sella
turcica bone, even infiltrating surrounding cranial structures [4,5]. In general, pituitary
microadenomas are asymptomatic, whilst pituitary macroadenomas often result in local
symptomatology, due to the excessive size, and systematic effects, due to the hypersecre-
tion of hormones [1–5]. Among the worst implications of pituitary macroadenomas, the
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infiltration of optic chiasm can lead to bitemporal hemianopsia and loss of central vision,
but also the paralysis of oculomotor nerves and even severe headaches [4]. The quality of
life of patients suffering from this pathology can worsen. Bigger pituitary adenomas can
invade the hypothalamus, which would result in issues in thermo-regulation, hyperphagia,
and hormone-related syndromes, originating from interference with the physiological
stimuli of the hypothalamus on the hypophysis [5]. The pituitary adenomas generally
affect mainly men between 20 and 50 years old, but the incidence is high for both genders
and in other ages [6]. It is worth highlighting that non-functional, small pituitary adenomas
are incidentally found in the 25% of adults subject to autopsy, thus implying that this class
of neoplasms is very frequent [6].

From a clinical point of view, the diagnosis of pituitary tumors is not trivial [7].
Currently available state-of-the-art diagnostic methodologies present limitations. The
diagnostic process begins with the medical history and the familiarity analysis, then blood
and urine samples are analyzed to highlight if some hormones are present in excessive
concentration. However, these biomarkers are sufficient to suggest the presence of a
pituitary tumor, but cannot provide information on the size, position and functional state.
Therefore, radiologic techniques are needed [5,7], such as nuclear magnetic resonance
(NMR) and computerized tomography (CT). NMR is, to date, the gold-standard approach
for the evaluation of adenohypophysis tumors, which present a high contrast, with respect
to healthy tissues, in the transverse relaxation (T2)-based images [5]. Despite this advantage,
NMR technique presents several limitations [8–10], such as the relatively high cost, as well
as safety and compatibility issues for patients with pacemakers or defibrillators or metallic
prosthetic implants [10]. Furthermore, from a patient perspective, the NMR exam comes
with discomfort, due to anxiety and claustrophobia, and relatively long examination
times [4]. On the other hand, CT is supposed to be more patient-friendly, faster, and with a
significantly lower cost than NMR, but makes use of ionizing radiations, which are known
to damage DNA, have carcinogenic potential and produce cellular damage [5,10]. In this
framework, it is necessary to investigate if alternative diagnostic methods and technologies,
even with a complementary and supporting character, can be developed to identify and
monitor pituitary tumors, with sufficient accuracy and reliability, in a safe way, and with
cost-effective, real-time performances.

To date, microwaves (MW) as a diagnostic tool are gaining increasing interest in
biomedical science [11,12]. By launching an MW signal in biological tissues, the electromag-
netic field (EMF) interacts differently with healthy or pathologic cells, given their different
relative dielectric permittivity (εr) and electrical conductivity (σ, in S/m) [13,14]. MW
makes use of non-ionizing radiation by relying on relatively cheap and easily realizable
equipment and scalable and ergonomic devices [11–14]. These features make MW an
appealing diagnostic technique. Furthermore, MW does not make use of ionizing radiation,
thus representing a non-harmful and non-risky diagnostic and monitoring methodology.
The detection of breast cancers with MW imaging has been thoroughly investigated [15–19].
For instance, in [17], a low-cost, portable microwave imaging system, composed of an
antenna array working between 0.5 and 8 GHz, was developed and tested on a four-layer
tissue-mimicking phantom, with promising results. On the other hand, MW has been
studied to help the early diagnosis of hemorrhagic and ischemic ictus located in the brain
region [20–24]. In [20], a preliminary investigation was performed on a mono-dimensional
multi-layer model of the human head in order to select suitable matching medium proper-
ties and working frequencies. Then, other works, such as [21], focused on the computational
issues related to tomographic microwave imaging for stroke detection. In this regard, dif-
ferent solution approaches were proposed, such as the variable-exponent Lebesgue-space
inversion scheme found in [23] or the deep neural network strategy from [24]. More re-
cently, the detection and diagnosis of bone fracture by using MW in the range 0.5–4 GHz
and Vivaldi antennas were proposed [25]. The monitoring of fluid accumulation in the
thorax region through 24 epsilon-negative metamaterial unit-cell loaded Yagi antennas was
preliminarily investigated in [26]. The challenge of brain tumors (mainly glioblastomas)
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detection with ultra-wideband MW signals was preliminarily analyzed with numerical
finite difference time domain (FDTD) analysis in [27]. The use of MW to diagnose and mon-
itor cervical myelopathy was analyzed theoretically and with phantom experiments in [28].
More recently, the problem of MW tumor detection in the neck region was investigated
by using neural networks [29]. Despite MW having been applied to several body regions
and different pathologies, to date, to the best of the authors’ knowledge, the use of MW to
diagnose pituitary tumors has never been proposed.

Given these promising biomedical applications, in this work, MW as an alternative
and innovative diagnostic approach for the diagnosis of pituitary tumors is proposed.
Despite the fact that MW systems for breast cancer [15–19] and ictus [20–24] detection
and monitoring are approaching the commercialization stage, when new body locations
or pathologies are targeted, such as in [25–29], a dedicated initial study is mandatory.
In particular, it is fundamental to develop a mathematical framework to investigate the
propagation in a simplified geometry and identify if and which type of matching medium
is required, while finding a suitable range of working frequency [20,27,28]. Such an in silico
analysis can drive the design of an MW system, inspire the development of dedicated,
efficient solutions to inverse problems and guide the preparation of dedicated experimental
setups for testing the proof-of-concept on tissue-mimicking phantoms [25,26,28].

This work aims at evaluating the feasibility of MW as a diagnostic tool for pitu-
itary tumors. To this aim, a simplified, mono-dimensional propagation model based on
transmission line formalism is proposed, which can seize the essential geometric and phys-
iopathologic features of the pituitary region in order to evaluate the operative frequencies
required to ensure sufficient transmission performances. After a thorough preliminary
study of the forward problem, an inverse problem aimed at investigating the capability
of reconstructing the dielectric properties distribution of the targeted tissues is developed
and, hence, the tumor detection. The paper is organized as follows: in Section 2, the
physiopathology and anatomy of pituitary tumors are described. In Section 3, the proposed
model is carefully presented and the preliminary investigation method is outlined. In
Section 4, results are given, whilst in Section 5, the conclusions are provided.

2. Physiopathology and Problem Description

Since the state-of-the-art diagnostic approaches for the detection of pituitary tumors
suffer from high cost and discomfort and are limited by the use of ionizing radiations, in
this work we propose an alternative strategy based on microwaves. To this aim, in order
to study the feasibility of this approach, it is necessary to understand the physiological
scenario in hand.

In Figure 1a, a 3D sagittal section of a human head is shown. The use of microwaves as
a tool for investigating head and brain pathologies has already been studied [20–24,28,29].
Previous works dealt with the use of antenna arrays to illuminate the head and recover the
distribution of dielectric properties from the scattered fields, following suitable inversion
procedures. This strategy was used for detecting ictus, while discriminating their size
and type (i.e., ischemic or hemorrhagic) [20,21], and also for detecting brain tumors [24].
Despite being established methods in microwave imaging, these alternative diagnostic
modalities mainly aim at providing information about the dielectric contrast of specific
biological targets, with respect to the healthy tissue. The estimation of size and geometrical
aspects is sometimes underestimated. The spatial resolution, which is limited to several
mm, of these methods is not enough for precise and effective detection of abnormalities
in the surroundings of the pituitary gland. Therefore, the use of external antenna arrays
cannot be the best approach for the case of interest.
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Figure 1. (a) Anatomical detailed 3D view of a sagittal section of a physiological human head,
taken from Visible Body (https://www.visiblebody.com/, accessed on 15 January 2022). (b) Three-
dimensional rendering of the trans-sphenoidal endoscopic surgical approach, typically used in clinical
practice. Some biological structures were removed to increase visibility. (c) Zoom of the pituitary
gland affected by a tumor.

In this framework, this work conceives an innovative approach for performing the
diagnosis of pituitary tumors with microwaves. Inspiration was taken from the well-known
neurosurgical approach known as the trans-sphenoidal approach (TSSPA) [30–32]. The
TSSPA is a mini-invasive, endonasal surgical strategy in which pituitary adenomas are
removed by directly accessing the target area with a handheld nasal speculum, passing
through the middle turbinate and arriving directly at the sella turcica (Figure 1b). The
TSSP has the advantages of minimizing post-operative rhinological complications, with
high efficacy and safety, thus reducing pain and facilitating recovery [30,31]. Given this
minimally invasive access to the target area, our idea is to assume that a coaxial cable
(Ø < 1 mm) can be driven to the sella turcica through this endonasal route, as shown in
Figure 1b, and hence, a microwave signal can be injected, so that the reflected signal can
be analyzed to retrieve useful diagnostic information. Probably, discomfort could be a
drawback of the envisioned MW diagnostic approach. Therein, from the reflected signal,
the presence of a tumor, such as that depicted in Figure 1c, could be detected. However,
the proposed approach is innovative, thus it has never been tested and must be studied
with rigorous electromagnetic engineering methods.

3. Methods
3.1. Forward Problem

Given the anatomy of the pituitary region (Figure 1a), and provided that the coaxial
cable would lie in the nasal area, which is filled with air (Figure 1b), it is possible to assume
a simplified geometry to develop a model suitable to perform the solution of the forward
propagation problem. This simplified approach is often encountered in the preliminary
studies of MW diagnostics [20].

As given in Figure 2, under a first approximation, the anatomical area of interest can
be reduced to a planar, stratified and multi-layer geometry consisting of air, bone, air, bone
again, then the hypothetical tumor and, finally, the pituitary gland. The outer, semi-infinite
medium is assumed to be air (εa = 1 · ε0, σa = 0 S/m) because the probe would not directly
touch the sphenoidal sinus. The first bony structure is the sphenoidal sinus, having a length,
lb,1 (Figure 2a), with relative dielectric permittivity, εb and electrical conductivity, σb. An air
gap of size, da is present, and, then, the posterior part of the sphenoidal sinus fused with
the central body of the sphenoid is found. Behind these skull bones, a hypothetical tumor
having relative dielectric permittivity, εt and electrical conductivity, σt, with length, lt, can
be present. Finally, the pituitary gland is considered to be a semi-infinite medium. The
geometry may appear far from the realistic medical scenario, but the essential propagation
features and the minimal geometric aspects are considered herein.

https://www.visiblebody.com/
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Figure 2. (a) Simplified mono-dimensional geometry for the propagation model considered for the
proposed trans-sphenoidal microwave diagnostic approach. (b) Transmission line equivalent model
for the solution of the forward problem.

The bone and pituitary gland electromagnetic properties were taken from the IT’IS
database [33]. As regards the bone properties, the properties of cortical bone are assumed,
as is usually done [20–24,28,29]. This choice is justified by the fact that, from an anatomic-
histological point of view, the sphenoid is a compact and not fragile bone. On the other
hand, the IT’IS database assumes that the endocrine glands all have similar properties [33].
By comparing the microwave properties from [33] to that measured from ex vivo thyroid
tissue samples found in [34], it is possible to notice that the pituitary and thyroid tissues
present similar dielectric dispersion over frequency. This uncertainty and lack of precise
characterization of the hypophysis must be reported. However, specific values for the
pituitary glands have not been reported.

As regards the pituitary tumor properties, a remark is in order. Given that there
is a lack in the literature on the high-frequency electromagnetic properties of healthy
hypophysis tissue, it is not surprising that for the pathologic counterpart, specific dielectric
characterization campaigns have never been carried out. By relying on the histological and
physiological similarities between thyroid and pituitary glands, the dielectric data acquired
on ex vivo thyroid adenoma samples can be used [35]. In [35], the complex dielectric
permittivity of the tumor can be described by the following two-pole Cole–Cole model:

εt(ω) = ε′ − jε′′ = ε∞ +
∆ε1

1 + (jωτ1)
1−α1

+
∆ε2

1 + (jωτ2)
1−α2

− j
σDC
ω ε0

(1)

where ε′ and ε′′ are the in-phase and out-of-phase components of the permittivity, whilst
ω = 2π f is the angular frequency, ε∞ is the permittivity at optical frequency. In Equation
(1), ∆εi, for i = 1, 2, is the difference between the static permittivity of the i-th pole and
ε∞ (i.e., ∆εi = εs,i − ε∞), whilst τi is the i-th relaxation time (in s) and αi is the i-th pole
broadening parameter. The values of the Cole–Cole coefficients for the pituitary tumor
are reported in Table 1 [35]. A comparison of the dielectric permittivities and electrical
conductivities of the different media and biological tissues involved in this problem is
shown in Figure 3a,b. From Figure 3, it is possible to notice that a reasonable contrast
between the pituitary tumor and the healthy hypophysis in the electromagnetic properties
exists. However, for the propagation problem sketched in Figure 2, it is relevant to evaluate
the penetration depth, defined as [36]:

δ =
c
√

2

ω

√√√√ε′

(√
1 +

(
ε′′
ε′

)2
− 1

) (2)

where c is the speed of light in m/s, and the other symbols retain their usual meaning. In
Figure 3c, the penetration depths in the bone, hypophysis and pituitary tumor are shown for
the given frequency range. It can be noticed that the bone tissue ensures good penetration
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for all frequencies. On the other hand, the tumor and hypophysis for f > 4 GHz absorb the
MW signal in a significant way. Therefore, the selection of working frequencies has to be
carefully investigated.

Table 1. Cole–Cole parameters used for modeling the dielectric response of pituitary tumors.

Parameter Value Unit

ε∞ 10.02 a.u.
∆ε1 47.24 a.u.
τ1 11.60 ps
α1 0.014 a.u.

∆ε2 1.48 a.u.
τ2 667.57 ps
α2 0.95 a.u.

σDC 0.60 S/m

Given these tissue properties and considering the working frequency f to vary in
the range [0.9, 10] GHz for the geometry from Figure 1a, the equivalent transmission line
problem (Figure 1b) was solved by computing the characteristic impedance of the q-th layer
(for q = 1, .., N, for N = 6) as [37]:

Zq(ω) =
ζ0√

εq(ω)
(3)

where ζ0 is the vacuum impedance, equal to 377 Ω. The range of working frequencies was
selected for several reasons. By relying on the existing literature on microwave imaging for
biomedical applications [11–29], most of the work focused on a similar range. Furthermore,
the propagation problem must be studied in a broad range in order to explore the trade-off
between the penetration depth and the imaging resolution [28].

Then, relying on the iterative method, the circuital model shown in Figure 1b was
solved by [37]:

Zin,q = Zq−1
Zin,q−1 + jZq−1 tan

(
kqlq

)
Zin,q−1 + jZin,q−1 tan

(
kqlq

) (4)

where k (in 1/m) is the complex propagation constant of the q-th medium and lq is the
physical size of the q-th layer. Therefore, the q-th reflection coefficient (Γq) can be derived
as [37]:

Γq(ω) =
Zin,q+1 − Zq

Zin,q+1 + Zq
. (5)

The calculations were carried out using Matlab 2019a (The MathWorks Inc., Boston,
MA, USA). The forward problem was solved in order to study the reflection coefficient Γ
for f ∈ [0.9, 10] GHz and identify if minima in the reflection are found. In this framework,
the Industrial, Scientific and Medical (ISM) bands of 915 MHz, 2.45 GHz and 5.8 GHz are
considered, since the proposed simplified and preliminary analysis can drive the future
design of a coaxial probe for the diagnosis of pituitary tumors [38,39]. For the study of
the forward problem, the geometrical parameters were considered fixed and were not
varied. The average geometrical features for the geometry shown in Figure 2 are reported
in Table 2. The values of the layers were taken from literature data [30–33] by relying on
measurements performed with Image J software on available magnetic resonance imaging
(MRI) images [40].
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Table 2. Lengths of the air and biological tissues for the multi-layer model.

Parameter Value (cm)

lb,1 0.42
la 1.34

lb,2 0.52
lt 1

In this framework, by recalling the discussion about the uncertainty in the electromag-
netic tumor properties, we also studied the influence of a 16% and 5% variation on the
average nominal value of the dielectric permittivity and of the electrical conductivity on
the reflection coefficient.

3.2. Inverse Problem

A diagnostic method, especially that based on imaging modalities, is based on the
solution of an inverse problem [13–15]. The aim of this work is to preliminarily assess if it is
possible to detect a pituitary tumor from the knowledge of the reflection coefficient (Γ(ω)),
measured at the first (air–bone) interface for the geometry of Figure 1a. In particular, the
aim is to retrieve the dielectric permittivity and electrical conductivity profiles (i.e., εr(z)
and σ(z)), as well as to estimate the size of the tumor (lt).

Despite being a mono-dimensional geometry, the problem is non-linear and ill-posed, so
that the existence, uniqueness and stability of the solution cannot be assumed [13–15,28,29].
In this work, the inverse problem was solved as an optimization problem, for which the
cost function F : RNu → R , for a set of points S ⊆ RNu should be minimized, so that:

minF(x) x ∈ S (6)

where x is a 1× Nu vector, Nu being the number of unknowns. For our problem, by relying
on the transmission line model (Figure 1b) developed for studying the propagation problem,
the measured value was simulated and provided virtual, synthetic reflection coefficients,
defined hereby as Γsyn. The cost function is then:

F(x) =
[
∑

N f
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h=1

[(∣∣Re
{

Γm,h
}∣∣− ∣∣∣Re

{
Γsyn,h

}∣∣∣)+ (∣∣Im{Γm,h
}∣∣− ∣∣∣Im{Γsyn,h

}∣∣∣)]]2
(7)

where N f is the number of frequencies. Indeed, after the study of the propagation in
the geometry from Figure 2, a preferred frequency band is selected, and thus the inverse
problem is solved for a narrow band around it. In this work, the solution vector is found by
using a genetic algorithm (GA) routine. The use of GA for inverse microwave problems
is known and constitutes a valid methodological choice for handling the large number of
parameters involved [41,42]. The population size was set to 200 individuals, the mutation
probability was fixed to 0.8 whilst the crossover was 0.5 and the maximum iteration
was 1000. Given that the proposed solution approach is stochastic in nature [41,42], the
GA routine is run three times, and the average value of the solution parameter is taken
and reported.

In order to evaluate the quality of the solution, the reconstruction error on the dielectric
permittivity, electrical conductivity and layer length was computed as the root mean square
error (RMSE):

RMSEi =

√√√√∑
N f
k=1(yk − ŷk)

2

N f
(8)

where yk is the estimated value and ŷk is the expected, true value of the given variable.
The proposed approach to the inverse problem of MW diagnosis of pituitary tumors

was tested for different cases. Having studied in the forward problem the selection of
working frequency and the influence of the tumor properties on the reflection coefficient,
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the inverse problem for the multi-layer configuration given in Table 2 was solved. It is
assumed that the geometrical parameters are known a priori, and hence the performance of
the algorithm in deriving the MW properties of tissues was tested. In this case, the number
of unknowns Nu is equal to 6, and x =

{
εb, σb, εt, σt, εpg, σpg

}
.

Then, our analysis was refined by testing the proposed GA-based approach for the
solution of the inverse problem by varying the tumor size and studying if it was pos-
sible to discriminate between microadenomas and macroadenomas [1–5]. In particu-
lar, the inverse problem for lt ∈ [0.5, 4] cm, with a step of 0.5 cm, was solved. In this
case, the number of unknowns Nu is equal to 10. Indeed, the aim is to find the dielec-
tric permittivities and electrical conductivities of bone, tumor and hypophysis tissues,
but also the length of the bone layer and the tumor size, i.e., in mathematical terms,
x =

{
εb, σb, εt, σt, εpg, σpg, lb1, la, lb2, lt

}
.

4. Results

The detection of pituitary tumors can be complex and costly using traditional imaging
apparatuses, and alternative, engineering solutions have to be investigated. This work
deals with the preliminary analysis of the use of microwaves as a tool for diagnosing
the presence and size of pituitary tumors. It is assumed to access the front of the sella
turcica from the endonasal route, by relying on the TSSPA with a coaxial cable, and then
inject a MW signal. To this aim, by relying on a simplified mono-dimensional propagation
model, shown in Figure 2, developed by relying on the physio-pathological morphology
of the hypophysis region, a transmission line model was used to study the propagation
in the system. In Figure 4, the magnitude of the reflection coefficient (Γ) in the band from
900 MHz to 10 GHz is shown. A strong reflection around ~6 GHz is occurring, whilst two
minima can be observed, i.e., at circa 1.5 GHz and 9.5 GHz. Given the forecasted medical
application, the values of the reflection coefficients at the nearest ISM bands have to be
checked. In this framework, at 915 MHz the value of |Γ| is ~0.4, whilst at 5.8 GHz it is
~0.8. At 2.45 GHz, |Γ| retains an intermediate value of ~0.65. Therefore, the lowest ISM
band is the most promising working frequency range. Given the findings from Figure 4,
the investigation range was narrowed to f ∈ [0.9, 4] GHz in order to analyze the impact of
the tumor properties on the MW propagation.
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Given that the tumor properties are a relatively large and significant source of uncer-
tainty, our feasibility study aimed at investigating if meaningful and relevant variation
in the magnitude of the reflection coefficient can be found for different tumor properties.
Therefore, with respect to the dielectric data reported in Figure 3 and [35], the tumor prop-
erties were varied at a maximum of 16%, whilst the electrical conductivity was increased
up to 5% from its average value. The findings for the sensitivity analysis of the variations
of |Γ| as a function of the tumor electromagnetic properties are reported in Figure 5. From
Figure 5, we can observe that the reflection coefficient ranges from−3 to−18 dB. The insets
around 915 MHz highlight that a narrow ~1 dB variation can arise for the prescribed tumor
variation. It is therefore questionable to ask if it is possible to retrieve the electromagnetic
properties and their spatial distribution with reasonable error by solving the inverse prob-
lem (Section 3.2). Given the findings from Figures 4 and 5, the inverse problem will be
solved for f ∈ [900, 930] MHz, for N f = 101. The selection of this narrow range ensures
that the dielectric properties are almost constant with frequency, allowing one to find a
single value of the dielectric permittivity and of the electrical conductivity of each tissue.
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Figure 5. (a) Magnitude of the reflection coefficient (Γ) vs. frequency for the variation of the dielectric
permittivity of the pituitary tumor with respect to its average value (∆ε/ε). (b) Magnitude of the
reflection coefficient (Γ) vs. frequency, for the variation of the electrical conductivity of the pituitary
tumor with respect to its average value (∆σ/σ).

To the aim of assessing the feasibility of using a microwave as a diagnostic tool for
identifying the presence and type of pituitary tumors, the inverse problem for the case
of a subject with layers having the sizes reported in Table 1 was solved. The dielectric
permittivity and electrical conductivity profiles, compared to the ground truths, are shown
in Figure 6a,b, respectively. It can be noticed that an average RMSE of ~0.8 can be found
for εb

′, while the error increases up to ~4.2 for εt
′ and is about 3.5 for εpg

′. As regards the
RMSE of the electrical conductivity values, the lowest average RMSE is circa 0.15 S/m for
σb and the maximum average RMSE is 1.3 S/m for σpg.
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Figure 6. (a) Reconstructed dielectric permittivity profile for the case of a microadenoma. (b) Recon-
structed electrical conductivity profile (in S/m) for the case of a microadenoma. (c) Reconstructed
dielectric permittivity profile for the case of a macroadenoma. (d) Reconstructed electrical conductiv-
ity profile (in S/m) for the case of a macroadenoma. The dashed red line denotes the ground truth
profile. The ground truth is provided as a dashed red line.

Given the capability of the proposed inversion scheme to reconstruct with reasonable
errors the distribution of the dielectric permittivity and the electrical conductivity, the
analysis was refined and the layer’s size as unknown was included. Therefore, in this work,
it was studied as to how the variation of the tumor size could affect the performances of the
inverse problem and impact the potential of this innovative MW diagnostic method. These
tests aimed at understanding if it was possible to estimate the size of the pituitary tumor,
and, hence, discriminate between microadenomas and macroadenomas. The reconstructed
profiles for the case of a macroadenoma (lt = 3 cm) are shown in Figure 6c,d. By comparing
Figure 6a,c, it is possible to notice that the reconstruction error lowers for εb

′ and that
the algorithm underestimates ε′t. By comparing Figure 6b,d, it is possible to highlight
that the reconstructed σt is underestimated. From Figure 6c,d, it is possible to infer that
the tumor size, once the other geometrical parameters are fixed (lb1, la, lb2), can impact
the quality of the solution. This can in turn affect the diagnostic power of the proposed
technique. Therefore, the tumor length lt was varied in the range [0.5, 4] cm, with a 0.5 cm
step, and this solved the inverse problem. In Figure 7, the RMSE of the estimated dielectric
permittivity, electrical conductivity and length of the layer sizes are reported. By observing
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Figure 7a, it is possible to notice that an almost constant reconstruction error is found for
the dielectric permittivity. On the other hand, as given in Figure 7b, the RMSE for the σt
and σb values presents similar behavior, whilst the values of σpg estimated for lt > 3 cm
resulted in a lower error. From the diagnostic point of view, this finding suggests that the
detection of larger tumors would be easier. However, the occurrence of macroadenomas is
generally lower in the normal population [1–5]. As regards the physical size of the involved
biological tissues, Figure 7c indicates that the dimension of the bony layers can be estimated
reliably. In other words, the reconstructed lb1 and lb2 are almost insensitive to lt variations.
Similar behavior is observed for the air gap length la. The most critical parameter is the
tumor size lt, as can be noticed in Figure 7c. The size of the tumor can be best estimated
and retrieved when the tumor is a microadenoma (lt < 1 cm), whilst the RMSE increases
for 1.5 < lt < 3.5 cm, being relatively low for bigger neoplasms (lt = 4 cm).
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pituitary tumor size.

5. Conclusions

This work dealt with the preliminary investigation of the use of microwaves as a
diagnostic tool for pituitary tumors. Currently available diagnostic tools are too costly and
may be hazardous for human health, thus limiting pathology evolution and monitoring.
A mini-invasive method that would make use of a coaxial cable inserted through the
endonasal route was assumed to be used. Through the analysis of the reflected microwave
signal, given a simplified mono-dimensional propagation problem, a suitable inversion
procedure was developed to investigate the possibility of retrieving the permittivity and
electrical conductivity profiles, as well as the tumor size. The inverse problem was solved
using genetic algorithms. When working around 915 MHz, the maximum reconstruction
error is ~6% for the electromagnetic properties and ~9% for the tumor length. The results
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indicate that there is room for developing an electromagnetic method for the diagnosis of
pituitary tumors.

Future works will deal with the refinement of the inverse problem, the design of the
endonasal coaxial cable [43–45] or with the bi- and three-dimensional full-wave analysis
of the propagation problem, accounting for the presence of more detailed geometries
and approximating a more realistic medical scenario [46,47], considering the near-field
features in the electromagnetic model, thus challenging the translation of the proposed and
envisioned MW diagnostic methodology into research projects, commercial products or
clinical trials [48–51].
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List of Abbreviations and Acronyms

Computerized Tomography CT
Electromagnetic Fields EMF
Finite Difference Time Domain FDTD
Genetic Algorithm GA
Industrial, Scientific and Medical ISM
Magnetic Resonance Imaging MRI
Microwaves MW
Nuclear Magnetic Resonance NMR
Root Mean Square Error RMSE
Trans-Sphenoidal Approach TSSPA

List of Symbols and Variables

Variable/Symbol Description Unit
α Broadening parameter -
c Speed of light m/s
δ Penetration depth m
εr Relative dielectric permittivity -
εa Air dielectric permittivity -
ε0 Vacuum permittivity F/m
εb Bone dielectric permittivity -
εt Pituitary tumor dielectric permittivity -
εpg Pituitary gland dielectric permittivity -
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ε′ Real part of the complex permittivity -
ε′′ Imaginary part of the complex permittivity -
ε∞ Permittivity at optical frequency -
∆εi Dielectric strength -
εs Static dielectric permittivity -
f Working frequency GHz
Γ Reflection coefficient -
k Complex propagation constant 1/m
lb,1 Length of the anterior sphenoidal sinus mm
da Size of the air gap mm
lb,2 Length of the posterior sinus mm
lt Size of the pituitary tumor mm
N Number of layers -
N f Number of frequencies -
NU Number of unknowns -
σa Electrical conductivity of air S/m
σb Electrical conductivity of bone tissue S/m
σt Electrical conductivity of pituitary tumor S/m
σpg Electrical conductivity of pituitary gland S/m
τ Relaxation time ps
ω Angular frequency rad/s
Zq Characteristic impedance of the q-th medium Ω
Zin,q Input impedance of the q-th medium Ω
ζ0 Vacuum characteristic impedance Ω
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