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Abstract

Electromagnetic (EM) medical technologies are expanding worldwide for both diagnostics and therapy.
As these technologies use non-ionizing radiation, have potential to be inexpensive and can often be
used as minimally invasive, they have been in the focus of significant research efforts in recent years.
The functional principle of these technologies is based on the existence of a difference in dielectric
properties of different tissue types or between healthy and diseased tissues. Thus, accurate knowledge
of the dielectric properties of biological tissues is fundamental to EM medical technologies. Over the
past decades, numerous studies were conducted to expand the dielectric repositories. However,
dielectric data is not yet available for every tissue type and at every temperature and frequency.
Therefore, considerable attention is paid to this issue in this dissertation thesis.

This dissertation thesis is mainly focused on contribution to new technological approaches of
microwave tomography (MWT), especially to its theory and near future clinical applications. | decided
to concentrate mostly on the quantitative deterministic iterative approache. This approache seems to
be the one of the most promising for medical application of MWT.

Further in this work, a prototype of a laboratory microwave imaging system suitable to methodically
test the ability to image, detect, and classify human brain strokes using microwave technology is
presented. It consists of an antenna array holder equipped with ten newly developed slot bowtie
antennas, a 2.5 D reconfigurable and replaceable human head phantom, stroke phantoms, and related
measuring technology and software. This prototype was designed to allow measurement of a complete
S-matrix of the antenna array. The reconfigurable and replaceable phantom of human head has 23
predefined positions for stroke phantom placement. This setting allows repeated measurements for
the stroke phantoms of different types, sizes/shapes, and at different positions. It is therefore suitable
for large-scale measurements with high variability of measured data for stroke detection and
classification based on machine learning methods. To verify the functionality of the measuring system,
complete S-parameters matrix was measured for a hemorrhagic phantom sequentially placed on
mentioned 23 positions and spatial distribution of dielectric parameters was reconstructed using
implemented deterministic iterative reconstruction algorithm. The results correlate well with the
actual position of the stroke phantom and its type. Our results support the statements of other groups
working in this field, that the detection and differentiation of the strokes by means of microwave
technique should be possible.

Combinations of microwave hyperthermia system (MHTS) and non-invasive differential temperature
measurement system based on MWT is discussed in this dissertation thesis as well.

In conclusion - The following 5 main aims of this dissertation thesis (focussed on new development of
microwave technologies to be used for MWT) can be summarized as follows:
e Design of special antenna systems for microwave tomography (Chapter 3, 5 and 9)
e Complex permittivity measurement of human tissues (Chapter 6)
e Study of reconstruction algorithms for microwave tomography and its implementation
(Chapter 2, 7 and 8)
e Development of a system for brain stroke detection and classification (Chapter 2, 4 and 9)
e Development of temperature dependent model of dielectric properties of an agar phantom
for testing of a system combining MHTS and MWT (Chapter 5)

Keywords: Microwave tomography, brain stroke detection, medical diagnostics, complex permittivity
measurement.



Anotace

Elektromagnetické (EM) lékarské technologie jsou povazovany za perspektivni jak pro diagnostiku, tak
i pro terapii. Vzhledem k tomu, Ze tyto technologie vyuZivaji neionizujici zafeni, maji potencial byt levné
a velmi Casto je lze provozovat minimalné invazivné, byly v poslednich letech predmétem vyznamného
vyzkumného Usili. Funkcni princip téchto technologii je zaloZen na existenci rozdilu v dielektrickych
vlastnostech rlznych typl tkani nebo mezi tkdnémi zdravimi a patologickymi. Znalost presnych
dielektrickych vlastnosti biologickych tkani je proto pro lékafské EM technologie zasadni. BEéhem
poslednich desetileti byly provedeny cetné studie za Gi¢elem rozsifeni databazi dielektrickych viastnosti
biologickych tkani. Nicméné tato data stale nejsou k dispozici pro vSsechny druhy tkani, pro danou
teplotu a frekvenci. Této problematice je proto v dizertacni praci vénovana znacna pozornost.

Tato disertacni prace je ale zamérena predevsim na prispévek k novym technologickym pfistupim
mikrovinné tomografie (MWT), zejména k jeji teorii a klinickym aplikacim v blizké budoucnosti.
Konkrétné je cilena na vyuziti kvantitativniho deterministické itera¢ni rekonstrukéniho algoritmu.
Tento pfristup se pro aplikaci MWT v mediciné zda byt jednim z nejslibnéjsich.

Dale je v této disertacni praci predstaven prototyp laboratorniho mikrovinného zobrazovaciho systému
vhodného pro metodologické testovani zobrazovani, detekce a klasifikace cévnich mozkovych ptihod
pomoci mikrovinné technologie. Sklada se z drzaku anténniho pole vybaveného deseti nové vyvinutymi
Stérbinovymi anténami, 2.5 D rekonfigurovatelného a vyménitelného fantomu lidské hlavy, fantom(
mrtvice a souvisejici mérici technologie a softwaru. Tento prototyp byl navrZen tak, aby umoZznoval
méreni kompletni S-matice anténniho pole. Rekonfigurovatelny a vyménitelny fantom hlavy ma 23
preddefinovanych pozic pro umisténi fantomu mozkové prihody. Tim je umoznéno opakované méreni
fantomd mozkovych ptihod rliznych typ(, velikosti / tvard a na rlznych pozicich. NavrZzeny fantom je
proto vhodny pro opakovana méreni s vysokou variabilitou namérenych dat pro detekci a klasifikaci
mozkové pfihody na zdkladé metod strojového uceni. Pro ovéreni funkénosti méficiho systému bylo
provedeno méreni kompletni matice S-parametrd s pouZitim fantomu krvacivé mozkové prihody
umisténym postupné na vSech zminénych 23 pozicich. Na takto namérend data byl aplikovan
implentovany deterministicky iterativni rekonstrukéni algoritmus prostorového rozlozeni hodnot
dielektrickych vlastnosti. Dosazené vysledky dobre koreluji se skutecnou polohou fantomu mozkové
mrtvice a jeho typem. Nase vysledky tak podporuji tvrzeni dalSich skupin pracujicich v této oblasti, ze
by detekce a diferenciace cévnich mozkovych pfihod pomoci mikrovinné techniky méla byt mozna.

V této disertacni praci je také diskutovana kombinace mikrovinného hypertermického systému (MHTS)
a neinvazivniho systému méreni diferenc¢ni teploty na zakladé MWT.

Na zavér - nasledujicich 5 hlavnich cilt této disertacni prace (zamérenych na novy vyvoj mikrovinnych
technologii pro vyuziti v MWT) Ize shrnout takto:
e Navrh specialniho anténniho systému pro mikrovinnou tomografii (kapitola 3,5 a 9)
e Meéreni komplexni permitivity lidskych tkani (kapitola 6)
e Studium rekonstrukénich algoritmd pro mikrovinnou tomografii a jejich implementace
(kapitola 2, 7 a 8)
e Vyvoj systému pro detekci a klasifikaci mozkové mrtvice (kapitola 2, 4 a 9)
e Vyvoj modelu teplotni zavislosti dielektrickych vlastnosti agarového fantomu pro testovani
systému kombinujici MWH a MWT (kapitola 5)

Klicova slova: Mikrovind tomografie, detekce mozkové piihody, zdravotnickd diagnostika, méreni
komplexni permittivity.
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Notation

Symbol

~NNN— O =TT m -

Quantity
Position vector
Electric field
Magnetic field
electric flux density
magnetic flux density
Electric current density
Volume electric charge density
Imaginary unit
Jacobian matrix
Identity matrix
Module of S-parameter
Specific absorption rate
Electric conductivity
Tissue density
Distance
Temperature
Volume
Relative permittivity
Speed of light
Complex permittivity
Permeability
Permeability of vacuum
Permittivity of vacuum
Real part of complex permittivity
Real part of relative permittivity
Imaginary part of complex permittivity
Imaginary part or relative permittivity
Permittivity at infinite frequency
Angular frequency
n-th scattered data/measurements
Clasification accuracy
Clasification error
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1. Microwave Imaging: State of the Art

1.1 Introduction

Microwave imaging (MWI) in the field of medical applications became very interesting from
several points of view. It has been proposed, studied and implemented by many institutions for
the last 20 years [1]. MWI is often compared with other applications of electromagnetic field in
medical imaging systems as X-rays, Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI). Very detailed comparison of these imaging systems could be done according to
many different aspects, but the main strengths and shortcomings of MWI could arise from
simple overview as well.

If we want to categorize the MWI system between these existing well known and widely used
systems we could say the following:

e  MWIis closer to the CT from the reconstruction algorithms point of view.

e MWI does not incorporate an ionizing radiation which is similar to the MRI systems.

Unfortunately, the ray based algorithms (back-projection) cannot be utilized, because the
scattering effects cannot be neglected (nonlinear inverse problem) as it is in the case of CT.

Diagnostic information given by MWI is also different. As far as CT gives information about
distribution of tissues densities and MRI information about distribution of protons densities or
relaxations times of protons, MWI gives information about distribution of dielectric parameters
inside the region of interest (ROI) [2] (Different tissues, especially tumorous tissue and healthy
tissue has different dielectric parameters [3]).

It has been demonstrated that MWI is applicable for extremities imaging, like e.g. breast cancer
detection, diagnostics of lung cancer, brain imaging and cardiac imaging [4]. Application of MWI
in the area of osteoporosis detection and bone health monitoring seems to be feasible too
because there are studies showing dielectric property variations with respect to its mineral
density [1].

However, there are two main applications of MWI in medicine at this time — early breast cancer
detection and brain stroke diagnosis [5]. Although 30% to 40% lower risk of dying from breast
cancer was achieved when screened using mammography taken as current gold standard [6],
only 56% of cancers are revealed in premenopausal women. Mammography has an overall 50%
false positive, which leads to unnecessary biopsy, is uncomfortable, uses ionizing radiation and
is potentially harmful for many women [5]. Reacting on the foregoing shortcomings of the
mammography most of the MW!I system are developed for human breast cancer diagnosis.
Moreover, human breast tissue and the shape of the human breast seems to be the most
suitable for MWI diagnostic devices, because the human breast tissue is low loss and the
contrast between a normal and malignant tissue seems to be significant [7]. It is generally
expected, that the MW!I in medicine could play role as a cheap, fast and easy to use systems for
diagnosis of cancer (especially breast cancer) in its early stages in the future.

Main strengths of the MWI are:
e Use of nonionizing radiation.
o Non-invasivity.
e Cost effectiveness.
e Portability.



Main shortcomings of the MWI are:
e Accuracy and resolution (both time and spatial).
e Computational intensity of reconstruction algorithms.
e Sensitivity to the noise.

The crucial parts of MWI systems are:
e Receiving and transmitting antennas.
e Coupling medium.
e Data acquisition system.
e Reconstruction / detection algorithms.

1.2 Hardware solutions and reconstruction algorithms
Several different MW!I systems have already been developed. These can be simply differentiated
according to the used reconstruction algorithms because there is a strong relationship between
the software and hardware solutions. Two main approaches can be distinguished in MWI:

e Microwave tomographic imaging (MWT).

e Radar based imaging (RB) methods.

In the MWT, inverse scattering problem must be solved, while in the RB methods linear inverse
problem is considered [8]. Example of MWT based system under clinical test can be found in [9],
example of RB based system in [10], [11] and others.

According to another criteria, we can find single frequency and multi frequency systems and
systems able to get qualitative or quantitative information [12]. In general, there is a set of
antennas equidistantly placed around the ROI (Region of Interest) in one or more circles, or one
antenna is moving around the ROI. Usualy, antennas are placed in a tank which is filled with a
coupling medium. Type of the antennas as well as hardware used to generate and measure
signals depends on the type of the MWI system. Detection algorithms of tumours could be taken
as special class (third) of MWI systems, too. These are mostly based on machine learning
methods and classification of the measured signals [13].

1.3 Radar based approach

These approaches are working in time domain and its working scheme can be explained using
the radar. Position of the contrast in dielectric properties in a ROl can be derived from delays
between transmitted and reflected ultra-wideband pulses. Some assumptions about the
propagation speed of EM field in the ROl must be done before the reconstruction. Radar based
methods are mostly used to find the presence or location of the scatterers - qualitative
information. Reconstruction is fast with potential of real time microwave imaging [14], because
these methods are not iterative. RB approaches perform well in high contrast media. The main
issues of RB approaches are the maximal resolution of reconstructed image depending on the
bandwidth of the pulse, possible variations in propagation speed in the ROl and the multi path
effect (many reflections from scatterers). Confocal microwave imaging (CMI) [15]-[17]
incorporating delay and sum algorithm and its improved versions [18] are the most frequently
used reconstruction methods based on the radar approach.

1.4 Microwave tomography

Microwave tomography is an approach which reconstructs the distribution of dielectric
parameters inside the ROl by solving the inverse scattering problem. The inverse scattering
problem is in general nonlinear and computational methods are utilized to solve it [8]. The most
critical aspect of an inverse scattering problem is usually its ill-posedness [19]. The problem is



well-posed if its solution exists, it is unique and a small perturbation of the data results in a small
perturbation in the solution, otherwise the problem is ill-posed and regularization procedures
(Tikhonov regularization, including a priory information etc.) should be applied. When the
objects are of low contrast and the multiple scattering effects are small, linearization of the
inverse problem can be done in several ways (Born approximation, Rytov approximation and its
improved versions). On the other hand, when the multiple scattering cannot be neglected,
nonlinear reconstruction algorithms based on linearization procedures and/or optimization
procedures (stochastic or deterministic) are used [8]. The goal of the optimization procedure is
to minimize the error between the measured data and data from numerical solution of the
forward problem. More detailed classification of the MWT approaches can be found in [8] or
[19].

The quantitative stochastic iterative approaches [20] using forward solver seem to be the one
of the most promising for medical application of MWT [8]. The stochastic methods are able to
reach the global minimum of the cost function even if starting far from the final solutions.
Including of a priory information and a limitation of a search space can be simply implemented
[20] and can stand in for the regularization terms.

On the other hand, deterministic methods (using local optimization) performs faster because
lower number of iterations (solutions of forward problem) is needed. Thus, deterministic
methods are still great choice for problems which can be considered linear (weak scatters in the
ROI). Local optimization procedure Gauss/Newton with log transformation together with
Marquardt regularization was used in [21]. FDTD based forward solver was used. Reconstruction
time equals to about 1 minute (13 iterations of algorithm) per slice. The coupling medium
composes from glycerin and water (86:14). This mixture has non zero conductivity to reduce
multipath scattering. The system includes 16 monopole antennas placed on the circle with
diameter of 15.2 cm. The measurement on frequencies 500-1700 MHz with step 200MHz in 7
different slices takes about 4 minutes. The results from MWT were compared with results from
MRI.

Plenty of different global optimization algorithms have been utilized to MWT. Some of the works
dealing with stochastic MWT approaches are mentioned subsequently. Comprehensive review
of optimization procedures based on evolutionary algorithms (EA) and its application into
inverse scattering problematics can be found in [22] - EAs allow straightforward introduction of
a priory information or constraints, they are intrinsically parallel algorithms and able to deal with
floating point, discrete and binary unknowns simultaneously. EAs are suitable to face ill-
posedness and nonlinearity. Between main drawbacks belong computational intensity and low
convergence rates close to the global solution. Proper choice of EA, taking into account physical
constraints, including of a priory information, careful definition of cost function, tuning of the
control parameters and benchmark of the EA are the critical point for successful application of
EA into the MWT. Dealing with the computational issues can be done by reducing the number
of parameters to estimate, to consider multi-resolution strategy or multi-stage reconstruction,
hybridizing the EA with a deterministic optimizer, using the fast forward solvers for secondary
unknowns in every iteration and implementing EA parallel.

The particle swarm optimization procedure was used to estimate three parameters (position
and size of the inhomogeneity placed in homogenous circle) in [23]. Authors used forward solver
based on FDTD. Numerical model consisted of 8 ports in circle. Tikhonov and edge preserving
regularization were used to deal with ill-posedness of the problem. A priory information was
included in term of that dielectric properties of tissues are known, i.e. only distribution of



different tissues were estimated. The system was designed to work on frequencies from 1.5 GHz
to 4.5 GHz. The results from numerical simulations were presented only. The particle swarm
optimization was also used in [24]. The FDTD frequency dependent (including Debey model)
based forward solver was used in [25]. The genetic algorithm was employed here in solving of
the inverse scattering problem without any regularization. This system was designed to be
broadband (1-10 GHz). The algorithm was tested for different tissues surrounding a tumour -
different contrasts. The ROl was irradiated by Gaussian pulse plane wave from four different
directions. The numerical phantoms with uniform and non-uniform distribution of fibro-
glandular and fatty tissue were used because proportion of fatty to fibro-glandular tissue
depends on the selected cross section of the breast [26]. Genetic algorithm (GA) is widely used
in field of MWT and can be found in many approaches in its several modifications. GA based
approach without using forward solver of EM field was used in [27] to detect flaws in unknown
medium. Parallel implementation of GA and FDTD solver was also shown in [28]. The method
was used to detect an objects placed in the ground. Authors are using plane wave irradiating the
ground surface and sensors of E-field placed close to the ground surface. Five parameters had
been estimated. Cross-section of inhomogeneous, infinite cylindrical object was reconstructed
using the GA in [29]. Linearization of the inverse problem was done by second-order born
approximation, which allows to deal with higher dielectric contrast in comparison with the first
order born approximation. Two different genetic algorithms (BGA - binary coded and real-coded
RGA) are accompanied in reconstruction of dielectric profile of phantom of human breast in [30].
These so called hybrid approaches take the advantages of both algorithms. Performance of
genetic algorithm, neural networks (NN) and hybrid method composing from micro genetic
algorithm and conjugate gradient based approaches are compared in [31]. The trained NN
demonstrated similar results as the GA, but the computational time was reduced in case of NN.
The hybrid approach had the shortest convergence time and achieved the best results for the
one cylinder phantom. The approach combining genetic algorithm and neural networks (NN) is
presented in [32]. The optimization procedure was driven by GA and the NN were responsible
for the selection of new individuals generated by GA. Eleven different classifiers were used to
distinguish between breast like and non-breast profiles. Non breast profiles are penalized — this
plays a role as regularization. Differential evolution (DE) and Particle swarm optimization
procedures were used to establish dielectric parameters of one dimensional inhomogeneous
scatterer with known thickness in [33]. Combination of Ant colony optimization (ACO) -
stochastic global optimization method and linear sampling method (LSM) — computationally
efficient method was presented in [34] dealing with three dimensional scatterers. Finally, there
is an effort to combine different imaging modalities with MWT. An interesting combination of
MWT with MRI can be found in [35]. A priory information about tissues distribution from the
MRI images can be included into reconstruction algorithm. To work with simplified numerical
models as well as with anatomical realistic models of human breast is important when testing
the reconstruction algorithms. The real values of dielectric properties of tissues contained in
human breast need to be established together with dielectric properties of malignant breast
tissue. Different amounts of two different tissues (adipose and gland) are contained in the
breast. A review on this problematic can be found in [36].

1.5 Main aims of dissertation thesis

This dissertation thesis is mainly focused on contribution to new technological approaches of
MWT, especially to its theory and near futures clinical applications. | decided to concentrate
mostly on the quantitative deterministic iterative approaches. These approaches seem to be the
one of the most promising for medical application of MWT [8].



The following 5 main aims of this dissertation thesis (focussed on new development of
microwave technologies to be used for MWT) can be specified as follows:
e Design of special antenna systems for microwave tomography (Chapter 3, 5 and 9)
e Complex permittivity measurement of human tissues (Chapter 6)
e Study of reconstruction algorithms for microwave tomography and its implementation
(Chapter 2, 7 and 8)
e Development of a system for brain stroke detection and classification (Chapter 2, 4
and 9)
e Development of temperature dependent model of dielectric properties of an agar
phantom for testing of a system combining MHTS and MWT (Chapter 5)

1.6 Description/Overview of dissertation thesis
For better orientation in submitted dissertation thesis and for better understanding of its results
its content will be described in following text. This dissertation thesis is arranged into 10
chapters. The work described here comes out from main research projects in which the author
was involved. (list is given at the end of the Chapter 10).

Chapter 1: “Microwave Imaging: State of the Art”, brings a description of the state of the art in
the area of medical applications of microwaves and specification of main aims of this
dissertation thesis.

Chapter 2: “Image reconstruction algorithm: Iterative algorithm with Gauss Newton
optimization” describes the basics and implementation of the imaging algorithm implemented
in the frame of this dissertation.

Chapter 3: “Antennas elements fo microwave tomography”. In the first part of this chapter four
different antennas are compared with respect to its suitability for use in microwave tomography
system. Aim of this work is to recommend an antenna element for the next generation of our
microwave tomography system. Several criterions are defined in this chapter and they are
evaluated for every tested antenna. This comparison includes two microstrip patch antennas,
wire monopole antenna and waveguide antenna. While microwave patch antennas fulfil the
best most of our criteria, waveguide antenna has the most suitable radiation pattern. The
waveguide antenna element was selected as the most promising antenna element due to its
symmetric radiation pattern and reduced radiation outside the imaging domain. Dissadvantege
of this antenna element is in its difficult fabrication. The waveguide based antenna element is
compared to the slotted bowtie antenna element designed, manufactured and tested in the
frame of this work. This antenna element show similar properties in terms of radiation symmetry
and limited radiation outside the imaged domain, includes symetrization circuit and is easily
manufactured with as standard PCBs with high manufacturing reproducibility.

Chapter 4: “Laboratory microwave imaging system for detection and classification of strokes”.
In this chapter, a prototype of a microwave imaging system for brain stroke detection and
differentiation (developed at the Faculty of Biomedical Engineering of the Czech Technical
University in Prague) on phantoms is presented. The prototype composes of a measuring
container with eight bowtie antennas, a vector network analyser and a PC with appropriate
software. The 3D printed measuring container was filled with liquid phantom of human brain
grey matter. Two different phantoms of brain stroke were prepared (haemorrhagic and necrotic)
and moved over 25 different positions in measuring container and thereby covering almost all
possible areas in the brain phantom. The Gauss-Newton iterative reconstruction algorithm
incorporating computation of EM field in 3D numerical model in every iteration and adjoint



method of computation of Jacobian was implemented and applied to measured S-parameters.
Approximate position of strokes of both types can be observed from reconstructed images of
conductivity based on synthetic as well as measured data even after first iteration of the
algorithm. Since EM field for homogeneously filled measuring container can be computed in
advance for the first iteration, the results can be obtained in couple of seconds. Furthermore, a
tendency to rise or decrease in conductivity in the region of stroke can also be observed from
these images, which is crucial information for differentiation of the strokes.

Chapter 5: “Temperature Dependent Complex Permittivity Model of Agar Phantom for
Microwave Temperature Distribution Monitoring During Microwave Hyperthermia Treatment”.
It is well known fact, that the dielectric parameters of materials are not only frequency but also
temperature dependent. This fact leads to the idea of using MWT for noninvasive monitoring of
the temperature in human body during cancer treatment procedure called microwave
hyperthermia. To allow testing of a MWT prototypes for this purpose, tissue simulating materials
with known temperature dependency of its dielectric properties are needed. From that reason
complex permittivity of agar phantom material was measured and the parameter of
temperature dependent model were estimated in this chapter. As the changes in complex
permittivity due to a temperature change are very low, high precision and error free
measurement is crucial and so our experiences with measurement with open ended coaxial
probe at University of Galway, Ireland are described in chapter 6.

Chapter 6: “Dielectric Measurement of Biological Tissues: Challenges and Common Practices” is
based on paper published in Diagnostics 2018, 8, 40; (doi: 10.3390/diagnostics8020040). It is
stated here that EM medical technologies are expanding for both diagnostics and therapy. As
these technologies are low-cost and minimally invasive, they have been the focus of significant
research efforts in recent years. Such technologies are often based on the assumption that there
is a contrast in the dielectric properties of different tissue types or that the properties of
particular tissues fall within a defined range. Thus, accurate knowledge of the dielectric properties
of biological tissues is fundamental to EM medical technologies. Over the past decades,
numerous studies were conducted to expand the dielectric repository of biological tissues.
However, dielectric data is not yet available for every tissue type and at every temperature and
frequency. For this reason, dielectric measurements sometimes may be performed by
researchers who are not specialists in the acquisition of tissue dielectric properties. To this end,
this paper reviews the tissue dielectric measurement process performed with an open-ended
coaxial probe. Given the high number of factors, including equipment- and tissue-related
confounders, that can increase the measurement uncertainty or introduce errors into the tissue
dielectric data, this work discusses each step of the coaxial probe measurement procedure,
highlighting common practices, challenges, and techniques for controlling and compensating for
confounders.

Chapter 7: “Real-time brain stroke detection through a learning-by-examples technique—An
experimental assessment” is based on paper published in Microw Opt Technol Lett. 2017; 59:
2796-2799 (dio: 10.1002/mop.30821). The real-time detection of brain strokes is addressed
within the Learning-by-Examples (LBE) framework. Starting from scattering measurements at
microwave regime, a support vector machine (SVM) is exploited to build a robust decision
function able to infer in real-time whether a stroke is present or not in the patient head. The
proposed approach is validated in a laboratory-controlled environment by considering
experimental measurements for both training and testing SVM phases. The obtained results



prove that a very high detection accuracy can be yielded even though using a limited amount of
training data.

Chapter 8: “Instantaneous Brain Stroke Classification and Localization from Real Scattering
Data”. is based on paper published in Microwawe and Optical Technological Letters. 2019; 61:
805—808. (doi: 10.1002/mop.31639). This chapter presents a 2-step Learning-by-Examples
approach for the real-time classification of hemorrhagic/ ischemic brain strokes and their
successive localization from microwave scattering data collected around the human head. An
experimental assessment against laboratory-controlled data is performed to assess the
potentialities of the proposed approach towards a reliable monitoring and instantaneous
diagnosis clinic protocol.

Chapter 9: “Microwave Tomography System for Methodical Testing of Human Brain Stroke
Detection Approaches” is based on paper published in International Journal of Antennas and
Propagation, Volume 2019, Article ID 4074862, 9 pages, (doi: 10.1155/2019/4074862). In this
chapter, a prototype of a laboratory microwave imaging system suitable to methodically test
the ability to image, detect, and classify human brain strokes using microwave technology is
presented. It consists of an antenna array holder equipped with ten newly developed slot bowtie
antennas, a 2.5 D reconfigurable and replaceable human head phantom, stroke phantoms, and
related measuring technology and software. This prototype was designed to allow measurement
of a complete S-matrix of the antenna array. The reconfigurable and replaceable phantom has
currently 23 different predefined positions for stroke phantom placement. This setting allows
repeated measurements for the stroke phantoms of different types, sizes/shapes, and at
different positions. It is therefore suitable for large-scale measurements with high variability of
measured data for stroke detection and classification based on machine learning methods. To
verify the functionality of the measuring system, S-parameters were measured for a
hemorrhagic phantom sequentially placed on 23 different positions and distributions of
dielectric parameters were reconstructed using the Gauss-Newton iterative reconstruction
algorithm. The results correlate well with the actual position of the stroke phantom and its type.

Chapter 10: “Thesis Conclusion” brings a summary of the dissertation thesis.

Chapter 11: “Publications of the author” overviews author’s own publications and his scientific
activities.






2. Image Reconstruction Algorithm: Iterative algorithm with

Gauss Newton optimization
In our Bio-Electromagnetics research laboratory, different existing algorithms, such as Stochastic
reconstruction algorithm based on Genetic algorithm, Deterministic algorithms based on Born
and distorted Born approximation were implemented and tested. This chapter is devoted to
description of a deterministic iterative algorithm based on Gauss Newton optimization which is
considerred to be well suitable for different microwave diagnostic applications and which was
implemented and tested in the frame of this dissertation thesis.

2.1 General definitions

2.1.1 Basic concepts - EM field
A common base for all the reconstruction algorithms is defined in this section. We can start with
local form of Maxwell’s equations for time harmonic field [19]:

V x E(r) = —jwB(r) (1)
V X H(r) = joD(r) +J(r) (1)
V-H(r) = p(r) (2)
V-B(r) =0 (3)

Here, r denotes the position vector in meters, E, H, D, and B, are complex vector fields describing
the electromagnetic field, more specifically: electric field (V/m), the magnetic field (A/m), the
electric flux density (C/m?) and the magnetic flux density (Wb/m?). Further p and ] denotes the
sources and represents volume electric charge density (C/m3) and electric current density
(A/m?). w is the angular frequency.

Moreover, constitutive equations specific for the medium where the propagation of the field
takes place are provided to make the solution of the Maxwell’s equations unique. For most of
the materials (including all human tissues) hold following constitutive equations:

D(r) = €E(r) (4)
B(r) = fiB(r) (5)

Where € and 1 are dielectric permittivity (F/m) and magnetic permeability tensors (H/m). The
isotropic materials are characterized by following equations:

€=¢mI (6)
= p(I (7)

Where I is the identity tensor and € and p scalar functions, respectively dielectric permittivity
and magnetic permeability. Dielectric permittivity and magnetic permeability are often defined
relatively to permittivity and permeability of vacuum (go =~ 8.85 x 1012 F/m, po = 41t x 107 H/m)
as follows:

e(r)

g-(r) = oy (8)
p(r)

=7 9

H-(r) " (9)



For conductive materials also holds following equation:

Ji(r) = o(r)E(r) (10)
Where J; corresponds to induced current by the field and o is electric conductivity of the
material. Effective dielectric conductivity (complex valued dielectric permittivity) can be then
introduced as:

2(6) = 20 (206 — 1 22) = eo(e1 ) — Je£ () (11

The purpose of the dielectric image reconstruction algorithms is to retrieve the complex
dielectric permittivity £(r).

2.1.2 Placement of an object into the propagation/background medium

The propagation of electromagnetic field is influenced by inclusion of a scatterer. This is an
object with different dielectric parameters of the surrounding medium. In this case the total
(perturbed) electric field (Et) is composed from incident unperturbed (E;, ) field and scattered
field (Egcat):

Etot(r) = Einc(r) + Escat(r)- (12)

If the object and the configuration are known, then the total field can be calculated. This
procedure is called as direct scattering problem. If the object is unknown and its parameters
must be deduced from the measurement of the total field, the problem is called inverse
scattering problem. Since we only can measure the total field E;,;, the relation between the
measurements of the E;; field and the properties of the scatterer must be deduced. This can
be done by using volume equivalence principle, which shows that the Eg.,; produced by the
scattering of the field by real object can also be produced by equivalent sources radiating in free
space. Those sources are dependent on the object properties and total internal field. The
scattered electric field can then be expressed in integral form as [19]:

Bucat () = joty | Jog CDBC/ONE" + | VMg )G/, (13
0 0
where  Joq(r) = jw[e(r) — g ]Ewor(r) and Mgq = jw[u(r) — pp]Heoe(r) represent the
equivalent sources, G is the free-space Green dyadic tensor [37], &, and p, background
permittivity and permeability and V,, volume of the scatterer. r’ is a vector describing the
position of the sources. If only nonmagnetic objects are considered and so Mgy = 0, equation
(13) simplifies and by using the equation (12) one can obtain:

Etot(r) = Ejpc(r) +]0>Hbj jwle(r) = ep]Eqor (r)G(r/r")dr’ (14)
Vo

which is Fredholm linear integral equation of the second kind [38]. Since E.(T) is going to be
measured only outside of the V, and E;(r) together with £(r) are unknown quantities in the
volume of the object I/, the equation (14) turns out to be nonlinear [39].

To retrieve information of distribution of dielectric parameters inside of the region of interest
from measured data at specific points, inverse scattering problem must be solved.

Inverse problems are commonly ill-posed, that make them very difficult to solve [19]. It means
that at least one of those three conditions is not satisfied (ref. Hadamard 1923):
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o The solution exists.
e The solution is unique (the specific set of data corresponds to the one solution).
e The solution is stable (the solution depends continuously on the data).

To control the ill-posedness of the inverse problems, regularization procedures are involved in
the solutions. Those tools act by replacing of the original problem by well-posed by utilizing
some additional information (a priory information). However, only approximate solution of the
original problem can be expected in such a case [19].

2.2 Description of iterative algorithm with Gauss Newton optimization

Modified version of iterative reconstruction algorithm based on Gauss Newton algorithm with
Tikhonov regularization [40] is described here. This algorithm is based on deterministic
optimization procedure, assuming linear behaviour of outcome in every iteration when only
small change in dielectric parameters is introduced. Property update (error in an object function,
AOy) can be calculated in every iteration according to this matrix equation [40]:

A0, = (J*] + AD)"LJ*AS,, (16)

where ] is a Jacobian matrix consisting of derivatives of the electric field with respect to the
dielectric properties at every location. ASy, is the difference between numerically calculated and
measured scattered field. The asterisk denotes the conjugate transpose here. The term Al
incorporates standard Tikhonov regularization with I equaled to identity matrix and A given by
[40]:

N
A= a%Z]*](i, i) errS? (17)

Value of parameter « is determined empirically and errS? is relative mean square error of the
scattered field. Value of dielectric properties at each iteration (update) can be obtained as:

0k+1 = Ok + AOR (18)

The elements of Jacobian matrix J can be expressed as [41]:

_ (%s & 19
](S'T'p) - a_Opﬁ (xr!yr) ( )

where Ej is electric field from radiation source at location s, O, are dielectric properties at
location p and r corresponds to a position of affected antenna. {,) has a meaning of inner
product of the two terms here. Computation of all the elements of Jacobian matrix one by one
is computationally very intensive procedure because it requires one forward solver run
(computation of EM field) per one element of the matrix. Especially when the number of
estimated parameters is high, this part takes most of the computational time for the whole
reconstruction. From this reason it was decide decided to apply so-called adjoint method of
computation of Jacobian, which enables significatn reduction of runs of forward solver in
building process of the Jacobian matrix. By using the adjoint method, the elements of Jacobian
matrix can be computed according to this equation [41]:

I
o = (e t) )
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Where @, is a region of parameter O, i, is permeability of vacuum, w is angular frequency, J;-
is source current induced at the receiver at the position r and E, is electrical field due to the
auxiliary source at receiver position r. It can be deduced, that using this method, the whole row
of the Jacobian matrix is calculated in only one run of the forward solver and so the dependency
of computational time on the number of estimated parameters is minimized.

2.2.1 Image reconstruction procedure

The spatial distribution of dielectric properties is reconstructed iteratively involving 5 main steps
at every iteration as depicted in Figure 2.1. The reconstruction procedure starts with an
assumption that the dielectric properties are the same in the entire region of interest. Thanks
to that all E fields, S parameter matrix and also Jacobian can be precomputed for the first
iteration. First iteration of the reconstruction procedure is quick (takes less than 1 s), because
the most computationally intense step can be avoided and step in dielectric parameters can be
directly calculated. The second iteration starts by the run of the forward solver with updated
object function for every single antenna port. The algorithm was tested using numerical model
of MWT system for human head imaging describe in Chapter 9. On the current PC (i7-6700 - 3.4
GHz, 64 GB RAM - 2133 MHz) the computation of the forward problem takes about 45 minutes
for all antenna ports (10) and single frequency. S parameter matrix together with E fields are
exported in the next step. E-field is exported in 2 mm regular grid. This resolution sufficiently
approximates the shape of included inhomogeneity and at the same time keeps the
computational cost of Jacobian and property update on reasonable level. Finally, the Jacobian
matrix is calculated from the E-fields. The last procedure involves computation of property
update in all the locations. The iterative procedure continues by the next iteration until the error
between the measured and computed scattered field is lower than specified value or after
maximum amount of iterations was reached. The reconstruction algorithm was implemented in
MATLAB programming environment. COMSOL Multiphysics and its Radiofrequeny (RF) module
was used to create numerical model of the system and to compute all the numerical simulations
of electromagnetic field. Communication of COMSOL with MATLAB was ensured by LiveLink for
MATLAB.

\ 4

Update materials FW solver run

A

A 4

Calculate Step Extract Sand E

A

y

S matrix measurement Calculate Jacobian

Figure 2.1, Flowchart of reconstruction procedure — one iteration.
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3. Antenna Elements for Microwave Tomography

Aim of this chapter is to recommend an antenna element for the next generation of our
microwave tomography system. At the beginning of this chapter, four different antennas are
compared with respect to its suitability for use in microwave tomography system. Several
criterions are defined in this chapter and those are evaluated for every tested antenna. These
include two microstrip patch antennas, wire monopole antenna and waveguide antenna. While
microwave patch antennas fulfil the best most of our criteria, waveguide antenna has the most
suitable radiation pattern. As the symmetry of the radiation pattern is considered important, in
the framework of this thesis, a novel planar antenna element, namely slot bowtie antenna, was
designed and compared with the waveguide-based antenna element. Both antenna elements
show similar properties in terms of radiation symmetry and limited radiation outside the imaged
domain. The slot bowtie antenna element can be manufactured with high accuracy and low cost
using standard PCB technology. This slot bowtie antenna was manufactured and tested.

3.1 Comparison of four different antenna elements

The aim of this section is to give an advice for the most suitable antenna for microwave
tomography system that is under constatnt development at Faculty of Biomedical Engineering,
CTU in Prague. This system can estimate dielectric properties in a specific region of human body.
Proper antenna selection and its design is one of the crucial parts of every MWT imaging system.
Firstly, parameters of an ideal antenna are defined, secondly four antennas are selected and
numerically tested to evaluate which antenna meets our criteria the best. Many antennas for
MWT has been developed and a few of them also used for measurement in real MWT systems.
Well tested prototype for imaging of human breast in [43] can be a perfect example of using
monopole wire antennas. Microwave tomography system with microstrip patch antennas with
grounding plane used for different temperature monitoring can be found in [44]. And finally
waveguide antennas with ceramic filling were implemented and tested with imaging of bovine
leg in [45].

3.1.1 Criteria for evaluation of the antennas

The criteria listed here are selected based on our experiences with previously used antenna in
the MWT system. The newly selected antenna should be less sensitive to a noise from the
surroundings. This could be achieved by using an antenna with grounding plane. We are also
looking for antenna, which can be fed symmetrically without need of use of any balancing circuit.
Symmetric radiation pattern is also highly appreciated. The antennas must be small enough to
fit next to each other on a circle with radius of 16 cm (diameter of the imaging cavity). The
perfect antenna will also have the lowest absolute value of Si1 and the highest possible
transmission between the most distant antennas. When compared with radar based microwave
imaging systems, bandwidth of the antennas is not as important for MWT. Finally a sensitivity
of the antenna to a change in dielectric parameters inside of the imaging cavity will also be
tested.

3.1.2 Selected antennas and evaluation scenario

Four different antennas were selected and evaluated (Figure 3.1). Microstrip patch antenna with
cut out sides (l.), microstrip folded patch antenna (Il.), waveguide antenna (lll.), and coaxial
monopole wire antenna (IV.). Sixteen antennas of every kind were placed on the walls of
hexagonal cavity (described later) filled with matching liquid. In the cavity the antennas were
matched to meet the first criterion, i.e. achieve the lowest absolute value of Si; (lower than -12
dB in any case). During this procedure, dimensions and shapes of antennas and positions of its
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feeding ports were numerically optimized to achieve this goal. Antennas based on dielectric
substrate were designed on Rodgers RO4003C with thickness of 1.524 mm and following
dielectric parameters: g = 3.55, 0 = 0.002 S/m. The measuring container was designed to have
hexagonal shape and was filled with matching liquid with relative permittivity & = 45 and
conductivity o = 0.8 S/m. There is only one exception. When the waveguide antenna was
evaluated, relative permittivity of the liquid had to be increased to 50 to fulfil the requirement
on the reflection coefficient (waveguide antenna dimensions were defined by standard WR-90).
Inner radius of the container equals to 80 mm and it has height of 200 mm. When monopole
wire antenna was tested, the radius of the container was increased to 100 mm to maintain the
same distance between antennas (exposed bended parts of this antennas are on the circle with
radius of 80 mm). Peripheral and bottom wall of the container was defined as perfect electric
conductor.

<>

- )

[l V.

Figure 3.1, Compared antennas - Microstrip patch antenna with cut out sides (l.), microstrip folded patch antenna (Il.),
waveguide antenna (lll.) and coaxial monopole wire antenna (IV.).
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Figure 3.2, Measuring container and positions of active antennas (Al and A2).

3.1.3 Numerical simulations

Antennas were fed by coaxial connector (dimensions of SMA) with coaxial port. Central working
frequency of the MWT system was established to 1 GHz with a bandwidth of 400 MHz. The
antennas were tested in this frequency range with frequency step of 20 MHz. Comsol
Multiphysics and RF module was used to numerically model the antennas and to calculate the
electromagnetic field. Although all sixteen antennas were place on the wall of the container,
only two most distant antennas were active —antenna Al and A2 in Figure 3.2.
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3.1.4 Results

Evaluation of results can be described in 3 following steps:
a) Simulation and measurement of S11 and S21 parameters for tested antennas.
b) Simulation and measurement of radiation pattern.
c) Sensitivity to a change in dielectric properties.

These are desribed in more details in the following text.

First of all, S1; and S,1 parameters were evaluated. Amplitude of S11 and Sz; can be seen in Figure
3.3 and Table 3.1. The lowest value of S;; at 1 GHz was achieved for microstrip folded patch
antenna (l1.), followed by microstrip patch antenna with cut out sides (I.). We were not able to
achieve lower value of S;1 than -12.5 dB for waveguide and monopole wire antenna. Frequency
dependent Si; traces for these two antennas are also the flattest — the resonant frequency peak
is not as obvious and deep as in the case of remaining antennas. Reduction of sharpness of the
peak is probably caused by high conductivity of matching liquid (observation during the
matching procedure). Microstrip folded patch (ll.) antenna has also the highest value of
amplitude of S21 at 1 GHz. This could relate to the lowest Si1 value at the same frequency for
this antenna.

Table 3.1, Maximal sizes, reflection, transmision and bandwidth of compared antennas

Antenna Max x size Max y size [S11(1 GHz)| |S21(1 GHz)| BW (-12 dB)
number (mm) (mm) (dB) (dB) (GHz)
I 6.0 31.0 -14.8 -72.2 0.94-1.14
. 12.5 8.0 -17.0 -65.0 0.94-1.10
. 22.9 10.2 -13.0 -68.0 0.94-1.06
V. 28.0 1.5 -12.2 -70.6 0.96-1.02
-4 T T T T T T T -5 T T
msPatch+Cut (1)
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Figure 3.3, |S11| and |S21| parameters for tested antennas.

In the next step we observed contours of electromagnetic power loss densities inside of the
container with matching luquid. The contours of this quantity should represent the shape of
radiation pattern of antennas inside of the container in near field region of antennas. In order
to compare radiation patterns for different antennas, a threshold value was established as
1/1000 of maximal value of power loss density in front of the waveguide antenna (this antenna
has the most symmetric radiation pattern). There are three things to be observed in the
diagrams: shape, symmetry and covered area. It can be observed, that all the evaluated
antennas have very symmetric radiation pattern in XY plane. Most of the energy on the middle
axes of the antennas is radiated by waveguide and wire monopole antennas, in opposite to
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microstrip patch antennas, where side lobes can be observed. The largest area is covered by
radiation pattern of microstrip antenna with cut of sides (I.). The smallest area is covered by
radiation pattern of coaxial wire antenna. Folded microstrip patch antenna (Il.) has the least
symmetrical pattern in XZ plane, but almost the same asymmetry can also be observed in
microstrip patch antenna with cut out sides (l.). All the patterns in XY and XZ planes are depicted
in Figure 3.4.

80 80
/// T
60 \ 60 TN
40 \\ 40 '
. 20y msPatch+Cut (1) 20 ) msPatch+Cut (1)
£ msFoldedPatch (Il) £ msFoldedPatch (I1)
EO waveguide (Ill) E 0 waveguide (Ill)
> 20 \ wireMonopole (IV) N 20 wireMonaopole (IV)
-40 / -40
-60 / -60
\‘\_ /
-80 L " -80 L !
-50 0 50 -50 0 50
x (mm) x (mm)

Figure 3.4, Comparison of isolines of electromagnetic power loss density for every antenna in x-y plane (1 GHz) in linear scale.
All the isolines mark tha same value. Black circle marsk edge of the measuring container.

And finally, in this section we observed how does a change in dielectric parameters of an object
placed in the matching liquid influences S parameters at the ports of the antennas. This study
should reveal a sensitivity of the antennas to absolute change in dielectric parameters. The
bigger the change is in S parameters, the more suitable is the antenna for MWT. For the purpose
of this test, a cylinder with a radius of 40 mm was inserted in the middle of the measuring
container representing some homogeneous object under the test. In the first step, relative
permittivity was increased by 5 units, from 45 to 50 and conductivity kept the same (0.8 S/m) in
both matching liquid in container and inserted cylinder. In the second step, conductivity was
increased by 0.2 S/m to 1.0 S/m and relative permittivity kept the same (45). Absolute changes
in absolute value and angle of S11 and S21 parameters were observed and are depicted in Figure
3.5. Firstly, change in relative permittivity causes almost the same change in Si1 parameters as
the change in conductivity. This can be caused by the fact, that the reflected wave travels from
the interface through the same medium and is not affected as much as electromagnetic wave
which goes through the inhomogeneity (the changes in angle are also very small — less than 1°).
Microstrip patch antennas Si; are the most sensitive to a change in both relative permittivity
and conductivity while amplitude and angle of Si; remain almost unchanged with waveguide
and monopole wire antennas. Following statements can be sad about the antennas and its
sensitivity to the change in dielectric parameters of the inhomogeneity:

e Waveguide antenna is only sensitive to a change in conductivity in angle and amplitude
of S21. In other words, the biggest response in S21 (angle + amplitude) to a change in
conductivity can be observed for waveguide antenna.

e Microstrip patch antennas shows the largest overall sensitivity.

e  Microstrip folded patch antenna does not show any response in amplitude of S11.

e Wire monopole antenna is resistant to changes in dielectric properties of material in
amplitude of S11.

e The most sensitive antenna in S11 (angle + amplitude) is microstrip folded patch
antenna.
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Figure 3.5, Sensitivity of S parameters to a change in dielectric properties of the phantom. Colors of the lines
correspond to the antennas (same like in previous figures).

3.1.5 Conclusion of the antenna element comparison

Four different antennas were designed and evaluated according several above defined
parameters. All antennas were designed to work well in the measuring container with outer wall
made from metal. The evaluation procedure showed us, that well matched narrow band
antenna could work well in MWT system, because a change in dielectric properties inside the
measuring chamber has significant impact on measured S parameters. Microwave patch
antenna fulfils our defined criteria the best, with an exception in radiation pattern where the
waveguide antenna performed better.

3.2 Novel bowtie slot antenna for microwave imaging of strokes and its

comparison to the Waveguide based antenna

In this sub-chapter, two radiating elements were selected as a suitable candidates for use in the
new generation of microwave imaging system developed at CTU in Prague. These elements are
the antenna based on the rectangular waveguide as in the previous section and here proposed
novel bowtie slot antenna. Both elements meet the criteria we have established above based
on experience with the previous system: dominant radiation in the imaged domain, radiation
symmetry and no need for a balun. The work deals with the verification of the fulfillment of the
desired antenna properties and the mutual comparison of the two antenna elements by means
of numerical simulations. Although both antenna elements exhibit the desired properties, the
bowtie slot antenna exhibits lower internal losses compared to the rectangular waveguide-
based antenna. This increases the magnitude of the transmission coefficients in our microwave
imaging system by about 13 dB to about -74 dB (for the most distant antennas of the system)
for the bowtie slot antenna (in comparison to the rectangular waveguide-based antenna).
In addition, bowtie slot antenna elements were manufactured and as expected the high
reproducebility of the production and thus reduced differences of the individual antenna
elements was verified.
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3.2.1 Desired parameters of new antenna element

The desired properties of the new antenna element were determined based on our experience
from the previous prototypes and are listed in antenna elements comparison described above.
Here, some additional or more discussed properties are listed.

1. Radiation of antenna elements should be symmetric and having one wide main lobe
perpendicular to antenna aperture. The biological tissues are lossy materials and thus the
magnitude of transmission coefficient can be of a very low value (< =70 dB). This represents
high demands on technical parameters of switching matrix, in particular on isolation. Since
all antenna elements are placed in a single plane an asymmetric radiation in z-direction
means decrease of magnitude of transmission coefficients.

2. Antenna elements should be easy to manufacture and in a way which ensures good
manufacturing reproducebility. In this regard waveguide antenna are less suitable.

3. Antenna elements should be mechanically stable (when a coaxial cable is connected to an
antenna connector a torque wrench is used to ensure good electrical contact).

3.2.2 Compared antenna elements

As mentioned above there are two different antenna elements considered in this paper:
rectangular waveguide-based antenna and a planar bowtie slot antenna (Figure 3.6 (a) and (b)).
The dimensions of the aperture of the rectangular waveguide-based antenna is determined by
the rectangular waveguide standard WR-90 (23 x 11 mmz2) and in order to use this antenna at
frequency of 1 GHz the antenna was virtually filled with material with relativepermittivity €, = 50.
The equivalent conductivity o was fixed to 0.8 S/m which is the same value of conductivity as in
the MWT system. The length of the antenna element (dimension in x-direction) is 20 mm.
The bowtie slot antenna element (Figure 3.6 (b) and Figure 3.7) was designed considering the
dielectric substrate Rodgers RO4003C with thickness of 1.524 mm and with & = 3.55 and
0 =0.0004 S/m. As mentioned above the geometry is adapted from [73]. The antenna in [73]
consists of single layer substrate with bowtie slot from one side and a microstriptransmission
line (MTL) from the other side. The coaxial port connected to MTL is from one of the thin sides
of the substrate (perpendicular to aperture) which is not an option in our MWT system (Figure
3.8) - the coupling of the wave from the MTL to the bowtie slot is capacitive using a circular
metallic patch attached at the end of the MTL. The adapted antenna uses two layers of the
above-mentioned substrate. It is plated with copper from all six outer sides and thus creating a
metallic cavity. Towards the imaged area there is the bowtie slot, and the SMA connector is
located on the opposite side. MTL is replaced here by a triplate transmission line, which is
connected to the bowtie slot using two via holes. Furthermore, the cut-off frequency of a
dominant mode of the cavity lies well above the working frequency.

/ _7_7"""-—20

—

e <
0 -Sad1sag

(a)

20

Figure 3.6, Geometries of rectangular waveguide-based (a) and bowtie slot (b) antenna elements.
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Figure 3.7, Dimensions of the bowtie slot antenna element.
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Figure 3.8, Layout of the main container for liquid head phantom. Red and blue circles represent different positions of antenna
elements and different positions stroke phantoms, respectively. Height of the main container is 20 cm and the antenna plane
lies in the middle of the height.(a) 3D view and (b) 2D section of the head phantom: antenna (red circles) and stroke admissible
locations (blue crosses).

3.2.3 Numerical results and discussion

Numerical simulations were performed in the full-wavecommercial simulation tool COMSOL
Multiphysics and it’s RF module. First of all, a magnitude of the reflection coefficient S1; and of
the transmission coefficient between the most distant antennas Ssi: were evaluated and are
shown in Figure 3.9 (a) and (b), respectively. While the magnitude of S1; at 1 GHz is comparable
for the two antenna elements, there are big differences in magnitude of Ss;. The difference is
about 13 dB. The differences in magnitude in all independent S-parameters at single frequency
of 1 GHz is plotted in Figure 3.10. Since the same difference in the magnitude of all transmission
coefficients is present it can be attributed to internal losses of the rectangular waveguide-based
antenna (caused by the equivalent conductivity of the filling material). The undesired internal
loss could be decreased by using some high permittivity and low loss material such as TiO; as it
was done in [71], [72], but it would increase the production demands.

In Figure 3.11 normalized differences in transmission coefficients for the MWT system without
inhomogeneity and with inhomogeneity (o = 0.6 S/m and g, = 30) show the system sensitivity on
presence its presence. In this case the magnitudes are influenced by the presence of the
spherical stroke phantom. It is clear that the system with bowtie slot antennas is more sensitive
than the system using rectangular waveguide-based antennas. The symmetry in these graphs
which is expected from symmetry of the simulated geometry confirms sufficiently high density
of used mesh.
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Figure 3.9, Magnitude of reflection (a) and transmission (b) coefficients for two considered antenna elements.
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Figure 3.10, Magnitudes of all independent (due to the symmetry of the simulated geometry) S-parameters for both
considered antenna elements. MN marks the antenna numbers.
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Figure 3.11, Normalized differences in transmission coefficients for the MWT system without inhomogeneity and with
inhomogeneity (o = 0.6 S/m and er = 30) - sensitivity of the system to the presence of non-homogeneity. Bowtie slot antenna
(a) and rectangular waveguide-based antenna (b).

In Figure 3.12 (a) and (b) there are contours of magnitude of phasor of electric field intensity in
xy— and xz- planes. This quantity should represent symmetry of radiation. The symmetry in
xy—plane is expected for both antennas due to the fact that geometrically are in this plane
symmetrical not only the slots/apertures of the both antennas but also the feeding circuits.

The asymmetrical feeding in the case of the bowtie slot antenna in xz—plane could have an effect
on the radiation symmetry. Here the symmetry of the radiation element was studied and it has
been shown that by using the two via holes (instead of one) at the end of the stripline has
positive effect on the radiation symmetry. The reason for introducing the second via hole was
motivated by broadening of current density in a similar way as it is broader on the grounding
plane.
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Figure 3.12, Isolines of the module of electric field intensity phasor in the planes xy (a) and xz (b). Isolines correspond to 10%,

1% and 0.1% of the maximum module of electric field intensity phasor at the aperture of the rectangular waveguide-based

antenna.
3.2.4 Manufacturing reproducibility of bowtie slot antenna
The slot antenna was realized in 10 copies and their reflection coefficients were measured when
attaching the antenna to a liquid medium having the average dielectric parameters of the human
head. The realized antenna is shown in Figure 3.13 and the results of the measurement of the
reflection coefficient confirming the high degree of reproducibility of this antenna are depicted
in Figure 3.14.
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Figure 3.14.,Measured reflection coefficients of manufactured bowtie slot antennas, respectively.
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3.2.5 Conclusion of comparison of bowtie slot and waveguide based antenna
elements

The waveguide antenna exhibits symmetrical radiation and low radiation outside of the imaged
domain, and not only our group considers it the ideal radiating element for microwave imaging.
However, the production of waveguide antenna is more demanding compared to planar ones.
This chapter presents a bowtie slot antenna whose radiation symmetry and radiation outside
the imaged domain are comparable to and lower than for waveguide based antenna,
respectively. We consider the proposed antenna as a suitable alternative to the waveguide
antenna. Manufacturing reproducibility was demonstrated by reflection coefficient
measurements. Measurement in the MWT system with the bow-tie slot antenna numericaly
analyzed in above chapter is described in Chapter 9 of this work.
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4. Laboratory Microwave Imaging System for Detection and
Classification of Strokes

This chapter presents a prototype of a laboratory microwave imaging system for the detection
and classification of strokes on phantoms, which was developed in the frame of this dissertation
at the Czech Technical University in Prague. The prototype composes of a 3D printed measuring
container with eight bowtie antennas, vector network analyser and a PC with appropriate
software. The measuring container was filled with a liquid phantom of human brain grey matter.
Two different phantoms of brain strokes were prepared (haemorrhagic and necrotic) and moved
over 25 different positions in the measuring container and thereby covering almost all possible
areas in the brain phantom. Gauss-Newton iterative reconstruction algorithm incorporating
computation of EM field in a 3D numerical model of the imaged area in every iteration and
adjoint method of computation of Jacobian was implemented and applied to measured
S-parameters. Approximate position of strokes of both types can be observed from
reconstructed images of distribution of conductivity based on synthetic as well as measured data
even after first iteration of the algorithm. Since EM field for homogeneously filled measuring
container can be computed in advance for the first iteration, those results can be obtained
within few seconds. Furthermore, a tendency to rise or decrease in conductivity in the region of
stroke can also be observed from these images, which is crucial information for stroke
classification.

Chapters 7, 8 and 9 of this dissertation follow up on this chapter. These chapters are written on
the basis of 3 articles published in scientific journals with IF. Some of the theoretical and
experimental results from these articles were freely used to write this fourth chapter. Therefore,
a few pictures appear repeatedly in these chapters. From the point of view of the reader's
convenience and understanding of the text of individual chapters, we considered it better in this
way.

The first section describes the collection of experimental data, consisting of measuring setup
and procedure. The second part is devoted to the measured data analysis and achieved results.

4.1 Data acquisition
Measuring setup and measuring procedure will be described in this section.

4.1.1 Measuring setup

The measuring setup composes of the measuring container (described below), the microwave
switching matrix (ZN-Z84-B42, Rhode&Schwarz, Germany), the vector network analyser (ZNB4-
B32, Rhode&Schwarz, Germany) and a personal computer. Ports of the antennas placed in the
container were connected to the switching matrix test ports by semi rigid coaxial cables (SMA
male on both sides). Even though the isolation between all the test ports of the matrix should
not be higher than -90 dB, 8 out of 24 ports of the switching matrix involved in the measurement
were selected with respect to highest possible isolation between single channels, since the
matrix is made of two 1x4 and four 2x6 switch modules. The fact, that the isolation of -90 dB
should be sufficient, is supported by another group using custom made switching matrix with
isolation of -80 dB between ports [48]. Two matrix VNA ports were connected to test ports of
the VNA by the same type of coaxial cable (SMA male on the side of switch matrix, N male on
the side of VNA). All high frequency connections were tightened by torque wrench to 0.9 Nm.
Thanks to a selection of industrially used measuring devices, compatibility and communication
of the VNA with the matrix was ensured by the manufacturer and USB cable was used to
establish the physical connection. Finally, PC was connected to the VNA by Ethernet cable. After
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installation of device drivers (National Instruments VISA), communication with VNA was
established from Matlab (MathWorks, MA, USA). Setting and triggering of a measurement
together with reading out of the data was done from this programming environment by using
proper SCPI commands. Stream of the data going from the VNA is well defined and described in
a manual of the VNA and can be easily segmented and converted to a form of S parameters
matrix. The working frequency was decided to be 1 GHz. While keeping in mind value of isolation
between the test ports of the matrix, the value of intermediate frequency bandwidth filter was
established to 30 Hz. To increase signal to noise ratio, output power was set to maximal allowed
value in this frequency band by the VNA manufacturer: 13 dBm. A photograph of the measuring
setup together with the measuring container can be seen in Figure 4.1.

Figure 4.1, A photograph of the measuring setup.

4.1.2 Measuring container and antennas

Shape of the measuring container was mainly influenced by the imaging region and so octagonal
container was chosen to be designed finally. Eight dipole bowtie antennas were placed on the
walls of the container. The antennas were designed and numerically optimized in well-proven
commercial numerical simulator COMSOL Multiphysics. The antenna (both arms and gap
together) has overall length of 31.5 mm with 2 mm gap between the arms. Width of the arms
equals to 25 mm. Rodgers RO4003C material with thickness of 1.524 mm and 35 um layer of
copper was used as substrate for this antenna. The container was 3D printed in one piece from
PETG material and has height of 200 mm (including the base — 4 mm) and wall thickness of 2 mm.
Numerical model of proposed system is depicted in Figure 4.2. Twenty-five different positions
were defined and marked on the bottom of the container (Figure 4.3). These marks have
octagonal cross sections and height of 1 cm. The same inverted marks were created at the
bottom of cylindrical stroke phantom holders, which were also 3D printed from the same
material. These holders have inner diameter of 40 mm, height of 196 mm and wall thickness of
1mm.

4.1.3 Calibration procedure

Calibration procedure took place before the measurement. Full port calibration was performed
with the four port automatic calibration unit (ZN-Z153, Rhode&Schwarz, Germany). The VNA,
the matrix and the automatic calibration unit were switched on 90 minutes prior the calibration.
After initialization of the automatic full port calibration, cables going from the matrix were
subsequently manually reconnected to the calibration unit according to the instructions on the
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screen of the VNA - calibration of all used test ports was performed in three reconnection steps.
Calibration data were saved and then reloaded before every measurement.

[ 200,00 mm -
yi
N —
31/ 14 8
+ 1+ 45
A0bak {27541 F
_ . ) [58,46]
T j ENREL A 7
E ¢ 7227} T8N 0T (2827 122
= EE AT B T SO T
@ - S &5 + {7+ L e +----¢t>
- 0 g g PO (3550) L T00] - [3550) A0, X
/100 8 20 19,718 7 2
= [ I/ l + + S B gy
—50 7 [72.27) /3, 128 21,0 2T, A28, 2T) g [72:27]
— P .
,-/f 0 1s8.46] /) + 4 [s.46)
750 4 [27-54] fo-54] [27.-54] 2
\2676\—100 ! S . .

Figure 4.3, Dimensions of measuring container with marked

Figure 4.2, 3D model of measuring container with antennas
positions of stroke phantom.

and cylindrical sample holder —inhomogeneity.

4.1.4 Liquid phantoms preparation

Three different liquid phantoms were prepared. Their dielectric properties correspond to
healthy brain tissue (gray matter), necrotic brain tissue (ischemic stroke) and blood
(hemorrhagic stroke). A list of all phantom components and their amounts can be found in Table
4.1. Dielectric properties of all phantoms were measured using commercial dielectric properties
measurement system (DAK-12, Schmid & Partner Engineering AG, Switzerland) during the
mixing procedure and just before the measurements with our MWT prototype. Measured
relative permittivity and conductivity can also be found in the Table 4.1.

Table 4.1, Phantoms composition and measured dielectric parameters at 1 GHz. Compositions are in weight percent

at 20 °C.
Deionized NaCl Isopropyl o (5/m) &)
water alcohol
Background 48.35 1.16 50.49 0.94 40.1
Ischemic 39.57 0.17 60.27 0.49 37.5
Hemorrhagic 55.19 1.43 43.37 1.35 50.3

4.1.5 Measuring procedure

Measuring container was firstly filled with liquid homogenous phantom of brain grey matter
phantom material. Special attention was payed to elimination of bubbles which appeared on
the surface of antennas during filling of the container. Finally, the container was enclosed by
microwave pyramid absorbers. The absorbers helped to decrease noise level in measured signals
caused by reflections of electromagnetic waves from surroundings and bring the boundary
conditions closer to the boundary conditions used in numerical simulations. The measurement
was composed from three main procedures: (1) measurement with grey matter phantom only,
(2) measurement with phantom of haemorrhagic stroke and (3) measurement with phantom of
necrotic stroke. Phantoms of strokes were subsequently positioned and measured in all marked
spots (Figure 4.3). Whole S-parameter matrix was measured 10 times in series to cover
fluctuations that can appear during the measurement for every configuration. One
measurement of full S-parameter matrix takes about 7 s.

4.2 Results

Performance of our microwave system was evaluated both with synthetic and measured data.
Synthetic data were obtained from numerical simulations of numerical model of our system in
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Comsol Mulltiphysics. The data then underwent the image reconstruction procedure (positions
1,2,3,4,5,17, 18, 19, 25 were selected for purpose of this chapter). Thanks to a symmetry of
the system, these nine different positions cover all the possible configurations.

Reconstruction algorithm and procedure of getting image of relative permittivity and
conductivity from measured S-parameters are described in Chapter 2.

4.2.1 Measured data

An example of measured S-parameters is shown in Figure 4.4. These data are for the case when
the container was filled by grey matter phantom and when two different strokes were placed at
position P1. Real and imaginary part of S-parameters are plotted separately on the graphs.
Differences between data measured on container filled with phantom of grey matter and first
and second type of stroke phantom were computed later and plotted together with standard
deviations of repeated measurement in Figure 4.5. T-test (alpha = 0.01) was applied to disprove
a hypothesis, that the measured S-parameters are the same for state with and without
inhomogeneity included. Very small standard deviations can be observed in repeatedly
measured S parameters for both real and imaginary part of all S parameters. Arithmetic mean
of repeatedly measured S parameters for every position (10 times) was therefore used in
reconstruction procedure. Standard deviations computed from S parameters measured in all 25
positions of strokes were computed and compared with standard deviations of S parameters
measured with container filled with grey mater phantom only. The results are shown in Figure
4.6.
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Figure 4.4, Example of measured data — real and imaginary part of measured S-parameter matrix when the measuring
container was filled with homogenous phantom only and when the inhomogeneities were included subsequently.
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Figure 4.6, Standard deviation in measured S parameters for all positions of strokes together.

4.2.2 Detection of stroke and its position

Reconstructed images od dielectric parametrs were processed in the following way, to show
how well the strokes in different positions were detected after first iteration of the algorithm.
Firstly, arithmetic mean in the resulting images was calculated. Secondly, positions of 400
extreme values (biggest Euclidian distance from the arithmetic mean) was detected in all the
reconstructed images. The number of shown extremes was deduced from size of an area of one
pixel of the reconstructed image and an area of cross section of the stroke phantom (circle with
radius of 2 cm). Dots of specific colour represent detected extremes corresponding to a specific
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position of the stroke phantom. Circles of the same colour represents actual position of the
stroke pahntom. The more dots of the same colour are inside of the circle with the same colour,
the better are the results of the reconstruction (see Figure 4.7). In general, conductivity is much
better reconstructed than relative permittivity. This is apparently caused by the fact, that there
is for both cases much higher contrast between stroke and grey matter in conductivity (42 %
increase for haemorrhagic and 47 % decrease for necrotic), than in permittivity (27 % increase
for haemorrhagic and 6 % decrease for necrotic). There are also some locations in the
reconstructed images, where extreme values were detected without any relationship to the
actual position of stroke (dots of different colours overlap in those regions). This effect can be
caused by insufficient quality of calibration of the system and repeatability of manufacturing
procedure of antennas, where one antenna behaves differently from the remaining - it can be
observed especially in the area close to the measuring container boundaries and antenna
number 6. Even if the position of strokes is not detected perfectly for every position, we still
could define which part of the head was affected. The stroke phantoms closer to the boundary
of measuring container are also generally detected better. It is probably related to signal to noise
ratio of measured signal and the fact, that EM waves traveling for longer distances in lossy
dielectric phantom are naturally more attenuated.

4.3 Conclusion

A Prototype of a laboratory microwave imaging system developed at Czech Technical University
in Prague (Faculty of Biomedical Engineering, Dept. of Biomedical Technology) was described in
this chapter. The prototype was designed as our first attempt to develop a laboratory microwave
imaging system for testing of various antenna elements, imaging and classification algorithms,
and head phantoms for the early detection and classification of human brain strokes. Design of
the system, measurement setup, measurement procedure and measured data are described in
this chapter. Two different phantoms of human brain strokes (haemorrhagic and necrotic) were
prepared and measured at 25 different positions in the measuring container filled by the
phantom of human grey matter.

Measured S-parameters were inspected and then underwent the image reconstruction
procedure. Possibility of the stroke detection and classification from the reconstructed images
was evaluated. Finally, results of reconstruction achieved with measured data were compared
to results achieved with synthetic data. These results support the statements of another groups
working in this field, that the detection and differentiation of the strokes by means of microwave
technique should be possible.

We decided to use dielectric image reconstruction algorithm previously used for detection of
breast cancer to process the measured data. Although advantage of machine learning
algorithms can be clearly seen in achieved results of several research groups (including ours), its
ease of use and implementation, we believe that for medical doctors it will always be important
to see what is actually happening inside of the examined region and what data is the
recommended decision of machine learning algorihms based on. It will always be the specialist
who must make the final decision, not the algorithm. On the other hand, images generated by
reconstruction algorithms can be often very confusing despite the fact, that the measured data
can contain enough information to make right decision. This led us to a concept of synergy of
those two processing procedures of measured data: combining reconstructed images with
decision recommended by machine learning algorithm.
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In our future work, we are going to improve our system in several ways to deal with some major
known issues such as low sensitivity, spatial resolution, and sensitivity to noise. New antenna
elements will be designed and more of them will be used in the container. Shape of the container
will be modified to better fit on a real human head. We are also aware of simplified shapes of
stroke phantoms and so study of strokes of different shapes and sizes must be conducted.

In chapter 9, evolved version of the system described here is thoroughly investigated.
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5. Temperature Dependent Complex Permittivity Model of Agar
Phantom for Microwave Temperature Distribution Monitoring

During Microwave Hyperthermia Treatment

It is well known fact, that the dielectric parameters of materials are not only frequency but also
temperature dependent. This fact leads to the idea using MWT for noninvasive monitoring of
the temperature in human body during cancer treatment procedure called microwave
hyperthermia. In order to allow testing of a MWT prototypes for this purpose, tissue simulating
materials with known temperature dependency of its dielectric properties are needed. From
that reason complex permittivity of agar phantom material was measured and the parameters
of temperature dependent model were estimated in this chapter.

As the changes in complex permittivity due to a temperature change are very low, high precision
and error free measurement is crucial and so our experiences with measurement with open
ended coaxial probe at University of Galway, Ireland are described in chapter 6.

This chapter is thus dedicated to a measurement of complex permittivity of agar phantom at
different temperatures and estimation of noise related with sensing volume of the method used
for the measurement — in this case open ended coaxial probe. Aim of our work is to estimate
temperature dependent parameters of mathematical model of this dielectric. The measuring
procedure as well as data processing procedure is described and verified on distilled water.
While measuring the agar phantom, the procedure becomes more challenging. Measured data
contain more noise, the changes due to the change of the temperature are smaller and
homogenous heating of the sample large enough to cover sensing volume of the probe is time
consuming.

5.1 Introduction

The agar phantom [53] is used at our university for two main purposes. One of the applications
is testing of newly designed microwave hyperthermia applicators. Temperature of the phantom
can be increased from 20 °C to 40 °C during power measurement. The second application relates
to non-invasive temperature monitoring by means of microwave radar or microwave
tomography, where the exact temperature is estimated from absolute or relative change in
complex permittivity in monitored region.

5.2 Measuring set up

The measuring setup is depicted in Figure 5.1. It composes from heating bath, thermometer,
vector network analyser and measuring probe. Heating bath was filled with distilled water and
allowed us to heat water int the bath in 1 °C steps. Although heating bath contains built in
thermometer, temperature of water was also monitored by using external thermometer
(Voltcraft K204). Measuring coaxial probe (DAK 12, Speag AG) was fixed in laboratory stand and
connected by coaxial cable to the network vector analyser (Keysight FieldFox N9923A). Personal
computer with preinstalled software (delivered with probe kit) connected to the network vector
analyser was used to operate with the analyser and to trigger a calibration procedure and the
measurement. Calibration was performed with three calibration standards (short, open, distilled
water) ahead of every measurement. The analyser was turned on 90 minutes prior the
calibration and the first measurement.
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Figure 5.1, Measuring setup for measurement of complex permittivity of the agar phantom at different temperatures. (PC—
personal computer, VNA — vector networ analyser, T — thermometer and temperature stable water bath)

5.3 Measurement procedure

Firstly, complex permittivity of distilled water sample was measured. Container with volume of
1 dm? was filled with water sample and placed into the water bath. Temperature probe was
inserted into the sample. Lowest temperature (20 °C) from wanted temperature range was set
up at the water bath control panel. Temperature in the water bath and the sample was
continuously monitored till the temperature equalization has appeared. Water in the sample
container was occasionally mixed to speed up the temperature equalization process. After the
calibration, sample container was taken out of the water bath and placed on the lifting table
under the probe. Sample was lifted to immerse the probe into it and so any movement of coaxial
cable and probe was avoided. Tip of the probe was observed for bubbles. Finally, complex
permittivity was measured in 201 frequency points in frequency range going linearly from
50 MHz to 3 GHz.

Agar phantom complex permittivity measurement was very similar to water sample
measurement, but two identical samples were used instead of one. Agar phantoms with shape
of a cylinder (diameter of 11 cm, height of 6 cm) were prepared in two identical specimens
according to the recipe published in [53]. Both specimens of the phantom were placed in the
water bath. One temperature probe was placed in the middle of one of the phantoms, second
was placed in the water bath. Second specimen of the phantom without the temperature probe
was used for measurement of complex permittivity and so needs to stay undamaged (not
penetrated by temperature probe). Then there was time for temperature equalization between
water and the first phantom (temperature inside of the second phantom was expected to be
the same). After temperature equalization, NVA was calibrated, phantom without temperature
probe was placed on the lifting table and its complex permittivity was measured. The procedure
is depicted in Figure 5.2.

Pull out the

phantom

Set desired Calibrate VNA*

Verify with
0.1M Nacl

Preheat the
probe

Place it on the
lifting table

Wait for
temperature
equalization

temperature on
the water bath
and place the

Uncover from
phantoms bag

into water

(90 minutes)

Measure
5 times

T=20, 25, 30, 35,40 °C

Figure 5.2, Procedure of complex permittivity measurement
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5.4 Data processing
One pole Debye model (eq. 1) was fitted to measured data for every temperature by using
genetic algorithm [55].

&(t) — € (t) | 0y(0)

E(w, t) = g, (t) + 1+ o +jw5air (1)

Thanks to it we got the parameters of Debey model for distilled water and agar phantom at
every measured temperature. In the next step we were looking for functions which models the
best the temperature dependent parameters. Another fitting procedure was performed to
estimate the parameters of these functions. Finally, we established four equations defining
dependency of Debey model parameters on temperature. The procedure is depicted in Figure
5.3.

Data measured

Debye model Temperature
at different

temperatures

parameters fitting (GA)
at every temperatures

dependent parameters
fitting

Figure 5.3, Data processing procedure.

5.5 Results

The data measured on distilled water together with fitted models are depicted on Figure 5.5.
Despite the contamination of the traces with noise, temperature dependent parameters of one
pole Debye model were estimated. Although we followed recommendations of the probe kit
developer (1 dm3 container), this noise was probably connected with small size of the sample
container. This can be quite easily verified by moving of the sample from middle axes of the
probe to the edge of the container during continuous measurement of complex permittivity —
changes in the amount of noise are proportional to probe position relative to the container.
Therefore, we also carried out numerical analysis of this problem.

The data measured on the agar phantom were according to our assumptions even more noisy
(Figure 5.5). Parameters of the model were estimated in the same manner as for the distilled
water. Nevertheless, we are distrustful of the quality of the data and model and decided to
repeat the measurement with a vision of better quality of the results. However, we belief that
following statement can be made. Average change in relative permittivity equals to 0.3 per 1°C
and 0.013 S/m per 1 °C in conductivity (depending on frequency).

5.6 Conclusion - noise in measured data and sensing volume

The coaxial probe used for measurement was modelled in RF module of COMSOL Multiphysics.
Precise dimensions and permittivity of dielectric bead material can be found in the
documentation of the probe. Diameter of the flange equals to 48 mm, inner diameter of the
outer conductor to 12 mm and diameter of the inner conductor to 3.18 mm (cross section of the
probe can be seen on the top of the Figure 5.6. The probe was virtually facing into the cylinder
filled with distilled water and the flange of the probe was covered from the top side by air.
Scattering boundary conditions were applied on all boundaries of the computational domain.
Numerical simulation of electromagnetic field was then calculated in declared working
frequency band of the probe (10 MHz to 3 GHz with step of 200 MHz). Contours of 25 dB
decrease in absolute value of E field were extracted from the results and are depicted in Figure
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5.6. From the contours we can see that the E field expands the most in the frequency band from
1 GHz to 2.4 GHz. This could explain the biggest amount of noise occurring in all of our
measurements, where the noisiest part can be found in the same frequency band. The smallest
needed container size filled with distilled water can also be roughly estimated from our study.
We can see that the diameter of the container must not be underestimated — it must be almost
double of the height. Size of the sensing volume of the probe of this size is not as surprising, but
must be kept in mind especially when previous experiences of an experimenter are with
Performance or Slim Form probe (Keysight Technologies, Santa Rosa, CA, USA) whose are much
smaller and so its sensing volume does not exceed a few millimeters only [56].

In order to get better results while keeping the size of the sample for calibration the same, liquid
with higher conductivity can be used as load calibration standard. For our purpose we used 0.1M
solution of NaCl. Results from the measurement on the same agar phantom are shown in Figure
5.7. There are three lines in every graph. The blue one corresponds to a measurement in the
middle of the phantom, the red one corresponds to a measurement closer to the edge of the
phantom. The amplitude of the ripples in the traces still increases from the middle to the edge
of the phantom, but is much smaller when compared with the measurement, where distilled
water was used as the third (load) calibration standard.
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Figure 5.4, Measured complex permittivity of distilled water (solid lines) with standard uncertainty together with fitted model
(dashed lines).
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Figure 5.5, Measured complex permittivity of agar phantom (solid lines) with standard uncertainty together with fitted model
(dashed lines).
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Technique for Dielectric Measurement of Biological Tissues: Challenges and Common
Practices

Abstract: Electromagnetic (EM) medical technologies are rapidly expanding worldwide for both
diagnostics and therapeutics. As these technologies are low-cost and minimally invasive, they
have been the focus of significant research efforts in recent years. Such technologies are often
based on the assumption that there is a contrast in the dielectric properties of different tissue
types or that the properties of particular tissues fall within a defined range. Thus, accurate
knowledge of the dielectric properties of biological tissues is fundamental to EM medical
technologies. Over the past decades, numerous studies were conducted to expand the dielectric
repository of biological tissues. However, dielectric data is not yet available for every tissue type
and at every temperature and frequency. For this reason, dielectric measurements may be
performed by researchers who are not specialists in the acquisition of tissue dielectric
properties. Tothis end, this paper reviews the tissue dielectric measurement process performed
with an open-ended coaxial probe. Given the high number of factors, including equipment- and
tissue-related confounders, that can increase the measurement uncertainty or introduce errors
into the tissue dielectric data, this work discusses each step of the coaxial probe measurement
procedure, highlighting common practices, challenges, and techniques for controlling and
compensating for confounders.

Keywords: dielectric measurements; biological tissues; open-ended coaxial probe; equipment-
related confounders; tissue-related confounders

6.1 Introduction

The interaction of electromagnetic (EM) fields with the human body is dependent on the
inherent dielectric properties of each tissue. Based on these properties, electromagnetic waves
are transmitted, absorbed, and reflected by biological tissues in different ratios. Accurate
knowledge of these properties is crucial for dosimetry (safety) calculations and for medical
diagnostic, monitoring, and therapeutic technologies.

The dielectric properties of tissues can be incorporated into highly accurate computational and
physical models, and the generated preliminary data can be used to assess the technical risk,
efficacy, and safety of the medical device or treatment. For instance, numerical models based on
tissue dielectric parameters are used to calculate the specific absorption rate (SAR) in biological
tissues. SAR levels are regularly calculated to validate the safety of many medical technologies,
including magnetic resonance imaging (MRI) and implantable devices. Since SAR is a complex
function of the dielectric properties of tissue, accurate knowledge of these properties are the
foundation upon which SAR safety analysis is built [1,2]. Furthermore, accurate knowledge of
the dielectric properties of biological tissue have prompted the development of a wide range of
novel diagnostic and therapeutictechnologies.

EM imaging ranges from the low-frequency Electrical Impedance Tomography (EIT) to higher-
frequency Microwave Imaging (MWI). Both of these techniques rely on dielectric contrasts
between organs or on contrasts between healthy and diseased, or inflamed, tissue. These
imaging methods have gained significant academic and commercial interest, since both EIT and
MW!I are non-invasive and low-cost techniques [3—7]. While EIT is now established commercially
for lung-function monitoring applications [8, 9], MWI, similarly, has made considerable progress
toward clinical usage in the past two decades as tissue dielectric properties enable the
differentiation of benign and malignant tissues in breast cancer imaging [10—-14], the monitoring
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of bladder volume in the treatment of enuresis and urinary incontinence [15,16], and the
detection of stroke in intracranial imaging [17-20].

From a therapeutic perspective, knowledge of the relevant dielectric propertiesisusedin the
design and optimisation of hyperthermia (HT) [21-23], radiofrequency ablation (RFA) [24-26],
and microwave ablation (MWA) systems [27-31]. Hyperthermia consists of elevating the
temperature of a diseased tissue to just above a normal physiological level in order to sensitise
tumour cells, making the cancerous tissue more susceptible to chemotherapy and radiotherapy
[32]. Targeted HT has been demonstrated to be particularly effective in the treatment of cervical
cancer, breast cancer, cancers of the head and neck, and sarcoma in adults [21] and germ cell
tumours in young children [23]. In EM-based hyperthermia systems, heating is achieved by
coherently adding signals at the tumour location. In order to achieve coherent summing of the
waves at the appropriate location, knowledge of the wave propagation speed is required, which
depends onthedielectric properties of the tissuesinthe region. Similarly, radiofrequency ablation
(RFA) and microwave ablation (MWA) are two treatments for liver, kidney, and lung cancer
[33,34]. Both methods cause the direct necrosis of disease, and the relative high frequencies
allow for good selectivity in terms of targeting the cancerous tissue, while protecting the
surrounding healthy tissue [35]. Knowledge of the dielectric properties of tissues in the ablation
region are factored into the design of ablation probes, where they are used to optimise the
probe antenna efficiency and directivity, along with the size and shape of the ablation zone [36].

Thus, an accurate knowledge of the tissue dielectric properties not only has the potential to
improve SAR estimates and reduce undesired tissue heating, particularly in newly developed RF-
induction powered implantable sensors, but is also of key importance for the design of novel
EM-based imaging and therapeutic technologies.

Duetothe fast-paced development of novel, low-cost medical technologies and wearable devices,
knowledge of new dielectric tissue data may be required. Thus, dielectric data may be acquired
by researchers who are not specialists in the measurement of dielectric properties. For this
reason, this paper reviews the most common measurement techniques for the acquisition of
dielectric properties of biological tissues and references the most relevant dielectric studies in
theliterature.

There are several methods to measure the dielectric properties of biological tissues, including:
The transmission line, cavity, tetrapolar (or multi electrode) probe, and open-ended coaxial
probe techniques. Amongst these methods, the coaxial probe technique is the most commonly
used [11,29,30,37—-44]. Although the dielectric measurement process with an open-ended
coaxial probe appears straightforward, different confounders can result in two types of errors
in the measured data: Equipment-related (or system) and tissue-related errors. System errors
relate to measurement equipment choice, measurement uncertainties, and measurement
calibration and validation. Tissue-related errors are due to factors including: Temperature,
probe-sample contact, probe-sample pressure, sample handling procedure, in vivo versus ex vivo
experiments, tissue sample properties, and heterogeneity. Historically, equipment-related
errors have been reduced with the development of a standard error correction calibration and
good benchmarks have been defined to reduce or compensate for tissue-related errors.
However, many tissue-related errors have yet to be investigated in detail. Both equipment-
and tissue-related errors are addressed in this work. In particular, this paper focuses on the
most common methods and best practices used to reduce or compensate for confounders
affecting each step of the open-ended coaxial probe measurement process. Confounders are
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defined, here, as factors that affect the outcome (i.e., the measured dielectric properties) other
than the intended cause (the actual tissue properties).

The remainder of the paperis organised as follows: Section 2 introduces the physical principles of
the dielectric properties of biological tissues and summarises the most relevant works in the
literature, highlighting the different aspects to consider in the process of tissue dielectric
measurement. Section 3 describes the techniques used for dielectric measurement of biological
tissues, and highlights why the open-ended coaxial probe method has, historically, been the most
widely used for tissue measurements. In the following sections, the steps involved in an open-
ended coaxial measurement are detailed. In Section 4, the standard calibration method is
described and, in Section 5, the typical system validation procedure and the measurement
uncertainty estimation are discussed. Tissue-related confounders are analysed in Sections 6 and
7. Lastly, the paper concludes in Section 8, with a discussion proposing methods to refine the
dielectric characterisation of human tissues and improve the interpretation of both historical
and new dielectric datasets. It is hoped that this paper will be a useful reference text for those
who are not experts in the field of dielectric data acquisition, but who are interested in using the
resulting dielectric data or EM-based medical technologies that rely on this data.

6.2 Tissue Dielectric Properties: Background and Relevant Works

Thissection providesthe necessarytheoretical background forunderstandingdielectric properties
and their measurement. Firstly, dielectric properties are defined and their characteristics
described. Then, a concise historical review of dielectric property measurements of tissues is
detailed, highlighting the progress in the dielectric measurement of biological tissues to date.

6.2.1 Basics of Dielectric Properties

The dielectric properties of biological tissues (and polar materials) are defined by the complex
permittivity, e(w)*, which describes the interaction of the tissue with an external electric field.
When an electric field is applied, a charge displacement in the tissue causes dielectric
polarisation. The real and the imaginary terms of the complex permittivity are related by:

£@)" = /() — & () = &' (w) — |22

iz, (1)
where w is the angular frequency. The real part of the complex permittivity, &' , also called the
“dielectric constant” or “relative permittivity”, expresses the ability of the tissue to store energy
from an external electric field. The imaginary part of permittivity, "’ , reflects the dissipative
nature of the tissue, which absorbs the energy and partially converts it to heat. The conductivity,
o(w) , is linked to the imaginary part of the complex permittivity by the relationship defined in
Equation (1).

Equation (1) expresses the dependence of complex permittivity on the frequency of the applied
external electric field. In particular, at specific frequencies, polarisation occurs and contributes
to the tissue dielectric behaviour [45,46]. The dielectric spectrum of a tissue is characterized by
three main dispersion regions, «, 5, and y, along with other minor dispersions, including the §
dispersion. These dispersion regions reflect the mechanisms occurring in various components of
the biological material. Details regarding these biophysical mechanisms are thoroughly reported
in [45,46].

Mathematical functions have been developed to model the dielectric behaviour of biological
tissues and polar materials. These models are generally used to fit dielectric data, thus, reducing
measurement data points to closed form equations and convenient graphical representations
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[11]. Dielectric models allow the calculation of the relative permittivity and conductivity values
at any desired frequency within the range for which the relaxation equation is valid [47,48].
Importantly, these models allow for the dielectric properties of biological tissues to be easily
incorporated into sophisticated computational models.

The most common models used to describe the electrical behaviour of either aqueous electrolytic
solutions or tissues are the: Debye, Cole-Cole, and Cole-Davidson models [49]. In general, the
Debye, Cole-Cole, and Cole-Davidson models can be represented collectively by the Havriliak—
Negami relaxation, which is an empirical modification of the Debye relaxation model, accounting
for the asymmetry and broadness of the dielectric dispersion curve:

W) = 0+ i @
where w is the angular frequency, &, is the permittivity at infinite frequencies due to electronic
polarizability, &, is the static (low frequency) permittivity, oy is the static conductivity linked to
charge movements, g, is the permittivity of the vacuum, @ and f§ are empirical variables that
account for the distribution of the relaxation time and the asymmetry of the relaxation time
distribution, respectively, and 7 is the characteristic relaxation time of the medium, which is the
time necessary for the material molecules or dipoles to return to the relaxation state that was
perturbed by the application of the electric field. When @ =0and 8 = 1, Equation (2) corresponds
to the Debye model. For 0 < @ <1 and 8 =1, Equation (2) results in the Cole-Cole equation,
which accounts for the distribution of the relaxation time. Lastly, fora=0and 0< f< 1, Equation
(2) corresponds to the Cole-Davidson equation, which is characterised by an asymmetrically
broadened distribution of relaxation times [49]. While all of these models are used for fitting
polar aqueous solutions, biological tissue data is generally fitted with the Debye and Cole-Cole
models.

Equation (2) describes a single relaxation; however, if the dielectric behaviour of a material is
analysed across a wide frequency range, all dielectric relaxations occurring over that frequency
range must be taken into account and more poles (corresponding to the different relaxation
times of the material) should be introduced to adequately describe the material. Biological
tissues are generally described in terms of multiple Cole-Cole poles, which is a physics-based
compact representation of wideband frequency-dependent dielectric properties [47].

6.2.2 Dielectric Property Studies in the Literature

Since the late 1940s, researchers have examined the dielectric properties of human and animal
tissues across different frequency ranges, often using varied measurement procedures [50—
53]. In the 1980s, the dielectric relaxation processes of biological tissues were further
examined and modelled [45,46], and, increasingly, the open-ended coaxial line became the most
common sensor for the acquisition of the dielectric properties of animal and human tissues [38—
41,54-58]. The open-ended coaxial measurement technique was preferred to the transmission
line, cavity perturbation, and tetrapolar probe methods, since the open-ended coaxial technique
is non-destructive and allows for ex vivo and in vivo broadband measurements [39,59-61].

In the same decade, considerable progress was made on the measurement system and
procedure, and several dielectric studies were conducted. Along with the dielectric
characterisation of animal and human tissues [39,54,62,63], the tissue dielectric properties
were analysed as a function of their physiological properties [45,55,64]. For instance, the
dependence of the dielectric properties on tissue water content at microwave frequencies was
analysed [56,65], the in vivo and ex vivo dielectric properties were compared [40], the difference
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between healthy and malignant tissues were examined [64,65], and the change in tissue
dielectric properties post-mortem were reported[55].

A decade later, in 1996, Gabriel et al. published a comprehensive literature review reporting
animal and human dielectric data across ten frequency decades, from 10 Hz to 20 GHz [66].
Dielectric data from a wide literature search was gathered and compared. Some inconsistencies
were noted due to the use of different equipment and samples, and, therefore, Gabriel et al.
sought to supplement these datasets with newly acquired data. Gabriel et al. completed in vivo
and ex vivo animal and human tissue studies over a frequency range from 10 Hz to 20 GHz
[42,47,67]. With this work, Gabriel et al. bridged gaps in the literature and consolidated the
available dielectric data into one large dielectric repository. The experimental measurements
were performed using three different techniques, depending on the acquisition frequency. To
ensure quality, wherever possible, in vivo measurements on human patients were selected in
preference to ex vivo or animal measurements. Where ex vivo/in vitro tissue was used,
measurements were acquired as soon as possible after death. The data collected and measured
by Gabriel et al. quickly became the generally accepted standard for dielectric properties of
human tissues. This work was made publicly available on, firstly, the Federal Communications
Commission (FCC) website [68] and on the Italian National Research Council (CNR) website,
subsequently [69]. This broad availability allowed widespread use of the data among the
scientific community and contributed to its diffusion.

In the subsequent years, dielectric measurement instrumentation and procedures were further
improved. Specifically, the volume of the sample interrogated by the probe was investigated to
accurately assign the acquired dielectric data to the actual tissue contributing to the dielectric
measurement [70-72]. Based on the analysis of the probe sensing volume, precision probes
were manufactured for localised dielectric spectroscopy of both low and high permittivity
tissues [73].

In 2005, following an extensive measurement programme to measure the dielectric properties
of several animal tissues, Peyman et al. described many measurement challenges related to the
dielectric properties of biological tissues and corresponding methods to deal with them [43]. In
2006, Gabriel and Peyman reviewed tissue dielectric properties, with the aim of examining
measurement uncertainties and their effect on existing dielectric measurements. The
uncertainties were divided into random (“Type A”) and systematic (“Type B”), according to the
guidelines defined by the National Institute of Standard and Technology (NIST) in 1994 [74,75].

In 2007, Lazebnik et al. examined the dielectric properties of breast tissue, with the aim of
assessing the viability of using microwave imaging to detect early-stage breast cancer [11,76].
Through careful histological categorisation of each breast tissue sample, Lazebnik et al. found
the breast to be dielectrically heterogeneous, and the dielectric contrast between fibroglandular
tissue and cancerous tissue to be as little as 1.1:1 in the range between 0.5 GHz and 20 GHz.
These findings were in conflict with almost all existing datasets, which had predicted
considerably higher dielectric contrast (some as large as 10:1) [77,78]. The findings of Lazebnik
et al. had a very significant impact in the community of researchers developing microwave
breast imaging systems, since the data suggested that the dielectric contrast between healthy
and cancerous tissue may be too low to clinically detect cancer using this technology. More
recent works characterising healthy and cancerous breast tissue found a high variability in the
properties across each tissue type and across patients, which complicates the dielectric
differentiation between healthy and malignant tissue [12,58,79]. However, in Martellosio etal.,a
contrast in relative permittivity ranging from 1.1 to 5 was found between healthy and cancerous
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breast tissue across the range of 0.5-20 GHz [79], which is in broad agreement with the results
of Lazebnik et al. [11,76].

In 2014, Sugitani et al. suggested that the inconsistency in the reported dielectric properties of
breast tissue may be at least partially attributed to variations in the number of cells of each tissue
type (e.g., fat or tumour) within a dielectric sample [12]. The findings in Sugitani et al.
underscored the need to take into consideration tissue heterogeneity and histopathology within
the sensing volume when completing dielectric studies.

In order to define the sensing volume to account for histological analysis of heterogeneous
biological tissues, Meaney et al. and Porter et al. examined the sensing volume of the common
commercial dielectric probes and evaluated the dependence of the measured dielectric
propertieson the sample tissue composition [80-83].

Recently, numerous studiesinvestigatingthe contrastin dielectric properties between healthyand
malignant tissues have been conducted in order to improve the design of existing medical
devices or

to expand the clinical application of both imaging and therapeutic devices [10,37,84-86]. In
particular, a number of works investigated the dependence of the dielectric properties of
biological tissues on temperature for the optimisation of therapeutic technologies, such as
RF/MW ablation[26-31,35].

Tosummarise, over the last three decades, notable progress has been made in the improvement
of dielectric measurement equipment and in the refinement of the measurement protocol,
aimed at further improving existing dielectric repositories. However, today, there is still a need
for additional dielectric data to cover all tissue types, temperatures, and frequency ranges. This
data provides the foundation for safety studies involving electromagnetic fields and for the
design or optimisation of novel medical technologies. Therefore, in the next sections, the
dielectric measurement procedure is discussed in detail and, along with each step of the
procedure, the corresponding confounders that can introduce error into the results are
discussed. Compensation techniques for mitigating the impact of confounders are also provided.

6.3 Measurement Approaches

Different techniques have been used to measure the dielectric properties of tissue, including the
transmission line and waveguide; open-ended coaxial probe; tetrapolar (or multi electrode)
impedance; and perturbation cavity methods. In this section, an overview of each technique is
provided, along with the known advantages and drawbacks of each. Then, the focus is on the
most common method, the open-ended coaxial probe technique. This section underscores why
the coaxial probe technique is the most used approach for dielectric tissue measurements. The
state-of-the-art in modern open-ended coaxial probe measurement equipment is also
presented.

6.3.1 Overview of Measurement Techniques
Among the measurement techniques used in previous dielectric studies, the most common
methods are presented and briefly discussed in this subsection.

6.3.1.1 Transmission Line

In transmission line measurement methods, a sample is placed in a coaxial line or, in the case of
anisotropic tissue, in a rectangular waveguide so that the field polarisation may be varied. The
transmission line is connected to two ports of a Vector Network Analyser (VNA) in order to
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acquire the scattering parameters (S11 and S21) [62,87], which are then converted into the
complex permittivity (dielectric properties) of the tissue. The two most commonly used
conversion methods are the Nicolson-Ross-Weir (NRW) method [88,89] and the NIST iterative
conversion method [90,91]. The NRW method provides a direct calculation of permittivity from
the complex reflection coefficient and the complex transmission coefficient obtained from the S-
parameters [88,89,91,92]. Other common conversion methods are iterative and receive the
initial guess from the NRW method or users’ input. The algorithm developed to implement the
NIST iterative conversion method is reported in detail in Baker-Jarvis et al. [90].

The transmission line method allows measurement over a large frequency range, but only at low
temperatures [87,93,94]. Waveguides are suitable for measuring larger samples (i.e., samples
the size of the waveguide) at frequencies of up to 2.45 GHz, which is the frequency point
normally used in microwave ablation. Smaller samples can be measured in the coaxial line,
although this method also requires careful sample preparation in order to shape the sample to
fit the line, and the method generally assumes that there are no air gaps in or around the sample
and that the sample has smooth flat faces [95]. Thus, the transmission line method can be
suitable for the measurements of biological fluids, but is unsuitable for in vivo measurements
and not recommended for ex vivo measurements of semisolid or solid biological samples.

6.3.1.2 Cavity Perturbation

The cavity perturbation method consists of a resonant cavity that resonates at specific
frequencies. The tissue samples are inserted into the cavity and analysed by measuring the
resonant frequency

(f) and quality factor (Q), which are altered by inserting the tissue sample [94-98]. The tissue
dielectric properties are then computed using the frequency, the Q-factor, and the sample
volume. Details regarding the mathematical formulation to obtain the permittivity of the sample
are reported by Campbell et al. [99]. However, the resonant frequency and quality factor are
generally computed with a VNA. Since the maximum change in resonant frequency is achieved
when a small perturbation occurs at the maximum intensity of the cavity mode, the cavity
perturbation method requires a small sample [94,97]. Dielectric measurements performed using
the cavity perturbation method can be accurate, but only provide dielectric data at a single
frequency (in the upper microwave frequency range of 1-50 GHz). While the equipment needed
for cavity perturbation measurements is readily available and cost-effective, the sample
preparation is relatively complicated, requiring an excised tissue sample to be cut and moulded
to a precise size and shape to fit into the cavity [95,97]. This process may introduce air pockets
within the sample or between the sample and the cavity, loss of fluid in the tissue (which would
affect its properties), and an increase in density from pushing the tissue into the cavity (which
could also affect its properties) [97]. Due to the required sample size and, thus, sample
preparation, biological tissue measurements with the cavity perturbation method are highly
challenging.

6.3.1.3 Tetrapolar Impedance

Unlike the previous two techniques, the tetrapolar (or multi electrode) impedance method is
non-destructive and allows for in vivo tissue measurements. The tetrapolar probe is composed of
four electrodes: Two of the electrodes are driven with a current source and the other two
electrodes are used for voltage measurements. The two electrode pairs are used for impedance
measurements, avoiding interference from effects related to the electrode-tissue interface
[100,101]. The tissue dielectric properties are easily evaluated from the measured impedance
with knowledge of the sample dimensions. Although the tetrapolar probe method does not
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require tissue processing and is very sensitive to tissue anisotropies [19,101], it is only suitable

for specific low frequencies (in the range of 1076-100 MHz) [101]. For the tetrapolar probe
technique, the electrode configuration should vary according to the interrogated tissue. In order
toincrease the number of applications, tetrapolar probes may be replaced by spring-loaded multi
electrode probes [102]. The multiple surface electrodes permits the setting of a current pattern
so that the resulting measured voltage is more sensitive to a local area and less sensitive to other
regions. Multi electrode probes can provide improved bioimpedance and anisotropy
measurements [102].

6.3.1.4 Open-ended Coaxial Probe

The coaxial probe technique does not suffer from many of the disadvantages associated with
the techniques described above. The open-ended coaxial probe consists of a truncated section
of a transmission line. The electromagnetic field propagates along the coaxial line and reflection
occurs when the electromagnetic field encounters an impedance mismatch between the probe
and the tissue sample. The open-ended coaxial probe measurement set-up and the probe cross-
section are schematisedin Figure 6.1. The reflected signals at different frequencies are measured
andthen converted into complex permittivity values.

(a)

(b)

Outer conductor—_
Insulator
Inner mnductor{

Figure 6.1, Open-ended coaxial probe technique: (a) Schematised measurement set-up, including the Vector Network Analyser (on
the right), the cable connecting one port of the VNA to the coaxial probe, the probe bracket, and the liquid sample being measured;
(b) top and side cross-sections of the coaxial probe, with electric field orientation indicated.

Different methods have been developed to convert the measured reflection coefficient to
permittivity [60,103-107]. However, today, this process is generally done automatically by
software embedded in the VNA [108]. Therefore, details on the various methods are not
discussed in detail here, but more information can be found in [103-107,109-111].

The open-ended coaxial probe has become the most commonly used method to measure the
dielectric properties of tissues for several reasons: The method is simple; sample handling is
minimal and non-destructive; and both ex vivo and in vivo measurements over a broad
frequency range are possible [39,42,43,72,94]. However, the open-ended coaxial method
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assumes a homogeneous sample that is in good contact with the probe; therefore, air bubbles
and uneven sample surfaces can result in inaccurate measurements [95], and heterogeneous
samples present a particular challenge. There are also limits to the magnitudes of material
properties that can be measured reliably [95]. The limits of what can be measured depend on a
number of factors, including the probe design and materials (and, therefore, its impedance),
precision of the probe fabrication procedure, calibration procedure (standards used), and the
capabilities of the measurement device (i.e., the VNA). Furthermore, what is classified as a
“reliable measurement” depends on the experiment and the required accuracy. Although
theoretical limits of the measurement set up can be estimated analytically, they are generally
estimated experimentally by measuring materials (usually liquids) with different extreme values
of relative permittivity and conductivity. Then, the accuracy of the measurement can be
estimated in different ranges of complex permittivity and it can be determined if the accuracy is
appropriate for the experiment of interest.

Overall, many challenges associated with tissue dielectric property measurements may arise in
each of the above measurement techniques, for example, issues related to temperature change
and tissue heterogeneity. Since the coaxial probe technique is by far the most commonly used
method for tissue measurements [10-12,39-42,44,59,60,62,112,113], it will be examined in
more detail in the subsequent sections.

6.3.2 Evolution of the Coaxial Probe Design and Fabrication

In the 1980s and 1990s, researchers conducting studies on dielectric measurements of biological
tissues focused on probe design and fabrication, system development, and systemic error
correction techniques [39,40,60-62,73]. The majority of the custom probes were fabricated
from 50 Q semi-rigid coaxial cables [39,40,60-62,94]. Probes were customised depending on the
type and size of the tissue sample to be investigated and on the desired frequency range of the
dielectric properties study.

Several custom-made probes were made of metal and Teflon [39,40,61,62]. Burdette et al. used
a 2.1 mm diameter probe to perform in vivo and ex vivo measurement on animal tissue over the
frequency range 0.1-10 GHz. This probe had a flange (i.e., a ground plane) to contain the
electromagnetic field at the tip [39]. Kraszewski et al. performed in vivo animal measurements
overthe frequencies 0.1-12 GHz using a Teflon-filled metal probe with a 3.2 mm external diameter
[40]. Gabriel et al. used two Teflon-filled metal probes for in vivo and ex vivo animal studies
in order to acquire tissue dielectric properties at both low and high frequencies [42]. The probe

used in the low frequency range (10'4—200 MHz) had an external diameter of about 10 mm
and the smaller probe, used for dielectric measurements at the frequency range between (0.2—
20 GHz), had an external diameter of 2.9 mm [109]. Larger probes require a larger sample size
due to the increased sensing volume (i.e., the region of the tissue that is interrogated by the
electric field of the probe). In both Burdette et al. and Gabriel et al., the probe tips of the inner
and outer conductors were plated with an inert metal, such as gold and platinum, to modify
the effect of electrode polarisation, which is a manifestation of chemical reactions between
the probe and the electrolytes (water molecules and hydrated ions) in the tissue [39,42].
Specifically, this plating process shifts the electrode polarisation, normally occurring at low
frequencies, to even lower frequencies [39,46,109]. Popovic et al. reported that Teflon-filled
copper probes, usually used for broadband reflection coefficient measurements, can cause
inaccurate measurements because the probe aperture deteriorates easily and mechanical flaws
can occur. The effects of small mechanical imperfections at the probe tip were quantified by the
measured reflection coefficient and it was found that mechanical flaws at the probe tip can
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impact measurements by altering the reflection coefficient by up to 30% [114]. Notably, Teflon-
filled copper probes do not meet bio-compatibility requirements nor can they be autoclaved
(steam sterilised), both of which are required for safe in vivo measurements on human patients
[73].

More recently, borosilicate glass-filled, stainless-steel, open-ended coaxial probes were designed
and fabricated [73,115]. The use of thermally constant and matched, inert, refractory materials
made the probe biocompatible and suitable for high-temperature sterilisation [73].

Over the last decade, a growing number of dielectric studies have been conducted using
commercial probes [10,44,84,86]. Modern commercial probes are accurate [115], yet require
specific sample dimensions and characteristics. In particular, Keysight probes, including the slim
form probe, the performance probe, and the high temperature probe, have been used in most
of the recent tissue dielectric studies [12,44,79,86,116]. Out of these, the slim form probe is a
common choice for tissue measurements due to its small diameter and the fact that it can be
steam-sterilised and, thus, used in vivo. The tissue dielectric measurements performed using
these commercial probes are summarised in Table 6.1.

As the open-ended coaxial probe has been demonstrated to be the most applicable to measuring
the dielectric properties of biological tissues, the remainder of this work will focus on the
dielectric measurement process using this probe, from system calibration to biological sample
preparation and analysis. In the next section, the calibration procedure for open-ended coaxial
probes is discussed.

Table 6.1. Use of the commercial probe in recent works. Studies involving breast tissues are shaded in grey. The others involve liver

tissues, apart from the porcine skin study in Karacolak et al. [116]. In the column “Relative permittivity range”, the extreme values in
relative permittivity are reported from lower to higher frequencies.

Recent Works Probe Frequency [GHzl Tissue Type Sample Size Relative Permittivity Range Conductivity Range [S/m]
Slim form with 2.2 mm diameter
i) 0185 Ex vivo and invivo Rt In vivo breast tissue: 95-45 Invivo breast tissue: 0.1-10
Halter et al. (2009) [10 ! i Sl
(e High temperature with 19 mm Breast tumour (human) Ex vivo breast tissue: 50-35 Ex vivo breast tissue: 0.1-8
flange (ex vivo)
- e
Karacolak etal. (2012) [116] High femperature with 19 mm 033 Ex vivo skin (porcine) 45 x 45 x 4 mm® 50-36 04-22

flange

44982611 (lemperature
Loprestoetal. (2012} [29]  Slim form with 2.2 mm diameter 245 Exvivo liver tissue (bovine) 20 x 20 x 50mm®  incremented from 15 °C to 989 °C,
then decremented t039.6 °C)

1.79-1.19 (temperature incremented from
15°C 10 98.9 °C, then decremented to 39.6 °C)

i breaet e Breast tissue: 63-35 Breast tissue: 0.2-32
Sabounietal. (2013) [86]  Performance with 9.5 mmn diameter T2t (human) BHA Fibroglandular breast tissue: 40-20 Fibroglandular breast tissue: 0.2-16.3
o s ; - : = / ™ cclo T -
Abdilla et al. (2013) [44] Slim form with 2.2 mm diameter 0.5-50 Ex vivo muscle and liver 60 % 60 x 40 mm> \‘l%\sn]e tissue: 58-18 N/A(Loss nuorfm muscle/liver tissue:
(bovine, porcine) Liver tissue: 51-15 32-10)
. Breast tumour tissue: 65-22 Breast tumour tissue: 0.1-25
Sugitanietal (2014) [12]  Slim form with 2.2 mm diameter 0520 Exvivobreast tumour .o a00 o er Breast fibroglandular tissue: 40-18 Breast fibroglandular tissue: 0.1-12
(human) Breast fat tissue: 12-6 Breast fat tissue: 0.1=3
Peymanetal (2015) [84]  Slim form with 2.2 mm diameter 015 fxvivoliver lissue 20 mm thick Liver normal tissue: 654 Liver normal/tumour tissue: 0.7-5
(human) Liver tumour tissue: 65-32
- &mm thick volume - N/A
Martellosio etal. (2017) [79]  Skim form with 2.2 mm diameter 0550 (i R T L el a9 (Breast normal tissue imaginary part: 41-0.1;
(human) 5 Breast tumour tissue: 69-9 ssue imaginary part -
and 1500 mm Breast tumour tissue imaginary part: 454

6.4 Calibration and Confounders

A standard calibration procedure, involving both the coaxial probe and the VNA, must be
performed before recording dielectric measurements [40,60,62,117]. Inthis section, adescription
of the calibration process is provided, followed by an in-depth analysis of the related
confounders.

6.4.1 Standard Calibration

In general, coaxial probe measurements use a three load standard calibration procedure for one-
port error correction. Any three different standard materials can be used for calibration, as long
as the dielectric properties of those standards are well known [117-119]. The choice of standard
materials to use may be based on ease of use, availability, or similarity to the materials under
test [94,117]. The three most common standards used for coaxial probe calibration are: Open
circuit, short circuit, and a broadband load [114,115]. We note that the use of the term
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“broadband load” here does not indicate a perfectly matched load, but rather, the broadband
load can be any liquid with known dielectric properties. The calibration is performed at the
reference plane of the probe, while the probe is connected to the VNA. The probe may be
connected directly to the VNA or through a phase-stable cable. The calibration procedure aims
to find a relation between the measured complex reflection coefficient and the expected one.
This procedure allows for all post-calibration measurement data to be corrected [120]. If
performed correctly, a good calibration procedure results in reliable measurements. The quality
of the calibration depends on the accuracy in the measurements of the three standards and on
the level of control over the factors that can affect the process. In the following subsection a list
of the calibration steps required to reduce the confounders is reported. In addition, the
confounders and methods for their compensation are summarised in Table 6.2.

Table 6.2, The standard calibration process: Common errors or confounders that occur for each step in the calibration process,

along with the possible correction or compensation techniques. The open circuit, short circuit, and a liquid load material are shown
as the three calibration standards.

Calibration Steps Error or Confounder Action for Correction or Compensation
e  Environmental parameter change [95] e  Control environmental parameters [113,122]
. . Probe contamination [27,37,39,121] . lnspect and clean probe [29,41-43]
Equipment set-up ¢  Imperfect connection [39] e Check connections [39]
¢  Cable movement [43,76,80,115] . Fixing cable position (if not phase-stable) [29,44,86]

e  Cleaning probe [29,41-43]
*  Particles on probe tip [95] e  Checking the Smith Chart [123] to ensure
open-circuit impedance is being measured

e  Cleaning short block and probe [95]

®  Reposition or re-contact short block with probe [95]

e  Checking the Smith chart [123] to ensure
short-circuit impedance is being measured

*  Poor probe-short block contact [95]

Accuracy of liquid model [94,117]
Liquid temperature [43,94,124,125]
Air bubbles [48,71,126]

Liquid contamination [43]

Probe position in liquid [71]

Deionised water model has best accuracy [117]
Monitor or control temperature [29,43,44,95,121]
Re-immerse probe in liquid [95]

Limit exposure to air [43]

Place probe distant from beaker sides [71]

6.4.2 Calibration Procedure and Confounders

6.4.2.1 Equipment Set-Up and Confounders

Before performing the calibration, environmental parameters, such as temperature, pressure, and
humidity, should be controlled or monitored [122,127] because environmental changes may impact
measurement results [74]. Furthermore, system components should be checked [39], the probe tip
cleaned and verified by visual inspection [29,41-43], and the cable (if not phase-stable) fixed in
place [29,44,86] as imperfect connections [39], probe contamination [27,37,39,121], and cable
movement[10,27,43,44,76,80,86, 95,115] can all result in a poor calibration and, thus, unreliable
measurements.

6.4.2.2  Signal Settings and Confounders

Prior to calibration, the frequency range needs to be selected based on the planned experiment.
Subsequently, the number of acquisition frequency points must be defined. Frequency points
may be equidistant according to a linear or a logarithmic scale. The use of a logarithmic scale
can be advantageous when data is acquired over a larger frequency range as there will be more
points taken at the frequency points where the largest change in dielectric properties occurs (due
to dispersions) [128]. The signal power and measurement bandwidth must also be selected inthe
VNA software. The number of points and bandwidth requires a trade-off between the
measurement accuracy and speed of data collection.
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6.4.2.3 Measurement of the Three Standards and Confounders

Once the measurement settings are selected, the calibration measurements of the open-circuit,
short-circuit, and broadband load can be performed. The common errors and confounders likely
to occur during the calibration process are highlighted in Table 6.2, along with the recommended
correction and compensation techniques. As noted in the table, while performing calibration,
(when using modern VNAs) visualisation of the complex impedance on the VNA Smith chart is
key to identifying the unwanted presence of particles at the probe tip and confirming the quality
of the open or short circuit [56,95]. In particular, having a good quality short circuit is vital to a
successful calibration [94]. Therefore, proper contact between the short and the probe must be
ensured prior to completing the calibration. Other than this, the open and short measurements
are relatively straightforward and do not require any additional consideration. In the case that
the VNA does not allow visualisation of the Smith chart during calibration, the quality of the
calibration can then be verified by performing the validation procedure, as described in Section
5.

Conversely, several confounders canintroduce error into the load measurement. Different liquids
have been examined as potential load materials. The permittivity of the standard liquid should
be selected such that the complex impedance of the load is considerably different from the
other two standards [129]. The most typical liquid used as a load is deionised (DI) water
[12,27,80,86,116,130]. Polar liquids (for example, ethanol, methanol, and saline) also meet the
requirements [129] and exhibit high conductivity and permittivity as a function of frequency.
Nyshadham et al. examined the effect of the uncertainty of the models of different standard
materials on the uncertainty of the measured permittivity [117]. In this study, different liquids
(having different models) were used for calibration and it was verified that DI water has smaller
uncertainties in the Debye model than that of other standard liquids (in other words, the
dielectric properties of deionised water are the most well-known and well-characterised) [117].
Indeed, the accuracy of the model represents one of the confounders affecting the calibration
procedure and the uncertainty of the measured permittivity. Specifically, a quantitative
analysis that examined the impact of errors in the model of one of the calibration standards (in
this case, acetone) found that model errors of 2% induced a similar magnitude of error into the
measured relative permittivity [131]. However, despite the impact of model uncertainties, the
best calibration material depends on the measurement scenario as the uncertainty will be lower
for materials measured with properties similar to those of the calibration material.

Temperature of the Liquid

During the calibration process, the temperature of the load liquid needs to be maintained and
monitored, since dielectric parameters are temperature-dependent [43,94,124,125]. The
permittivity of liquids vary by up to 2.2% per degree Celsius [125]. The measurement of
deionised water, or any standard liquid, as a calibration load may be performed at room
temperature or at any fixed temperature. In the first case, the liquid temperature can be
monitored using a thermometer [95]. In the second case, the temperature may be maintained
using a water bath [29,43,44,121]. In addition, if the temperature of the liquid is different from
the temperature of the probe, it is recommended to wait for the temperature to stabilise before
proceeding with the measurement. We note that this information on the liquid temperature also
applies to the liquid used in the validation step.

Other Confounders in the Liquid Measurement
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Aside from the liquid temperature and model accuracy, other confounders, such as liquid
contamination [43], air bubbles between the probe and the liquid [48,71,95,126], and probe
position in the liquid-filled beaker [71], have been investigated. These confounders affect the
load liquid used during calibration and the liquid used in the validation step equally—indeed,
the same types of reference liquids can be used either for calibration or for validation.

In orderto avoid any impurity in the water, the beaker filled with liquid should be kept closed [43].
The presence of air bubbles between the probe tip and the standard liquid can result in
deviations in the dielectric measurement data by up to 20% due to the fact that the material within
the sensingregion is then a mixture of air and liquid [126]. A transparent beaker is recommended
so that air bubbles can clearly be seen. If bubbles are present, they need to be removed prior to
measurement. This may be completed by gently tapping the probe tip on the bottom of the
beaker, or lowering the beaker away from the liquid and then re-immersing it on an angle [95].
A soft brush (non-metallic, to avoid scratches) may also be used to remove any bubbles without
having to move the probe or the beaker. In addition, the probe should be immersed in the liquid
and positioned in the beaker such that the liquid is the only material within the probe sensing
volume. Accurate positioning avoids undesirable reflections from the beaker walls. Hagl et al.
provided a process for finding the minimum distance between the probe and the beaker sides
according to the probe size; these distances also depend on the properties of the liquid material
in the beaker and the frequency range of interest[71].

6.4.3 Confounders Introduced in the System after Calibration

Following the calibration procedure, two additional system confounders can introduce errors in
dielectric measurements: VNA drift over time and cable movement, although the movement
of a phase-stable cable should not compromise the performance of the system
[10,27,43,44,76,80,86,115]. The system drift should be characterised and taken into account in
the measured dielectric data [43,44]. This factor can be quantified by taking several
measurements on a standard liquid at defined time instants in the period after calibration [43].
When a cable that is not phase-stable is moved, given the difficulty in precisely characterising
the systematic error introduced by the cable movement, a new calibration is required. However,
low loss and phase-stable cables should be used to minimise the impact of the error of the cable
stability on the results [71,76,94]. In some works, the cable was fixed in place (using adhesive
tape) to limit the effect of the cable movement in the dielectric data [29,44,86]. An alternative
approach may be to replace the cable with aright-angle connector, when therigid set-up does not
overly restrict dielectric data acquisition [128].

After each calibration, it is good practice to first confirm proper calibration by re-measuring one of
the calibration standards, commonly the short [44]. Note that re-measuring the properties of
materials used during calibration does not guarantee that the system is functioning error-free,
it just indicates that the calibration error-correction algorithms were successfully applied. Thus,
a measurement of a known liquid, other than the one used in calibration, is also required in order
to validate the accuracy of the calibration. Details about the validation procedure and the
measurement uncertainty calculation are discussed in the next section.

6.5 Validation and Measurement Uncertainty

The validation procedure consists of measuring the dielectric properties of a known reference
liquid. Toensure that the measurements are accurate in materials with different properties, the
validation material should not be the one used during the calibration (i.e., typically not deionized
water). Validation enables determination of the quality of the calibration and the monitoring
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of systematic errors [43,44,75], such as VNA drift and noise due to cable movement [43]. Thus, it
is good practice to perform validation immediately following calibration [39,43,71,121,132] and
after acquiring a set of tissue dielectric data [76]. The validation should also be completed
whenever anomalies are observed in the dielectric data of the investigated material in order to
isolate the source of error. For instance, if the same anomalies are observed in the reference
liquid dielectric trace, the error is due to changes in the system and a new calibration is needed; if
the anomalies are not evident in the liquid trace, the error is sample-related and further
investigation is needed to identify the source of the error.

During the validation procedure, monitoring or controlling the temperature of the liquid during
the validation process is required, since the dielectric properties of reference liquids are
temperature- and frequency-dependent [43,44,132].

Although system validation is a simple procedure, several confounders can introduce errors in
the process. The factors that affect the validation quality are similar to those present in the load
measurement during the calibration procedure. Thus, details regarding confounders in the liquid
dielectric measurement and how they are addressed can be found in the previoussection.

In this section, after describing the most common validation liquids, the role of the validation
procedure in the calculation of the uncertainty of dielectric data is detailed.

6.5.1 Validation Liquids: Models, and Their Advantages and Disadvantages

Alcohols and saline are the most common polar reference liquids [39,71,75,76,125,133]. Polar
solutions are particularly suitable as validation liquids because they have comparatively high
relative permittivity and high dielectric loss at radio and microwave frequencies. Both the relative
permittivity and conductivity have a strong frequency dependence, which is a feature of the
pronounced molecular dielectric relaxation behaviour [94]. Liquids, in general, are selected for
validation purposes as they are homogeneous and are free of many of the confounders affecting
solids or semi-solids (e.g., incorrect probe-sample contact, inconsistent probe-sample pressure).

6.5.1.1  Alcohols

Methanol, ethanol, ethanediol, and butanol are the types of alcohols generally used to
characterise the system and calculate the uncertainty in the dielectric measurements
[44,71,72,76,117,125,132] prior to tissue measurements. Methanol, ethanol, and butanol, in
particular, are used as standard liquids because they represent the high, intermediate, and low
dielectric property values, respectively, within the range of those expected for human breast
tissues at microwave frequencies [71,72,76,132]. They also have well-established permittivity
models [72,76,125,132]. Ethanediol, which has also been modelled in the microwave frequency
range [44,132-134], has a static permittivity about half that of pure water [134]. Standard
methods for obtaining the known dielectric property values for each of these alcohols have been
detailed thoroughly [132].

Although alcohols present properties similar to those of biological tissues at microwave
frequencies (0.5-20 GHz), there are some constraints that must be taken into account when using
them as reference liquids. For instance, the alcohol models are accurate in restricted frequency
ranges and at discrete temperatures only [117,124,132,134,135]. Furthermore, the dielectric
properties of alcohols can change during storage and handling. For example, methanol has very
low vapour pressure and evaporates rapidly. This can contribute to a decrease in the liquid
temperature and, consequently, to a dielectric property change over the course of just a few
minutes when exposed to air [72,132]. In order to minimise these effects, the dielectric

55



properties of methanol should be measured almost immediately after it is poured into the
measurement beaker [72] and the temperature should be kept constant and monitored. Lastly,
since alcohols are inflammable and have an acute inhalation toxicity, working with these liquids
requires a safety protocol, such as the use of special fire-proof storage cabinets and handling
under a fumehood [132].

6.5.1.2 Saline

The dielectric properties of different concentrations of NaCl (saline) solutions at various
temperatures have been modelled in the microwave frequency range [49,75,136-138].
Specifically, Stogryn provided models in the gigahertz range for computing the complex
permittivity of saline as a function of temperature and concentration (between 0.25 M and 0.5 M)
in order to allow these liquids to be used as references [136]. More recent models, based on
extended experimental data, are now available for solutions having concentrations between
0.001 mol/Land 5 mol/Lin the frequency range of 0.10-40 GHz, for any temperature between 0

°Cand 60 °C [49,130,133,137,138]. Although alcohol models are, generally, more accurate than
saline models, saline solutions are the most convenient reference liquids used [133].

Among all of the saline solutions, 0.1 M NaCl solution is the most commonly used reference
liquid to assess the uncertainty in measuring the dielectric properties of biological materials,
since it has similar dielectric properties to those of biological tissues [43,44,133]. Furthermore,
0.1 M NaCl is stable in temperature and electrical properties during storage and handling. At
room temperature, saline does not evaporate quickly like alcohols. Saline solutions are also
straightforward to prepare (hence, commercially-bought solutions are cost-effective) [133] and
touse. Saline solutions are also less dangerous thanalcoholsand, thus, they do notrequire the use
of fire-proof storage cabinets or handling under a fumehood. For 0.1 M NaCl, models that cover
relatively wide frequency and temperature ranges are available [133]. However, saline may not
be the best choice as a validation liquid when DI water is used as calibration, since these two
liquids have very similar dielectric properties in the microwave range. Furthermore, due to
poor traceability of the data used to obtain the models in[133] (since the data was acquired with
only a single measurement system and a single measurement technique, and then compared to
reference data measured under unknown conditions), the saline models are likely not as
accurate as the models for alcohols.

To this extent, future studies aimed at improving the reliability and accuracy of saline models
have the potential to support dielectric data validation and uncertainty calculations.

6.5.1.3 Other Liquids

Several other liquids, such as formamide [75,84,134,137], DI water [94,124,132], dimethyl
sulphoxide (DMSO) [94,132,139], and acetone [94,132,140], have been used as reference
liquids.

Formamide is a polar organic solvent, which has a relative permittivity of approximately 110 at
low frequencies that drops down to a high-frequency value of around 7 [134] (when handled at
room temperature). The temperature-dependent model for characterising the dielectric
properties of formamide across the microwave frequency range was developed by Jordan et al.
and, more recently, by Barthel et al. using waveguide interferometry [75,134,135]. The
parameters of different models were found at discrete temperatures in the frequency range
between 0.2 GHz and 89 GHz. The reliability of the model in Jordan et al. is affected by the limited
discrete frequency points used in the dielectric measurements from which the model has been
obtained [134]. In both Jordan et al. and Barthel et al., the dielectric models are available only for
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limited discrete temperatures [134,135]. Also, since formamide is toxic, a custom handling

protocol is required.

Table 6.3, Reference liquid properties, available models, and storage and handling procedures (where f = frequency,

T = temperature).

Liquid

Models

Storage and Handling

Methanol
(alcohol with intermediate permittivity
values similar to breast tissue)

Debye model [132]:
e =01-5GHz
e T=[10°C, 50°C],5 °C increments

Cole-Cole model [134]:
e {=0.01-70 GHz
e T=[10"C, 40 °C], 10 °C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.
Handling in fumehood required.

Rapid evaporation may occur and should
be avoided.

Ethanediol
(alcohol with high permittivity values
similar to breast glandular tissue)

Cole-Davidson model [132]:
e f=01-5GHz
. T=[10°C, 50 °C], 5 °C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.

Handling in fumehood required.

Ethanediol is hygroscopic and when it
evaporates the liquid temperature increases,
causing an increase in relative permittivity [132].

Ethanol
(alcohol with intermediate permittivity
values similar to breast tissue)

Debye-T model [132]:
e f=01-5GHz
T =[10 °C, 5 0°C], 5°C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.
Handling in fumehood required.

Butanol
(alcohol with low permittivity values
similar to fat tissue)

Double Debye model [132]:
e =01-5GHz
T =[10°C, 40°C], 5 °C increments

Inflammable and acute inhalation toxicity.
Fire-proof storage cabinets required.
Handling in fumehood required.

Saline (NaCl)
(polar liquid having dielectric
properties similar to biological tissues)

Cole-Cole model [133]:
. Concentrations = [0.001 mol/1, 5 mol/1]
e =013-20CGH=z

T=[5°C, 35°C] (any intermediate T)

Cole-Davidson model [49]:

. Concentrations = [0.001 mol/1, 1 mol/1]

e f=0.1-40CHz

. T =17 temperatures in the interval [10 °C,
60 °CJ: 10 °C, 20 °C, increments of 2 °C in
[24 °C, 50 °C], and 60 °C.

Storage in sealed containers.
No special handling required.

Formamide

(polar organic solvent having wide
permittivity spectrum at microwave
frequencies)

Cole-Davidson model [135]:

. f=02-89 GHz

e T=[10°C, 25°C],5 °C increments
e T=[25°C, 65°C], 10 °C increments

Toxic through inhalation, oral, or skin exposure.
Fire-proof storage cabinets required.
Handling in fumehood required.

DI water
(polar liquid having well-known
modelled properties)

Debye model [124]:
e =11-57CHz
T=[—41°C, 60 °C] (any intermediate T)

Storage in sealed containers.
No special handling required.

Dimethyl sulphoxide (DMSO)
(highly polar organic reagent having
high permittivity)

Debye model [132]:

e [=01-5CGH=z

e T=[10°C, 50 °C], 5 “C increments
Cole-Davidson model [139]:

e [=000140CHz
e T=25°C

DMSO is exceptionally hygroscopic and needs to
be measured as soon as the container is opened
[132].

Acetone
(polar organic solvent having
intermediate permittivity values)

Static permittivity (since acetone has very high
relaxation frequency) [132]:

e [=01-5GHz

e T=[10°C, 50 °C], 5 “C increments

Budo model/ confined rotator models [140]:
e  f=50-310GHz
e T=20°C

Acetone boiling point is at 56 “C [132].

Special handling is required, since it is a powerful
liquid able to soften some plastics [94] and it is
inflammable.

When it is not used as the broadband load in the calibration procedure, DI water represents an
advantageous validation liquid [117,124]. In fact, DI water has dispersive properties similar to
those of biological tissues and has been accurately modelled in the microwave frequency range

for any temperature between -4.1 °C and 60 °C [124]. DI water also has the advantage of being a
liquid and does not require special handling.
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Dimethyl sulphoxide (DMSO) is a highly polar organic reagent that has a high relaxation frequency.
DMSO has relative permittivity values similar to those of muscle tissues. Dielectric models for
DMSO have been developed that cover a wide frequency range [139] and different temperatures
[132]. DMSO is hygroscopic [94,132] and when it evaporates the liquid temperature increases,
causing anincrease in relative permittivity values [132]. Therefore, like with many alcohols, care
should be taken to keep the liquid in a closed container as much as possible.

Acetone is a polar organic solvent that has intermediate permittivity values, which have been
modelled only in the upper microwave frequency range [140]. Acetone requires special handling

because it has a boiling point of 56 °C and has the potential to soften some plastics [94,132].

Liquid properties and information about available models and storage/handling procedure
related to the most common categories of reference liquids are reported in Table 6.3. The
column “Models” contains the most referenced models, i.e., those which cover the widest
frequency range and largest, most continuous temperature interval.

6.5.2 Uncertainty Calculation
Itis always good practice to report uncertainty along with measured values. However, in dielectric
measurement studies, the definitions used for uncertainty, including how they are calculated
and reported, have varied widely.

Today, the uncertainty of measurementsis generally calculated according to the guidelines defined
by the National Institute of Standard and Technology (NIST) [43,44,75]. Multiple measurements
performed on the same material of known dielectric properties enables determination of
uncertainty of the measurement system in terms of the repeatability and accuracy. Considering
the definition of uncertainty reported in [43,75], the repeatability of the measurement may be
expressed quantitatively in terms of the characteristics (e.g., standard deviation) of data
repeatedly acquired under the same measurement condition, as defined also in [74]; while the
accuracy may be defined as the average percentage difference between the dielectric properties
of the acquired data and those of the model [43,44]. These definitions represent practical
methods of calculating these parameters. In this way, the repeatability varies between
measurements and gives the extent of random errors, while the accuracy is constant across
measurements.

The uncertainties in repeatability and accuracy both contribute to the total uncertainty in the
dielectric measurements [43,44,74,75]. For example, the combined standard uncertainty may
be calculated as the root sum squared of the standard uncertainties [43,75]. In Peyman et al., the
standard uncertainties associated with Type A errors (repeatability), Type B errors (in the
calibration and measurement of the reference liquids), VNA drift, and cable variations, were
estimated and included in the combined standard uncertainty calculation [43]. These
uncertainties were determined for 0.1 M NaCl and, undoubtedly, tissue measurements will be
impacted by more and/or different uncertainties. Alternatively, in Gregory et al., uncertainties
associated with specific input parameters were thoroughly evaluated by means of Monte Carlo
modelling [141]. Notably, this modelling technique also enables estimation of uncertainties in
measurement scenarios when there are no suitable reference materials available (e.g., with
similar material properties or frequency range) [141].

Accordingtothe NIST guidelines, the best practice for expressing uncertainty isto report the mean
measured value along with a confidence interval (Cl) of 95% [74]. For dielectric measurements,
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one may wish to present these parameters separately for both the real and imaginary parts of
permittivity.

In the next section, techniques related to minimisation or compensation of tissue-related
confounders are described.

6.6 Tissue Sample Preparation and Measurement Procedure

Tissue-related confounders may be the major cause of measurement uncertainty, since the total
combined uncertainty for measurements on liquids is relatively small compared to that of tissue
measurements [43]. Uncertainties associated with measuring tissue properties seem to be
primarily related to the complex structure of biological tissues [39,43,122].

In order to reduce tissue-related confounders, it is useful to plan each set of measurements
according to the experimental goal. The first step involves the choice of the target animals (since
their age or weight could affect the dielectric properties [43,122,142]) and the sample tissue
type. Aside from the source species, the number of samples should be chosen based on the
scientific question. The following steps include the analysis of the various tissue-related
confounders and the evaluation of different methods that aim to reduce or compensate for
these confounders.

Inthe nextsubsection, the confounders related to probe choice, sample preparation, and handling
are first described. Then, a discussion of the confounders that need to be considered during the
measurement procedure is provided.

6.6.1 Probe Selection Considerations

Open-ended coaxial probes are suitable for use with materials that are liquid or semi-solid [95],
homogeneous [95], have flat surfaces [66,95], and have a semi-infinite thickness [39,43,95].
Tissues are generally semi-solid (with the exception of bone), but they are not always
homogeneous or have flat surfaces, and tissue samples that are much thicker and larger than the
probe tip are not always easy to prepare. Hence, probe selection is affected by three main
biological factors: Sample size, heterogeneity, and tissue surface. The desired frequency range of
the measurement may also impact the choice of the probe.

6.6.1.1 Sample Size, Sensing Volume, and Heterogeneity

Dielectric spectroscopy techniques permit the acquisition of the average complex permittivity of
the interrogated volume. Thus, the probe should be selected such that the sensing volume only
contains the tissue sample of interest and no other material. Since probes with a small diameter
have smaller sensing volumes compared to large flanged probes, the sample size has to be taken
into account and compared to the sensing volume of the probe [71,72,76].

The sensing volume may be evaluated by performing preliminary experiments with different
combinations of materials. To this end, Meaney et al. analysed the dielectric property change in
two-layer materials, consisting of saline or DI water with Teflon or acrylic, by varying the
thickness of the liquid layer to determine the influence of materials at different depths on the
measurement. The experimental results suggested that the dielectric properties are dominantly
influenced by the material present within only the first 200400 microns from the probe tip, and
that this depth did not vary significantly across frequency or material properties [80]. This was a
key finding as previous studies had assumed a much larger region on the order of several
millimetres [11]. While Meaney et al. and Hagl et al. both investigated the depth into a tissue that
contributes to the dielectric measurement, they defined the depth parameter differently [71,80].
More recently, Porter et al. demonstrated how different definitions of the sensing depth can
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impact the determined sensing depth value and highlighted that, for some definitions, the value
does depend on the frequency and dielectric properties of the tissues occupying the sensing
volume [83]. The work of Porter et al. also confirmed the findings of Meaney et al., in that the
experimental results demonstrated that the tissue in contact with the probe has a greater impact
on the measured dielectric properties than deeper tissues [82]. Nevertheless, because the
sensing volume may be affected by the intrinsic dielectric properties of the investigated sample,
further experiments involving the analysis of materials with more complex structures across
both radial and axial directions are needed in order to define the sensing volume accurately for
complex tissue samples.

Heterogeneity of biological samples is a further factor to consider when choosing a probe, since it
is challenging to determine the tissue-specific dielectric properties in an extended heterogeneous
volume interrogated by the probe [39,43,76]. To date, the impact of tissue heterogeneity with
only simplified configurations has been thoroughly modelled. For example, in Chen et al., it was
demonstrated that, for bilayer materials, the permittivity of either layer can be calculated from
the reflection coefficient without the need for information on the thickness of the first layer or
the probe capacitances [143]. Models for the effective dielectric properties of bilayer materials,
in general and in particular for coaxial probes, have also been presented in [107]. These results
were also extended to a general multilayer material scenario [107]. Furthermore, Huclova et al.
used a numerical three layer skin model to examine how variations in the layer properties
(including thickness and permittivity), impact the dielectric measurement across frequency
[144]. More complex heterogeneities have yet to be thoroughly investigated or quantified.
Specific challenges associated with heterogeneous tissues (aside from their impact on probe
selection) are discussed in Section 7.

6.6.1.2 Tissue Surface Characteristics

In addition to the sample size and heterogeneity, the quality of the tissue surface is another
consideration when selecting the appropriate probe to use. Surface irregularities may contribute
to inadequate probe-tissue contact and poor repeatability of dielectric measurements
[42,43,60]. Characterisation of the tissue surface permits the identification of the tissue area or
points that are most suitable for the acquisition of dielectric information [145]. For instance,
thick samples and even surfacesare preferableto thinandunevensurfacesinordertoensure good
probe contact with the tissue sample [42,60,95]. From the authors’ experience, the use of a
smaller probe on uneven tissue surfaces resultsinmorereliable measurements, especiallyifthese
areas are limited or spatially restricted. Lower uncertainty in the measurements from smaller
probes on uneven surfaces may be attributed to smaller forces being applied on smaller surfaces.
Indeed, large uneven surfaces require the application of higher forces (and, consequently,
higher pressures) to prevent the presence of air gaps between the probe and the tissue. An
increased probe-sample pressure may cause fluid accumulation at the probe tip [39,43] or tissue
damage [95], both of which can affect the tissue dielectric properties and lead to inaccurate
data.

In summary, the probe should be selected not only on the basis of the probe characteristics and
specifications (i.e., frequency range, permittivity range, temperature range, mechanical
resistance) discussed in Section 3, but also based on the properties of the tissue under
investigation. The size of the selected probe has to be consistent with the sample surface, size,
and heterogeneity in order to achieve good probe-tissue contact and accurate measurements
in a homogeneous region.
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After selecting the probe, but before measuring the dielectric properties, it is recommended to
carefully plan the tissue preparation and handling procedures in order to reduce tissue-related
confounders, such as sample cooling, dehydration, and damage.

6.6.2 Tissue Preparation and Handling

Tissue measurements can be performed in vivo or ex vivo; the tissue preparation and handling
will be different in each case. Often, for reasons of convenience (i.e., patient safety, ethics) or
due to difficulties in establishing a good probe-sample contact with in vivo tissues, dielectric
measurements of animal and human tissues are performed ex vivo.

6.6.2.1 In Vivo vs. Ex Vivo Measurements

Several authors have reported on whether or not differences exist in tissue dielectric properties
acquired in vivo and ex vivo. These works will be discussed here in chronological order. Initially,
Burdette et al. performed in vivo measurements on canine muscle, kidney cortical tissue, and fat
tissue, and differences were found between acquired in vivo data and reported ex vivo data [39].
In particular, for in vivo canine fat tissue, the measured permittivity values were a factor of
approximately 1.5 to 3 times larger than the in vitro permittivity values acquired previously by
other authors [39,52,146]. This difference in dielectric properties was most likely due to
differences in water content, in temperature, or actual physiological differences between living
and non-living tissues [39]. Next, Kraszewski et al. performed both in vivo and ex vivo dielectric
measurements on rat and cat tissues, finding only dielectric changes less than the uncertainty at
frequencies between 100 MHz and 8 GHz [40]. Schwartz observed that the permittivity and
conductivity of frog heart, in the frequency range 0.2—8 GHz, were higher in vivo than ex vivo,
with the difference being attributed to blood perfusion changes [41]. More recently, a variation
between in vivo and ex vivo dielectric properties was found by Gabriel et al. and Peyman et al.
in skin, spinal cord, skull, long bone, and bone marrow in the microwave frequency range
[42,43,66,142]. Similar differences were not observed in other tissues, but might indicate
unavoidable contamination of tissues with blood or other body fluids [43]. From the analysis of
normal and malignant human liver tissues, O’'Rourke et al. found a statistically significant
difference between in vivo and ex vivo normal liver tissue, but not between in vivo and ex
vivo malignant liver tissue [37]. Furthermore, Halter et al. evaluated the changes of breast cancer
dielectric properties between in vivo and ex vivo measurements and found about a 30% drop in
the magnitude of the permittivity in tissues analysed 300 min after excision [10]. More recently,
Shahzad et al. found that over the 210 min following excision, the relative permittivity of liver
tissue, as measured on the surface of the sample, decreased by 32 points [147]. However, this
decrease was attributed fully to dehydration of the surface of the tissue sample as dielectric
measurements conducted on the interior of the sample did not change considerably over the
same time period [147]. The exact magnitude of the change in dielectric properties from time of
excision to time of measurement, caused by dehydration and temperature effects, will vary
based on the tissue type, the environment that the tissue is stored in, and the tissue handling
conditions.

As is clear from the varied results of these studies, there is no consensus on: (i) Whether a
difference in the dielectric properties of in vivo and ex vivo tissues exists over the microwave
frequency range; and (ii) if a difference does exist, the magnitude and direction of it. Despite
these results, the difference between in vivo and ex vivo data in the microwave frequency range
is, generally, attributed to the temperature change and tissue dehydration [10,30,39,43,86], and
recent studies following best practice in dealing with these confounders suggest no significant
difference in the dielectric properties measured from in vivo and ex vivo measurements [84,148].
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Therefore, following best measurement practice, it is advantageous to keep the temperature
constant during dielectric measurement using a temperature controlled container or a water
bath [29,40,43,44,122,127,142] and to minimise dehydration by limiting the time between
excision and measurement to a few hours [27,30,40,42,43,62,65,76,78,86,127,142,149-151]. At
frequencies lower than 100 MHz, a larger variation between in vivo and ex vivo properties is
found. This difference is attributed to physiological parameters, such as blood flow in vessels
[27,39,65,86,151], ischemia [10,86,150,151], heart rate [43], arterial pressure [43,86,150],
respiration rate [43], and air content in lungs [149], which can affect the permittivity and
conductivity values at these frequencies.

In the following subsections, the best-practice steps involved in both in vivo and ex vivo
measurements are described: From surgical intervention, to sample access and excision,
transportation, handling, and processing. In each step, all potential tissue-related confounders,
as well as the different methods used in previous works to compensate for them, are reported.

6.6.2.2 Surgical Intervention, Sample Access, and Excision

The first step in defining a sample handling procedure involves identifying the surgical methods
to be used for tissue access and excision. It is necessary to define a surgical protocol that
minimises tissue property modification. The main factors interfering with the dielectric
acquisition concern the use of chemicals [39,127], which alter the body physiological condition,
the use of tools or techniques [10], which may damage tissues, and the tissue exposure and
cooling during the surgical operation [39-41,43,152].

It is useful to test for, and take into account, the effect of anaesthesia or other pharmaceuticals,
which are used on animal/human tissues and physiological parameters. For instance, Burdette
et al. observed a decrease in body temperature due to anaesthesia [39].

During the surgery, contact with the tissue should be minimised in order to avoid any damage or
contamination. For human in vivo studies, the measurement tools need to be sterilised prior to
surgery. Normally, steam sterilisation is performed prior to calibration [10,37] and a calibration
refresh could be performed in the sterile environment before the in vivo measurements [10].
Furthermore, for in vivo measurements, the temperature tolerance of the probe (that depends
on the probe fabrication materials) needs to be taken into account when selecting the
sterilisation (or autoclave) procedure. For instance, steam sterilisation is, generally, performed
at temperatures within 125 C, while dry heat sterilization can be conducted at temperatures up
to 190 <C.

Other important confounders to take into consideration in the operating room during in vivo
measurements are those related to the tissue exposure to air. Specifically, air contributes to
tissue cooling (from body temperature to room temperature) and to tissue dehydration. Different
techniques have been adopted in in vivo measurements to prevent tissue cooling and
dehydration. For example, Ranck and BeMent performed experiments within a few minutes from
the surgical cut used to expose the interior tissues, and used warm saline to wet the
measurement region [152]. Schwartz et al. rinsed the tissues and kept them moist with frog
physiological solution [41]. Hart and Dunfee applied Ringer’s solution with a medicine dropper
to the muscle to prevent drying between the measurements [153]. However, these methods to
reduce dehydration can impact the dielectric property measurement, since the solutions used
have their own dielectric properties that will then contribute to the dielectricmeasurement of the
tissue. Thus, the use of solutions, especially saline, should be avoided. More commonly, tissue
dehydration during an in vivo measurement is minimised by reducing the time between the
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surgical cut performed to expose the tissue and the dielectric measurement, and covering the
area of interest with another tissue between measurement times [39,40,43]. This technique
does not alter the tissue properties and also minimises tissue cooling. The tissue temperature
should be measured frequently, so that any temperature change is taken into account during
dataanalysis.

In previous works, the in vivo tissue temperature was monitored using thermocouple probes
[27,29,62] and, more recently, fibre-optic thermometers [29,30]. Infrared thermometers may
also be used for tissue temperature monitoring, since they are portable and do not require
sample contact [79]. The same sensors can also be used in ex vivo measurements. A further
crucial point in in vivo measurements concerns the probe positioning. Typically, in ex vivo
scenarios, the probe—tissue contact can be verified by visual inspection; however, this approach
can be challenging in a surgical setting. The probe positioning cannot be accurately planned prior
to surgery; thus, it is normally decided in the surgical theatre.

6.6.2.3 Tissue Transportation

When ex vivo measurements are performed, the excised sample may be transported from the
operating theatre to a secondary location for measurement, characterisation, or histology
(details on histological analysis are presented in Section 7). The time between excision and ex vivo
measurements is minimised to prevent tissue dehydration [27,30,40,42,43,62,78,86]. Aside from
water content change, care should be taken during tissue transportation to avoid changes in the
sample temperature. Since the temperature has a systematic impact on the measured dielectric
spectrum of biological tissues, it is usually necessary to transport the tissue in hermetically-
sealed, temperature-controlled containers [29,44,76,142].

6.6.2.4 Tissue Handling

In order to prevent tissue contamination, dehydration, and damage, sample handling prior to
the ex vivo measurements should be minimised [39,71,76,142]. The sample temperature can be
kept constant during the measurements using a water bath [29,40,43,122,142]. As the
temperature setting of the water bath may not be equivalent to the tissue temperature, the
tissue temperature should still be verified using an infrared or fibre-optic thermometer [29,30].
In this way, the tissue temperature variation can be taken into account during data analysis.
Details on how tissue temperature affects the measured dielectric properties are reported in
Section 6.3.3.

If the tissue sample is to be analysed histologically, the measurement points should be marked.
Sample marking is necessary to ensure that the histological analysis involves the portion of tissue
corresponding to the volume interrogated by the probe. Thus, a good correspondence between
the tissue histological and dielectric properties can be found. Further details about the
histological characterisation of tissue samples are reported in Section 7. In previous works,
acrylic ink [76,79] or pins [10] have been used as sample markers. When ex vivo measurements
are performed at the same locations where in vivo measurements were taken, it would be wise
to test the effect of the marker on tissue dielectric properties before experimental
implementationin order to prevent tissue modification

or damage by the marker. Lastly, in order to maintain the integrity of the tissue, the use of
additive and preservatives should be avoided until the measurement is completed [127].

Having presented the confounders that should be considered during the planning of the tissue
measurement procedure, in the next subsection the actual measurement procedure and the key
confounders that affect tissue dielectric property measurements are discussed.
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6.6.3 Procedure for Tissue Measurements

After the equipment set-up, calibration, and validation, the measurements on in vivo or excised
tissues can be performed. It is important to note that some confounders cannot be minimised
even with careful preplanning. These confounders need to be controlled, monitored, or
compensated for during the measurement phase. In order to minimise the effects of the
environmental parameters on tissue dielectric properties, it is advantageous to perform
measurements in a climate (temperature, pressure, and humidity) controlled room [43,127].

Inthe following paragraphs the main confounders occurring during the measurement phase, such
as measurement region choice, probe-tissue contact, and pressure, as well as tissue sample
temperature, are discussed.

6.6.3.1 Measurement Region Choice Confounders

The confounders mentioned in Section 6.1 (i.e., probe sensing volume, tissue thickness, tissue
surface, and sample heterogeneity) need not only be considered in the planning phase, but also
need to be controlled and managed in relation to the choice of the measurement region.
Additional considerations may also be needed, for instance, in order to prevent undesirable
reflections negatively affecting the measured data, Abdilla et al. placed a shorting block under
the sample to check for any reflections from the sample boundaries [44].

Confounders intrinsic to the tissue type include: Fibre orientation in anisotropic tissues, presence
of blood vessels, and high heterogeneity. It was observed that anisotropic tissues, such as
muscles, presentdifferent dielectric properties according to the measurementdirectionsalongor
acrossthe fibre. Specifically, it has been found that in the microwave frequency range (from 200
MHz to 20 GHz) the permittivity values between the two sets of measurements are not

substantially different. Onthe other hand, at lower frequencies (10'5—1 MHz) the fibre direction
can change the relative permittivity by

100% [42]. Blood vessels are non-uniformly distributed in tissues and may make up roughly 30%
of their volume [144], so the probe position relative to that of blood vessels should be checked
by visual inspection [65,151]. In highly heterogeneous and mechanically stiff tissues the
uncertainty is generally higher and, in order to minimise the random errors arising from tissue
heterogeneity and complexity, it is useful to repeat the measurements at multiple points
[43,44,75]. Forinstance, Peyman et al. stated that as many measurements as possible should be
taken on each sample tissue and, in her study conducted in 2005, at least six measurements
were taken on each tissue [43]. In most other dielectric studies, three to five measurement
locations were, generally, selected on each tissue sample [27,40,44].

6.6.3.2  Probe-Tissue Contact

Having selected the most suitable measurement region, the probe is placed in contact with the
sample. From the authors’ experience, in order to reduce the uncertainty due to probe and cable
movement, in both ex vivo and in vivo measurements (in in vivo measurements only when the
animal size is relatively small), it is convenient to move the sample towards the probe using a lift
table until the entire probe aperture makes firm contact with the tissue sample as opposed to
moving theprobe during the measurement procedure.

Measured reflection coefficient data is extremely sensitive to the probe positioning relative to
the sample surface. A high variability in the dielectric properties can be attributed to variability
in probe-tissue contact. Thus, a firm contact between the probe and the tissue [76,93] is key. A
good quality contact reduces the impact of confounders that increase the measurement
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uncertainty, such as pressure differences [39,43,80,97,149], air gaps [70,93,95,126], and
biological fluid accumulation at the probe tip [39,43]. In most works, these factors have been
monitored by a close visual inspection [29,41,43,76,95]. In order to keep the applied pressure
constant in ex vivo measurements, weighing scales or force sensors can be placed underneath
the sample holder [79]. In fact, the application of a steady pressure contributes to more
repeatable measurements [39]. However, in the literature to date, thereisnoworkthat quantifies
theerrorinthe measured datainterms of the variation of the applied pressure. The authors have
performed a number of experiments to quantify the error introduced by probe pressure
variations, but observed that the outcome found for one measurement point could not be
extended to all the measurement points across the sample. For instance, within the same tissue
sample, there can be some differences in terms of sample thickness, tissue mechanical
properties, water content, and surface irregularities, which may require the application of
different probe pressures on the same sample. Thus, no specific, fixed pressure can be reported
for all samples. However, a technique that may be used to obtain a good quality contact is as
follows. First, a low pressure is applied to the probe to contact the sample. This low pressure, if
too low, can lead to data inconsistencies when repeated measurements are taken at the same
point (due to air gaps). If this occurs, a pressure adjustment can be undertaken until
measurements at the same location are repeatable. Conversely, the application of high pressure,
if too high, can cause tissue compression and can prompt fluid from within the tissue to rise to
the tissue surface, or worse, can cause tissue damage [127,149]. In previous works, sample
contamination by biological fluids has been reduced by using cotton wipes/swabs
[43,99,127,142,152] or suction [43]. However, it should be noted that the suction method is
more invasive and has the potential to dehydrate the sample.

6.6.3.3 Temperature Effects

During dielectric measurements, as discussed in Section 6.2.1, the temperature needs to be
controlled and monitored. While different techniques used to monitor or control the
temperature have been discussed in earlier sections, in this subsection the effect of temperature
on tissue dielectric properties is examined.

In previous studies, the dielectric properties of biological tissues at discrete frequencies and
temperatures were measured and, for small temperature variations, they were presented in
terms of linear temperature coefficients, which are defined as the percent change in either
permittivity or conductivity per degree Celsius [53].  The provided linear temperature
coefficients are limited to a number of specificdiscrete frequencies and temperatures [27,30,62].
Outside of these frequencies and temperatures the impact of temperature on the dielectric
properties may no longer be linear [30]. A brief summary of the previously published
temperature-dependent dielectric properties data is presented in Lazebnik et al. [30]. In the
microwave frequency range, the change in relative permittivity is, at most, 2% per degree Celsius
and the change in conductivity is between 1% and 2% per degree Celsius, depending on the
tissue and on the frequency and temperature range considered. Generally, the relative
permittivity and conductivity trends with temperature differ over frequency. However, the
magnitude change in both permittivity and conductivity per degree Celsius tends to be higher
at lower frequencies in most biological tissues [27,30,62]. Lazebnik et al. developed a model to
characterise the temperature-dependence of liver tissue dielectric properties over the
microwave frequency range [30]. In particular, from the liver dielectric measurements, Lazebnik
et al. identified different “cross-over” points in the trends of both relative permittivity and
conductivity with temperature. In relative permittivity, the cross-over point was found at about
4 GHz. Below the cross-over point, the permittivity decreases slowly as temperature increases
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and, above the cross-over point, the permittivity increases with temperature. For conductivity,
two cross-over points were found: One near 2—-3 GHz and the other near 16 GHz. Below the first
cross-over point, the conductivity increases slowly as temperature increases. Between the two
cross-over points, the trend reverses, and above the second cross-over point, the conductivity
again increases as temperature increases. The same trends were also found for water [30].

1. Experimental Design
* Choice of target animal & tissue
* Choice of sample number (based on statistical analysis)
* Evaluation of tool suitability

|

2. Probe Selection
cansidering
* Sensing volume
* Tissue heterogeneity
* Tissue surface
* Tissue sample dimensions

ox yive iy Vig
3a. Tissue Preparation 3b. Tissue Access
* Excision avoiding/limiting
* Transportation (fast & * Tissue contamination
temperature-controlled) * Tissue damage
* Minimal handling * Temperature changes
avoiding * Extended tissue exposure

Tissue contamination
Dehydration

Tissue damage
Temperature changes

1

4a. Tissue Measurement (ex vivo) 4b. Tissue Measurement (in vivo)
* Choice of measurement region * Probe sterilisation
according to: * System calibration refresh
o Tissue surface * Choice of measurement region
o Tissue sample thickness according to:
o Tissue heterogeneity (associated to sensing volume) o Tissue surface
* Good probe-tissue contact (by visual inspection or o Tissue heterogeneity (associated to sensing volume)
sensors) * Good probe-tissue contact (by visual inspection)
avoiding: avoiding:
o Air gaps (caused by low probe-tissue pressure) o Air gaps (caused by low probe-tissue pressure)
o Tissue damage/Fluid accumulation (caused by high o Tissue damage/Fluid accumulation (caused by high
probe-tissue pressure) probe-tissue pressure)
* Tissue temperature recording * Tissue temperature recording

l I

5. Tissue Histology
* Tissue marking
* Tissue fixation
* Tissue staining
* Pathologist or computer-aided analysis

A 4
6. Correspondence between
Histology & Dielectric Properties
depending on
* Accuracy in dielectric measurement
* Sensing volume estimation
* Tissue marking quality
* Histology quality

Figure 6.2, Flow chart of the common steps to minimise tissue-related errors in in vivo and ex-vivo measurements.

Morerecently, temperature coefficientswere provided forawidertemperaturerange (upto100°C)
at the discrete frequencies of 915 MHz and 2.45 GHz, which are of interest for microwave liver
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tissue ablation[31,154]. Brace etal. found that linear temperature coefficients across the 5-50 °C
range agreed well with the results of Lazebnik et al., with coefficients of -0.22 and -0.18 in
relative permittivity for the two frequency points, respectively, and coefficients of 1.29 and -0.2

for conductivity [31]. From 50 °C to 100 °C, both relative permittivity and conductivity were
found to decrease by as much as 50%, due to both irreversible damage of the tissues and tissue
dehydration [31]. In summary, thetemperature coefficients for both permittivity and conductivity
depend on tissue-type, on frequency, and on the considered temperature range. Knowledge of
these temperature coefficients can be used to compensate for the effect of the temperature
change during tissue dielectricmeasurements.

In this section, the importance of preplanning the measurement procedure was highlighted, the
measurement process overviewed, and the main confounders involved in the measurement
were described. The most common practices adopted to minimise tissue-related errors are
summarised in Figure 6.2. In the next section, histological analysis of tissue samples is discussed
as a method to reduce the confounders related to the intrinsic heterogeneity of biological
tissues.

6.7 Tissue Sample Histological Analysis

Histology is the study of the microscopic structure of cells and tissues; while histopathology
refers to the same, but with diseased tissue [155,156]. There are multiple steps involved in the
histological analysis of a tissue sample: The sample must be fixed, embedded in wax, sliced,
mount on slides, stained, and then imaged [157]. Following these steps, the slices are ready to be
analysed by a pathologist. The pathologist is able to examine the images and determine: (i) The
types of tissues present; (ii) if diseased tissue is present, the disease grade and other
characteristics (for example, with breast cancer, the hormone receptor status) [156]; and (iii) the
distribution of the tissue types within the sample. Histological analysis is, especially, required
after the acquisition of the dielectric properties of a heterogeneous tissue sample in order to
determine the tissue types present in the sample and their relative spatial distribution. This is
important because the dielectric properties of a sample are determined by those of its
constituent tissue types; thus, the histological analysis enables the attribution of measured
dielectric properties to the appropriate tissue type.

Many studies performed in the literature involve only homogeneous (or assumed homogeneous)
tissues and, thus, the samples do not undergo histological analysis (for example, liver tissue
[27,44]). In this section, the focus is on heterogeneous tissue samples. Measuring the dielectric
properties of heterogeneous tissues is inherently challenging as spectroscopy has the effect of
averaging the dielectric properties throughout the sensing volume that is illuminated by the
electromagnetic field [11]. Thus, in the next subsection, confounders that can contribute to any
histological analysis are detailed, along with ones that are of specific concern for dielectric
measurements of heterogeneous tissues. Finally, histological analysis methods used for
attributing dielectric properties to heterogeneous tissues from the literature are overviewed,
and the best practice techniques that are known are highlighted.

6.7.1 Factors Impacting Histological Analysis

The procedures involved with histological preparation of the tissue are applied by pathologists
thousands, if not millions, of times per year. In fact, there are more than 14 pathology tests
examined per person in the UK each year, and pathological analysis is a part of 70% of all
diagnoses [158]. However, the methods are not without flaws. In particular, poor fixation of
the sample can lead to changes in the tissue structure [11,157] and uneven levels of staining
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can result in images that are incomplete or out of focus [157]. Slide digitation can have
variations in lighting conditions and magnification that can affect interpretation of the results,
particularly when comparing across slices [157]. Each of these issues increases the challenge of
interpreting the dielectric measurement of heterogeneous samples based on the histology of
tissues samples and makes it especially difficult to compare between studies. Furthermore, the
histological interpretation of a slice itself is subjective and variability in results between
pathologists are possible [159-161]. Computer-aided diagnosis (CAD) and prognosis (CAP)
methods are currently being investigated to create a fully automated analysis that is faster and
more consistent than a human-based analysis [157]. An excellent review of challenges associated
with histopathological analysis can be found in Veta et al. [157].

6.7.2 The Link between Heterogeneity, Histology, and Sensing Volume

When performing histology to support interpretation of the tissue content contributing to a
dielectric measurement, it is important to include in the histological analysis all of the tissues
that are within the sensing volume. However, at the same time, the histological analysis should
not include any tissues that are outside of the sensing volume. In this way, only, and exactly, the
tissues that have contributed to the measurement are analysed.

As an example, Figure 6.3 demonstrates the importance of matching the sensing depth with the
number and thickness of slices taken into consideration in the histological analysis. If only Slice
1is analysed, the tissue is found to be composed entirely of homogeneous glandular tissue. If the
sensing depth is equal to the thickness of Slice 1, then the measured dielectric properties will be
entirely the result of this layer of homogeneous gland tissue. Alternatively, if the sensing depth
is equal to, say, the combined thickness of Slices 1 and 2, then the total sensing depth region is
occupied by 25% fat tissue and 75% glandular tissue (as Slice 1 is 100% gland, and Slice 2 is 50%
gland and 50% fat). Both of these tissue types will contribute to the measured dielectric
properties. However, the contribution is not proportional to the tissue type representation (i.e.,
25% fat and 75% gland) as the layer closest to the probe has the dominant effect [11,80,81].
Furthermore, not all of a given tissue is occupied fully by cells of that tissue type [12], thus, an
additional layer of complication comes into the example based on how to determine what regions
are actually “fat” and which are “gland”. Obviously, as more slices are involved in the analysis and
the tissue becomes more heterogeneous, the more challenging it becomes to conclusively
determine the tissue composition breakdown. It is also important to re-emphasise here that the
sensing volume is dependent on the tissue content (namely, the tissue dielectric properties), so,
ideally, the change in the sensing volume should be taken into account on a sample-to-sample
basis.

Probe location

Slice 1
Ij Fat Slice 2
] cland Slice 3
Slice 4

Figure 6.3, Diagram of sample composition by tissue type (fat—orange, gland—blue). A side view of the sample is shown, with
slices marked. The dielectric probe measurement location is denoted with a black oval on the top of Slice
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6.7.3 Histological Analysis Techniques in Dielectric Studies

A limited number of works involving histological analysis for attributing the measured dielectric
properties of heterogeneous tissues have been presented in the literature. Of these, some use
pathology to categorise tissue samples by type [79,86], while a select few process the tissue for
microscopic analysis [10-12,76]. In general, histology for dielectric characterisation is an area
that requires further investigation [43]. The most common strategy is to obtain an average
estimate of the tissue types present in the sample below the probe [10,11,76]. However, most
recently a more quantitative method of counting each cell and corresponding the proportion of
tissue withthe measured properties hasbeen proposed [12]. These techniques are described and
compared in this section. For dielectric property measurements of heterogeneous tissue, breast
tissues are by far the most common that have been analysed due to the need for these properties
in medical microwave imaging of the breast. As a result, all pathology techniques discussed in
this section have all been performed on breasttissues.

In Lazebnik et al., several hundred dielectric measurements were taken from normal and
malignant excised breast tissue samples using an open-ended coaxial probe [11,76]. The
measurement sites were marked on the tissue samples using a spot of black ink. The authors
conducted a histological analysis of each sample based on the tissue composition inside the
region of the sensing volume of the probe (3 mm deep x 7 mm across, for this measurement
scenario, as determined in Hagl et al. [71]). In this way, a cross-section of each tissue sample was
taken directly below the measurement location (i.e., the ink spot). Digital microscopy images
were obtained and visually inspected. The tissue composition within the sensing volume was
quantified based on the percentage of each tissue type residing within the slice under
consideration. The two-dimensional cross-section was used to obtain an estimate of the tissue
composition in the full three-dimensional sensing volume. The percentages of each tissue type
(adipose (fat), glandular and fibroconnective tissue, along with benign and malignant tissue) were
estimated visually by qualified pathologists [11,76]. A Kappa statistic was used to confirm
consistency in the analysis between different pathologists. Several exclusion criteria were
applied during the histological process. In particular, samples were eliminated from further
consideration if the ink spot was not visible, if the ink had leaked into the tissue, or if the cross-
sectional slice was deformed. In this study, nearly half of all samples (49.8%) were excluded based
on difficulties during the histological procedure [76]. Following the studies by Lazebnik et al.,
Halter et al. performed a study that also examined the region under the probe using histological
analysis. In Halter et al., the dielectric properties of in vivo and ex vivo breast tissues were
measured in the microwave frequency range with open-ended coaxial probes [10]. After the in
vivo tissue measurement was recorded, a biopsy clip was embedded in the tissue at the
measurement location. The tissue was then excised and sectioned into 5 mm thick pieces. The
excised samples were measured again (at the same site as for in vivo, as identified bythe clip).
Initially, the pathologist examined a 1 cm x 1 cm square area around the measurement location
and, thus, the tissue types were estimated based on a large area. Later, the strategy was
improved by inserting two pins covered in ink into the tissue on either side of the depression
left by the probe in order to mark the measurement location. The tissue sample was fixed with
formalin, stained, and then slides were prepared. The pin holes were then used during the analysis
to determine the probed region in which the tissue types were estimated by the pathologist. In
this study, details were not provided regarding whether or not samples had to be excluded from
consideration dueto histological challenges.

The pathologist examined the tissue histology within the ~1 cm x 1 cm region, which was a
horizontal slice relative to the probe position (i.e., perpendicular to the plane of the probe axis),
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unlike the vertical (or parallel) slice used in Lazebnik et al. However, in both cases, the full tissue
composition within the sensing volume was estimated based on the given slice. Furthermore,
as only one pathologist was involved in the study, a Kappa analysis similar to that in the study by
Lazebnik et al. was not needed. Most recently, in Sugitani et al., excised breast tissue samples
were obtained and their complex permittivities measured using an open-ended coaxial probe
[12]. The samples contained a combination of tumour tissue, normal fat tissue, and normal
stroma (connective) tissue. The work aimed to calculate the effective permittivity of the
tumour tissue based on the idea that each sample is an inhomogeneous mixture of cells
with different permittivities. It was proposed, and confirmed, that, since the “tumour” tissue
is composed of cancer cells mixed in with normal cells, the volume fraction of cancer cells in a
sample affects the dielectric properties. In particular, the sample was treated with a
hematoxylin-eosin stain and then digital images of each slice of the sample were taken. The slide
images were analysed by counting the number of pixels of cancer cells and cells of other tissue
types presented. The ratios of each type of tissue cell, relative to all of the cells in the slice,
were calculated. The three-dimensional fractional volume of each cell type was calculated based
on the two-dimensional slice using Bruggeman’s effective medium approximation theory
[162]. This method has the advantage of being highly quantifiable—each cell is counted—
however, the process is tedious and time-consuming. The work does not mention if any samples
had to be discarded or were contaminated during the histological procedures. Furthermore, the
sample analysis was not restricted to a specific sensing depth region (sample sizes ranged from 5
cmto30cm). Asimilar study onvarious types of malignancies was presented in Sugitani et al. [85],
for which the pathological procedures were the same as those in Sugitani et al. [12].

Overall, thereis no consensusinthe literature to date on the best practice for conducting histology
in relation to dielectric measurements. Furthermore, there has been no reported comparison of
the different histology techniques used in the above-mentioned works, therefore, it is not known
if some methods are more accurate than others. However, it is likely that some features from
each of the studies lend themselves to obtaining more accurate data, for example, involving
multiple pathologists and using Kappa analysis to verify consistency between them (asin the study
by Lazebnik et al.) could only add to the study quality.

6.8 Discussion and Conclusions

Although notable progress has been made in achieving accurate dielectric data, the coaxial probe
design still represents a limit for certain types of dielectric experiments. An improved probe
design that could allow measurements over a wider spectrum of frequencies and across multiple
tissue samples would be useful for future studies. Moreover, during the measurement
procedure, the use of appropriate force and position sensors could considerably increase the
stability of the measurement system and reduce tissue-related confounders that are strictly
dependent on the expertise of the operator conducting the dielectric measurement (i.e., probe-
tissue contact and probe-tissue pressure). Furthermore, interpretation of dielectric data
acquired with the open-ended coaxial probe can be improved by quantitatively examining and
compensating for tissue-related confounders that cannot be fully eliminated during the
measurement procedure. To this extent, dielectric studies have modelled the effect of
temperature, tissue dehydration, and animal age on the dielectric measurement of tissues. The
guantitative characterisation of tissue-related confounders improves the interpretation of the
acquired data and could support the interpretation of dielectric data from historic studies that did
not provide information on all confounders. In order to clarify how such a characterisation could
be done, aseries of examples demonstrating how to determine the total uncertainty in a dielectric
measurement are provided below.
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This example scenario considers the case of dielectric measurement of mouse liver in the
microwave frequency range, as the effect of the time from excision, temperature, and age of
the mouse have all been quantified on liver tissue at these frequencies. In this example, it is
assumed that the confounders of time from excision (TFE), temperature (T), and age (A), are the
only ones impacting the dielectric data. The uncertainties introduced by these confounders are
denoted as preg, K1, and pa, respectively. The relative permittivity of liver has been acquired at
room temperature, 3.5 h from excision from a 70 day old mouse. From the literature it is known
that at the frequency of 900 MHz, the relative permittivity changes by 0.13% per degree Celsius
[30], decreases by about 25% after 3.5 h from excision [147], and decreases by approximately
15% within 70 days of life [142]. This quantitative information needs to be taken into account
for the calculation of the combined standard uncertainty according to the NIST guidelines
[74,75], which provides |, the total uncertainty added to dielectric data. A series of hypothetical
studies are listed in Table 6.4, along with the resulting uncertainty. The technique of calculating
combined standard uncertainty to achieve a total estimate on the uncertainty introduced in
dielectric measurement studies due to tissue-related confounders can and should be applied to
all datasets, which lack quantitative information on confounders.

Table 6.4, Example calculations of total uncertainty in dielectric data resulting from tissue-related confounders under different
measurement scenarios: Uncertainty due to time from excision (UTFE), due to temperature (uT), and due to age (1A). W is the total
uncertainty added to dielectric data, calculated as combined standard uncertainty. Uncertainty data is for the relative permittivity
of mouse liver at 900 MHz, obtained from the literature. Note that 0.91% is 0.13%/°C - 7°C.

Case Scenarios M UTFE HUa H

Known TFE,
Known age, 0.91% N/A N/A 0.91%
Unknown T (between 18 °C and 25 °C)

Known T,
Known age, N/A 259, N/A 259
Unknown TFE (within 3.5 h)

Known T,
Known TFE, N/A N/A 15% 15%
Unknown age (within 70 days old)

Known T,

Unknown TFE (within 3.5 h), N/A 25% 15% 29.15%
Unknown age (within 70 days old)

Known TFE,

Unknown age (within 70 days old), 0.91% N/A 15% 15.02%

Unknown T (between 18 °C and 25 °C)

Unknown TFE (within 3.5 h),
Unknown age (within 70 days old), 0.91% 25% 15% 29.17%
Unknown T (between 18 °C and 25 °C)

Given the importance of modelling the effect of the confounders for the interpretation and
comparison of existing dielectric datasets, further investigation is needed to quantitatively
examine the main tissue-related confounders (i.e., temperature, dehydration) on other tissue
types and to analyse confounders not yet quantified (i.e., heterogeneity, probe pressure). Such
guantitative analysis will not only improve the analysis of new dielectric data, but will also
support the interpretation of historical dielectric datasets.

In conclusion, this work has presented the dielectric measurement process with an open-ended
coaxial probe and reviewed the most relevant works, with a critical discussion of known
equipment- and tissue-related confounders. This work supports the aim of achieving accurate
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dielectric measurements of biological tissues. As these properties are fundamental to
electromagnetic safety studies and medical technology design and improvement, an
understanding of the measurement process is of interest to a wide ranging community of
scientists and medical professionals.
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Real-Time Brain Stroke Detection Through a Learning-by-Examples Technique—An
Experimental Assessment

Abstract

The real-time detection of brain strokes is addressed within the Learning-by-Examples (LBE)
framework. Starting from scattering measurements at microwave regime, a support vector
machine (SVM) is exploited to build a robust decision function able to infer in real-time whether
astroke is present or not in the patient head. The proposed approach is validated in a laboratory-
controlled environment by considering experimental measurements for both training and
testing SVM phases. The obtained results prove that a very high detection accuracy can be
yielded even though using a limited amount of training data.

Keywords

brain stroke detection, experimental validation, learning-by-examples, support vector machines

7.1 Introduction

Sensing matter through electromagnetic (EM) waves is nowadays widely spread in many
scenarios ranging from subsurface investigations [1,2] to non-destructive testing and evaluation
(NDT-NDE) [3] as well as medical applications [4-8].

Recently, the use of microwave probing modalities for estimating the dielectric characteristics
of human brain tissues has attracted a lot of attention [7,8]. Unlike computed tomography (CT)
and magnetic resonance (MR), microwave imaging (Ml) exploits non-ionizing radiation, and it
can be implemented with low-cost equipments. On the other hand, processing the scattered
signal for reliable diagnoses of the human head is a very challenging task due to the presence of
biological media with losses [8]. Regardless of the imaging modality, a rapid identification of the
presence of a stroke (ischemic or hemorrhagic) is of fundamental importance to apply suitable
treatments and prevent permanent consequences to the patient. Toward such a real-time
working, learning-by-examples (LBE) techniques [9] could be a promising candidate approach
since they proved to fit such a time requirement in other field of applications [3, 10].

Following this line of reasoning and within the MI framework, this work formulates the brain
stroke detection as a binary classification problem solved by means of a support vector machine
(SVM) algorithm. During a preliminary off-line phase, a database of input/output (1/0) pairs (i.e.,
presence of the stroke in a known position of the head vs. scattering measurements collected
by an array of antennas) is generated to build a decision function, then used during the online
phase to make real-time predictions of the human head conditions (i.e., the presence or not of
a stroke). An experimental validation carried out in a laboratory controlled environment with a
simplified—but realistic— phantom, is performed to preliminary assess the effectiveness of the
proposed implementation besides numerical tests with synthetically generated data.

7.2 Mathematical formulation

Let us consider a three-dimensional (3D) MI system where the investigation domain Diny
coincides with the volume of a human head model (Figure 7.1). Moreover, let us model the
presence of a stroke as a volumetric discontinuity of the dielectric properties with respect to the
background medium of electric permittivity €., and conductivity o, (i.e., &-(r) # &4 and
o(r) # g, for r € V. V being the volume of the stroke). Such a scenario is probed by a set of A
antennas located in an external observation domain Dops surrounding Diny at the positions ra=(X,,
Yo, Z4), a=1,....A (Figure 7.2). During the acquisition phase, each antenna successively illuminates
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the domain Di,, with a time-harmonic electromagnetic signal at frequency f, while the scattered
field is measured by the remaining (A - 1) antennas. As a result, the following (A x A) scattering
matrix is built

[Si1 Sz -+ Sia]
S21 S - Sw
S= (1)
L S.f‘|.| S.I‘lz e S.f‘l.!‘l ]

where the generic (a, b)-th entry is given by

Sab: n (EJ

V, and V, b being the reflected voltage at the ath port and the incident voltage at the bth port,
respectively. Because of the reciprocity principle, the set of mutually independent
measurements is composed by the Q = (A + 1)/A/2 scattering coefficients lying above and within
the diagonal of S (i.e.,

{Sev;a; b=1;...;A; a<b}).

Such measurements account for the presence (absence) of the stroke since the scattering
phenomena arising from the probing waves and the pathology in D;,, cause a variation (or not)
of the scattering parameters with respect to the stroke-free scenario. Starting from such anidea,
the inverse problem of stroke detection from the scattered data is reformulated within the LBE
framework as a binary classification one, then solved by means of a SVM algorithm [9]. More in
detail, a set of N /0 pairs {¥™, y(¥™);n=1,..,N} is generated to model the
electromagnetic  relationships  between  scattered  data/measurements, W =
{ER (S‘SZ)),S (Sg));a,b =1,..,4a< b}, R(.),3(.) being the real and imaginary parts,
respectively, and the status of Diny [i.e., (W) = +1 when the stroke is present, y(¥) =
—1 without the stroke] during an off-line SVM training phase. The information “coded” in such
a training set is then exploited to build the decision function

ZL(P)=sgn (ZN: x(‘l”“-:')a["-:'}\-(tlﬂ“i*. ‘l’) +b) NG
n=1

adopted during the online test phase for predicting the status of Dj,, in correspondence with a
previously unseen set of scattering measurements . In (3), sgn (.) denotes the sign function, 0
0 < a™ > ( are Lagrange multipliers, n = 1,...,N, C being the so-called penalty factor, b is a bias
term [9], while K(‘P(n),‘l’) = exp(—y“‘l’(n) -y ), is the radial basis function (RBF) kernel
function.
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Figure 7.2, 2D section of the head phantom (Dinv): antennas positions (red dots) and admissible locations (blue crosses).

7.3 Experimental validation

The proposed real-time LBE-based approach, integrated within a suitably designed acquisition
setup, has been validated against laboratory-controlled experimental data collected in a wide
measurement campaign at the ELEDIA@ CTU laboratories, Czech Technical University, Prague,
Czech Republic. An octagonal prism with dimensions compatible to a human head (L,=200 mm,
L,=160 mm, L,=200 mm—Figure 2) has been assumed as Dj,, and it has been filled with a liquid
mixture composed by 64.81 wt % of 1,2- propanediol, 0.79 wt % of NaCl, and 34.4 wt % of water
(&, = 41.8and g, ~0.97 S/m at 22 °C and f=900 MHz) to emulate the electromagnetic behavior
of the brain tissue (IEEE Std 1528-2013).

As for the stroke phantom, it has been modeled with a circular cylinder of diameter 40 mm and
height 200 mm (Figure 7.3) manufactured using a 3D printing process. The cylinder has been
filled with a liquid of dielectric characteristics &, = 32.04 and g, = 0.85 S/m when dealing with
an ischemic stroke, while another composition (&, = 48.63 and g, = 1.28 S/m) has been
selected to fit the hemorrhagic stroke behavior.

86



Figure 7.3, Experimental Ml system for real-time brain stroke detection.

The head model has been surrounded by A = 8 bow-tie antennas printed over Rogers Duroid
4003C substrate of thickness 1.5 mm (Figure 7.3) without ground plane. Each probe has been
fed by a coaxial cable without balun, while the acquisition system consisted of a vector network
analyzer R&S ZNB4 and a microwave switching matrix R&S ZN-Z84 (Figure 7.3).

During the off-line SVM training phase, different training sets of increasing dimensions (N=4, . .
., 2500) have been generated by collecting the scattering measurements at different day times:
NGD = N/2 and NV = N/2 data with (N/4 with the ischemic/hemorrhagic stroke randomly
located over a fixed set of P525 positions (Figure 7.2) in Dj») and without the stroke.

To show the effectiveness of the developed LBE inversion strategy, Figure 7.4 shows the
behavior of the classification accuracy (I') and error (Z) versus the dimension of the SVM training
set when setting C=1 and ¥ = 107}, as found through a standard fivefold cross-validation
approach,3 and testing over a set of previously unseen M=500 test scattering measurements.

As it can be observed, the prediction accuracy rapidly improves as new samples are added to
the training set (Figure 7.4) reaching a perfect discrimination (I'=100%, £2=0%) between class -1
(i.e., “without stroke”) and class +1 (i.e., “with stroke”) when processing a dataset of dimension
N=50 (Figure 7.4).
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For completeness, Table 7.1 gives the number of false positives and negatives (i.e., test samples
wrongly assigned to class -1 and +1) for a set of representative training sizes.
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Figure 7.4, Behaviour of the classification accuracy and error versus the number of training samples considered during the off-line
phase.

Table 7.1, the number of false positives and negatives (i.e., test samples wrongly assigned to class -1 and +1) for a set of
representative training sizes

N False negative (%) False positive (%)
4 0.4 100

10 1.6 24.4

20 1.6 6.8

50 0.0 0.0

7.4  Conclusion

In this work, the real-time detection of a brain stroke starting from microwave scattering
measurements has been addressed. The experimental validation of a SVM binary classification
based approach when implemented in a suitable acquisition setup has pointed out that it is
possible, even though in a simplified—but realistic—scenario to yield a very good detection
accuracy also when processing smallsize training datasets. Of course, an improved modeling is
needed and further extensions are currently under developments to deal with the
discrimination between the two types of brain strokes.

Acknowledgments

This work benefited from the networking activities carried out within the SIRENA project (2014—
2017) funded by DIGITEO (France) under the “Call for Chairs 2014.”

88



References

[1] Lambot S, Giannopoulos A, Pajewski L, Slob E, Sato M. Foreword to the Special issue on
advances in groundpenetrating radar research and applications. |IEEE J Staeors. 2016;9:5—
8.

[2] Salucci M, Oliveri G, Massa A. GPR prospecting through an inverse-scattering frequency-
hopping multifocusing approach. IEEE Trans Geosci Remote Sens. 2015;53:6573—6592.

[3] Salucci M, Anselmi N, Oliveri G, et al. Real- time NDT-NDE through an innovative adaptive
partial least squares SVR inversion approach. IEEE Trans Geosci Remote Sens.
2016;54:6818— 6832.

[4] Hagness S, Fear E, Massa A. Guest-Editorial: special cluster on microwave medical imaging.
IEEE Antennas Wireless Prop Lett. 2012;11:1592-1597.

[5] Grzegorczyk TM, Meaney PM, Kaufman PA, Paulsen KD. Fast 3D tomographic microwave
imaging for breast cancer detection. IEEE Trans Med Imaging. 2012;31:1584-1592.

[6] Nguyen PT, Abbosh A, Crozier S. Three-dimensional microwave hyperthermia for breast
cancer treatment in a realistic environment using particle swarm optimization. IEEE Trans
Biomed Eng.

[7] Marimuthu J, Bialkowski K, Abbosh AM. Software-defined radar for medical imaging. |IEEE
Trans Microw Theory Techn. 2016;64:643—652.

[8] Zamani A, Abbosh AM, Mobashsher AT. Frequency-based multistatic microwave imaging
algorithm with application to brain injury detection. IEEE Trans Microw Theory Techn.
2016;64: 653-662.

[9] Cortes C, Vapnik V. Support-vector networks. Mach Learn. 1995;20:273-297.

[10] Donelli M, Viani F, Rocca P, Massa A. An innovative multiresolution approach for DoA

estimation based on a support vector classification. IEEE Trans Antennas Propag.
2009;57:2279-2292.

89



90



8. Instantaneous Brain Stroke Classification and Localization from
Real Scattering Data

This chapter is based on following published paper:

Marco Salucci, Angelo Gelmini, Jan Vrba, llja Merunka, Giacomo Oliveri, Paolo Rocca:
“Instantaneous brain stroke classification and localization from real scattering data”.

Microwave and Optical Technology Letters. 2019; 61: 805808,
(Qa4, IF = 0,96, 2 citations w/o selfcitations)

Doi: https://doi.org/10.1002/mop.31639

91


https://doi.org/10.1002/mop.31639

Instantaneous Brain Stroke Classification and Localization from Real Scattering Data
Abstract

This work presents a 2-step Learning-by-Examples approach for the real-time classification of
hemorrhagic/ ischemic brain strokes and their successive localization from microwave scattering
data collected around the human head. An experimental assessment against laboratory-
controlled data is performed to assess the potentialities of the proposed approach towards a
reliable monitoring and instantaneous diagnosis clinic protocol.

Keywords

brain stroke microwave imaging, experimental data, inverse scattering, learning-by-examples
(LBE), support vector machine (SVM)

8.1 Introduction

Brain stroke is worldwide a major cause of permanent disability and death [1-5]. Strokes can be
classified into 2 categories: (1) ischemic (almost 85% of occurrences) when they are caused by
the abrupt interruption of the blood flow within a region of the brain and (2) hemorrhagic when
due to some blood leakage/bleeding phenomena. The latter ones are the most lethal pathology.
Recognizing the type of stroke at hand and then inferring its position play a key role towards a
suitable and effective clinical treatment just within few hours from the first symptoms [2].
Nowadays, such information mainly arise from 2D images generated through computed
tomography (CT) and magnetic resonance imaging (MRI) that, despite their high reliability and
robustness, need bulky and expensive instruments, and/or ionizing radiations, which are not
suitable for a diffused (i.e. many users) and continuous/repeated monitoring.

Microwave imaging (M) is another diagnosis technique with some desirable features such as (1)
fast acquisition times (typically requiring few milliseconds [2]), (2) safety for the patient (thanks
to the exploitation of the 0.5-2.0 GHz band), (3) high portability of the experimental setup, and
(4) reduced costs. However, the challenge of developing effective inversion algorithms to quickly
process measured data and to provide accurate guesses of the brain status has to be still solved
before Ml could emerge as an attractive alternative tool for real-time brain stroke diagnosis.
Towards this end, several leading-edge research efforts consider the iterative solution of a
forward scattering problem of a complex trial brain model to minimize the mismatch between
measurement data and simulated ones. For instance, recent attempts employ massive parallel
computing [1] to reduce the arising computational burden and to match clinical time constraints,
while graphics processing units (GPUs) have been adopted in Ref. [2] to speed up the
reconstruction process. However, they still require minutes for 2D images and hours for 3D
views when using iterative gradient-based techniques.

Otherwise, Learning-by-Examples (LBE) strategies proved to be able to perform reliable and
almost real-time data-inversions in many electromagnetic non-invasive diagnosis scenarios [6]
since they do not require the solution of any for- ward problem during the on-line phase. In such
a framework, a LBE-based Ml inversion scheme has been proposed in Ref. [7] for the robust and
quick detection of a brain stroke in a monitored head phantom. Still following that line-of-
reasoning, but addressing the more challenging problem of identifying the stroke typology (i.e.
ischemic or hemorrhagic) along with its position within the brain, this letter proposes a 2-step
LBE- based classification approach. More specifically, the real-time inversion of experimental
data is formulated first as a binary and then as a multi-class classification problem, both solved
through a support vector machine (SVM) algorithm [6].
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Figure 8.1, Geometry of the test scenario with the head phantom model (D), T = 10 sources/receivers, and the Q = 23
admissible brains stroke positions.

8.2 Brain stroke classification and normalization method

Let us model the human head as a domain D successively probed by an array of Tantennas acting
in transceiver mode and placed outside D as shown in Figure 8.1. For each t-th illumination, the
complex scattering coefficients S;;,i = 1, ..., T, are measured, S;; being the i-th transmission
(i # t) or reflection (i =t) coefficient, respectively. Due to reciprocity, the set of independent
collected data is composed by the following (T + 1) x T real-valued measured features [7].

E={[R(Sy).S(Sy) i =1..... T <j} (m)

where the symbol R(.) [3(.)] denotes the real (imaginary) part. Since & > &5 and o" > ¢ [1],
(ek, 6*) being the relative permittivity and conductivity of an ischemic (k = s) or hemorrhagic
(k = h) stroke (Figure 8.1) within the head phantom, and the measured data (ie, £) depend on
the electromagnetic properties of D through the scattering equations [2], the problem of
determining the stroke type can be profitably formulated as a binary classification problem. By
collecting a set of N input/output pairs during an off-line training phase,

(gn,/;n),n = 1,..,N, B, being the (known) label for the nth sample (i.e. B, = - 1/ + 1 >

presence of an ischemic / hemorrhagic stroke), the following SVM decision function is built to
predict the presence of an ischemic/hemorrhagic stroke from a previously unseen features set

$

ple) = sgn{i(xnﬁnx(;i) +n} 2)
n=1

where an, is the nth Lagrange multiplier, n is a bias term, and

K(ag)=c’ 3)

is a radial basis function kernel controlled by the width parameter y and used to properly model
the non-linear relationship between £and §(§) [6].

Once the brain stroke has been classified as ischemic/ hemorrhagic, the same data coded into
the feature set ¢ are processed by means of a multi-class SVM to find the most probable position
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of the stroke area among a predefined set of Q candidate locations (Figure 8.1). More
specifically, the one-against-one method is adopted [8] by generating Q x (Q - 1)/2 binary
classifiers, each trained with scattering data from only 2 classes (ie, 2 stroke positions within the
head area D—Figure 8.1). For any couple (a, b) of classes, the binary decision function, §% (¢ ),

is built during the off-line phase from N°® training samples.

N
~ab . .
/J’” (ﬁ) = sgn {Za;‘b ;{;:/JKUHJ (éil) + ’7“h } -a.b

n=1

={1,...,Q}a#b. (4)

Finally, the “Max Wins” voting Scheme [8] is applied to choose the class (i.e. the position within
D) associated to the measured feature set ¢ as that with the maximum number of occurrences

among all trained binary classifiers.

8.3 Experimental assessment

The experimental validation has been carried out by processing the scattering data acquired
with a microwave imaging system (Figure 8.2) composed by: (a) an antenna array of T = 10
coaxial-fed slot bow-tie antennas working at f = 1.0 GHz [9] and mounted on a decagonal prism
container (Figure 8.1); (b) a microwave switching matrix R&S ZN-Z84; (c) a vector network
analyser R&S ZNBS; (d) a head phantom within the volume D of dielectric properties equal to
the average dielectric parameters of a human head (i.e. & = 39.8, 0 = 0.94 S/m); (e) a stroke
phantom container of diameter d = 40 [mm)] filled with a liquid solution modeling either an
hemorrhagic (e = 51.4, 0" = 1.22 S/m) or an ischemic (&f = 35.6, 0° = 0.85 S/m) brain stroke. In
order to evaluate the reliability of the 2 classification steps, the index of classification accuracy
I', which is a function of the size N of the training set and is given by

- M'(N)
M

[(N) (5)

where M is the total number of test samples (M = 230), while M/(N) < M is the number of
correctly labelled test samples, has been computed. Concerning the first step (“Brain Stroke
Classification”) of the proposed LBE-based approach, both training and test sets have been
generated by considering an equal number of samples belonging to the 2 stroke classes and
varying the stroke phantom position within the set of Q = 23 possible locations within the
support of the head phantom, D (Figure 8.1). Figure 8.3 summarizes the assessment results in
terms of classification accuracy 'vs the dimension of the training set, N. As it can be observed,
the stroke classification significantly and rapidly improves as N increases passing from an already
high performance index when N = 50 [I'(50) = 86.5% - Figure 8.3] up to a fully reliable
classification (I' = 100%) when N > 100 (Figure 8.3).
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Figure 8.2, Experimental Ml system for real-time brain stroke imaging.
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Figure 8.3, Experimental Assessment (Brain Stroke Classifcation, M = 230) — classification accuracy index, I, vs training size, N.

Moving to the retrieval of the stroke position, the multi-class SVM has been trained with N, =
N/Q training samples for each g-th position (g =1, ..., Q - Figure 8.1). Despite the more complex
problem at hand, due to the presence of Q classes rather than 2 as in the “Brain Stroke
Classification” (Step 1), the LBE-MI still performs very well (Figure 8.4). Indeed, just growing the
training set size from N = 46 to N = 92 allows one to enhance the correct localization from (46)
=0% up to I' (92) = 75.2%, while N = 230 (i.e. Ny = 10 training samples for each g-th (g =1, ..., Q)
stroke position) are necessary to avoid wrong predictions (Figure 8.4). Of course, besides the
classification accuracy, a key indicator for the proposed diagnosis technique is the
computational cost (i.e. CPU time). It turns out that both binary and multi-class SVMs required
<1072 sec to make predictions during the on-line test phase.
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Stroke Position Detection, M=230
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Figure 8.4, Experimental Assessment (Brain Stroke Localization, M = 230) — classification accuracy index, I', vs training size, N.

8.4 Conclusion

The discrimination between hemorrhagic and ischemic brain strokes as well as their localization
have been addressed through a computationally efficient LBE-MI strategy. The proposed
approach, which considers a cascade of a binary and a multiclass classification, has been
successfully validated against real laboratory-controlled scattering data showing a remarkable
prediction accuracy along with a very high computational efficiency. These features being of
fundamental importance for a rapid intervention (eg, by restoring the damaged tissues through
revascularization in case of ischemic strokes), the exploitation of such a LBE-M/ strategy seems
to be viable as an alternative and useful tool for the clinic diagnosis of the brain stroke.
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Microwave Tomography System for Methodical Testing of Human Brain Stroke
Detection Approaches

In this work, a prototype of a laboratory microwave imaging system suitable to methodically test
the ability to image, detect, and classify human brain strokes using microwave technology is
presented. It consists of an antenna array holder equipped with ten newly developed slot bowtie
antennas, a 2.5 D reconfigurable and replaceable human head phantom, stroke phantoms, and
related measuring technology and software. This prototype was designed to allow measurement
of a complete S-matrix of the antenna array. The reconfigurable and replaceable phantom has
currently 23 different predefined positions for stroke phantom placement. This setting allows
repeated measurements for the stroke phantoms of different types, sizes/shapes, and at
different positions. It is therefore suitable for large-scale measurements with high variability of
measured data for stroke detection and classification based on machine learning methods. In
order to verify the functionality of the measuring system, S-parameters were measured for a
hemorrhagic phantom sequentially placed on 23 different positions and distributions of
dielectric parameters were reconstructed using the Gauss-Newton iterative reconstruction
algorithm. The results correlate well with the actual position of the stroke phantom and its type.

9.1 Introduction

Microwave tomography (MWT) is an emerging imaging technique for retrieving the spatial
distribution of dielectric parameters of biological tissues [1]. In microwave imaging, the imaged
area is typically exposed to electromagnetic (EM) waves radiated by antenna(s) positioned
around the imaged area. The spatial distribution of the dielectric parameters in the imaged area
influences the way of propagation of these waves, and the resulting EM field is subsequently
measured by the same antennas. The measured data is used to estimate the distribution of
dielectric properties within the imaged area. While the use of nonionizing radiation in MWT
systems is a good argument when looking for benefits over a computed tomography and
mammography (nonionizing radiation would allow frequent screenings), portability and cost
effectiveness are good points when comparing MWT with magnetic resonance imaging [2].

Although one of the first reference of microwave hemorrhagic stroke detector can be found in
the US patent by inventors Haddad and Trebes [3], there are nowadays several research groups
working towards early stroke detection and differentiation systems. Just to name few leaders of
the groups active in this field—Mikael Persson from Medfield Diagnostics AB, Sweden [4],
Serguei Semenov from EMTensor GmbH, Austria [5], Amin Abbosch from The University of
Queensland, Australia [6], and Lorenzo Crocco from the National Research Council of Italy, Italy
[7-9]. Thorougher review can be found in [10].

In general, two different approaches for detection and classification of strokes can be found in
literature: methods based on visualization (image reconstruction) of dielectric parameters
distribution in the region of interests [6, 11] and methods based on machine learning algorithms
(4,12, 13].

Most of the published systems (both hardware and reconstruction/classification algorithms)
have not been systematically tested. Typically, one or two stroke phantom positions are
selected, and the results obtained are evaluated and presented.

In this paper, we designed and tested a laboratory microwave imaging system suitable for
measuring head and stroke phantoms of various types, shapes, and sizes. The stroke phantoms
could be placed at any of 23 predefined positions covering almost all the volume of the head
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phantom. Such a system is especially suited for testing methods for stroke detection and
classification based on machine learning algorithms, but it can be used for testing image
reconstruction methods as well. Additionally, the proposed system allows testing of the two
approaches for phantoms of different complexities and matching liquids of various dielectric
properties. The system was tested using a simple 2.5 D reconfigurable head phantom with
hemorrhagic stroke phantom, which was sequentially placed at some of the predefined
positions. The system, phantoms, and measurements are described in Section 2. Section 3
includes an analysis of the measured data as a function of stroke phantom position. Finally, a
deterministic iterative algorithm for the reconstruction of the dielectric properties distribution
was applied in Section 4 to the measured data in order to verify functionality of the presented
system.

9.2 Microwave Imaging System Description

9.2.1 Phantoms of Head and Brain Strokes, Antenna Array

The shape of the head phantom was designed with respect to the main objective of the article,
namely, to systematically test the use of microwave imaging for the purpose of detection and
classification of brain strokes occurring anywhere in the volume of human brain. For this, it is
necessary to be able to place a stroke phantom on a predefined position in the entire head
phantom. Towards this end, a liquid head phantom has been chosen to fill an elliptical container
with a human head-shaped cross section in a transverse plane. The head phantom vessel is
placed into the antenna element holder. The space between the vessel and the holder is filled
with a matching liquid, see Figure 9.1. Both the antenna holder and the head phantom vessel
have a height of 200mm (including a base of 4mm) and a wall thickness of 2mm. The numerical
model of the proposed system and its physical form are shown in Figure 9.2. 23 octagonal pins
are designed at the bottom of this container and are used to define the positions of phantoms
of strokes. These latter are made by hollow cylinders filled by liquids of desired dielectric
parameters, having an octagonal opening in their bottom. This ensures accurate and repeatable
placement of phantoms of strokes in the head phantom. The containers for stroke phantoms
have an internal diameter of 40mm, a height of 196mm, and a wall thickness of 1mm. All the
parts were made by 3D printing using Prusa i3 MK2 (Prusa Research, Czech Republic) and PETG
material.

9.2.2 Antenna Elements

Ten identical slot bowtie antennas (antenna design is described in [14]) were placed on the walls
of the antenna array holder. The antennas were made of two layers of 1.5mm RF substrates
Rogers R04003C with the dimensions of 59 x 59 mm? and realized by Pragoboard s.r.o., Prague,
Czech Republic. The main advantages of this antenna element design are suppressed radiation
outside the imaging area, symmetry of radiated field, mechanical stiffness, and easy,
inexpensive, and repeatable production. The front side of the realized antenna and the modules
of measured reflection coefficients of all 10 antenna elements laid on the surface of a liquid
head phantom are illustrated in Figure 9.3. The reflection coefficients of all ten antenna
elements show virtually identical values and a low amplitude (less than -10 dB) in the frequency
range from nearly 0.9 to 1.3 MHz. The system introduced in this work can therefore be used at
any frequency in this frequency band. The frequency band was chosen in view of the fact that it
fits into frequency bands already considered the most suitable for this application [7]
considering attenuation of EM waves inside the human head and resolution of the imaging
method. Although the authors believe that the higher number of antennas would lead to better
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results, the maximal number of antennas is determined by the actual dimensions of the
container and the used antenna elements.
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Figure 9.1, Bottom view of measuring container with marked positions of the stroke phantoms. Black: walls of the antenna holder,
yellow: antennas with ports, blue: matching liquid, white: head phantom vessel, green: liquid phantom of human head, and red:
liquid phantom of stroke at position P7 (all dimensions are in mm).
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Figure 9.2, 3D model of measuring container with antennas and cylindrical phantom of stroke marked blue (a) and the photograph
of the measuring setup (b).
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Figure 9.3, Photograph of the antenna element from the side facing to the phantom (a) (dimensions in cm) and measured
magnitude of S11 for all antennas in frequency range 0.6 - 1.4 GHz heading to the liquid homogeneous phantom of human head
(b). Central operating frequency is marked by a dashed line.

9.2.3 Measurement Setup and Settings.

The measuring instruments used in the presented MWI system are the microwave switching
matrix ZN-Z84-B42 (Rohde & Schwarz, Germany) and the vector network analyzer (VNA) ZNB4-
B32 (Rohde & Schwarz, Germany). The antennas were connected to the switching matrix test
ports using semirigid coaxial cables (Rohde & Schwarz, Czech Republic). Although the isolation
between all tested matrix ports should be greater than 90 dB, 10 out of 24 ports of the switching
matrix test ports involved in the measurement were selected for the highest possible isolation
between channels. The fact that 90 dB isolation should be sufficient is supported by another
group that used an 80 dB [4] custom-made switching matrix. All high frequency connections
were tightened by a torque wrench 0.9 Nm. Setting and triggering of measurements together
with reading out of the measured data were done with MATLAB scripts written in-house
(MathWorks, MA, USA). The photograph of the MWI system is shown in Figure 9.2. The following
parameters of the measurement instruments were used: operating frequency 1GHz,
intermediate frequency bandwidth 30 Hz, and output power of the VNA 13 dBm. The working
frequency 1GHz was selected with respect to penetration depth, spatial resolution, and last but
not least the fact that it fits into the frequency interval preferred for the same application in [7].

9.2.4 Calibration.
A full-port calibration was performed just before the measurement using the automatic
calibration unit ZN-Z153 (Rohde & Schwarz, Germany).

Throughout the calibration period, the antenna elements were disconnected from the coaxial
cables leading into the switching matrix. To these open ends of the coaxial cables, the calibration
unit was three times reconnected (due to the lower number of ports of the calibration unit than
the number of used antenna elements/system channels) following the calibration instructions
displayed on the VNA. In this way, the switching matrix was included in the full-port VNA
calibration.
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The VNA, switching matrix, and automatic calibration unit were turned on 90 minutes before
the calibration onset. Calibration data was saved and reloaded before each measurement.

9.2.5 Ligquid Phantom Composition and Dielectric Properties.

Two liquid phantoms substituting healthy head and brain hemorrhagic stroke tissue were
prepared. The dielectric properties of the head phantom are equal to average dielectric
parameters of a human head (&,4n=39.8, oy = 0.94S5/m) [15]. The dielectric properties of the
hemorrhagic stroke phantom are chosen based on the knowledge of the dielectric properties of
blood [16], where the contrast to brain tissues is about 50 - 60%. A conservative change at the
level of 30% is chosen here (grur = 51.4, our = 1.22 S/m) as in [5]. Dielectric properties of the
phantoms were measured using DAK (Schmid & Partner Engineering AG, Switzerland) just before
the measurement in the MWI system prototype. Compositions in weight percent and
comparison of target and measured dielectric properties of the phantoms are listed in Table 9.1.
In this table, the HEAD marks the column devoted to the phantom of the head and the HEM
marks the column devoted to the hemorrhagic stroke phantom. The dielectric parameters listed
in rows following the compositions were measured at a frequency of 1GHz and 25 °C before the
measurement in the MWI system. In order to eliminate the reflections from the interface
matching liquid-head, the head phantom material was also used as the matching liquid between
the antennas and the head vessel.

Table 9.1, Phantom Phantom composition in weight percent, target, and measured dielectric parameters at 1 GHz and 25°C,
immediately before the measurement in the MWI system.

HEAD HEM
Isopropyl alcohol (wt%) 50.48 34.00
Deionized water (wt%) 48.35 64.67
NaCl (wt%) 1.16 1.33
Target €, (-) 39.60 51.48
Measured €, (-) 39.80 51.37
U (k=2) (%) 1.7 2.1
Target o (S/m) 0.94 1.220
Measured o (S/m) 0.94 1.224
U (k=2) (%) 2.7 2.7

U: expanded uncertainty of type B, HEAD: head phantom, HEM:
hemorrhagic phantom.

9.2.6 Measuring Procedure.

The antenna array holder and the head phantom vessel were firstly filled with homogeneous
head phantom liquid. Special attention was paid to elimination of bubbles which appeared on
the surface of antennas during the filling procedure of the container. Finally, the container was
enclosed by microwave pyramid absorbers. The measurement procedure is composed from two
main steps: (1) measurement of the MWI system filled with the head phantom only and (2)
measurement with the head phantom including the hemorrhagic stroke phantom. The phantom
of stroke was subsequently positioned and measured in all 23 positions (Figure 9.1). Whole S-
matrix was measured 10 times in series to cover fluctuations that could appear during the
measurement for every position of the stroke. One measurement of the full S-matrix took about
12s.

9.3 Measured Data
The response of the system to a presence of the phantom of hemorrhagic stroke at all 23
positions is visualized in Figure 9.4. It is calculated as the relative difference in the modules
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(equation (1)) and as the absolute difference in the arguments (equation (2)) of the S-
parameters measured with (SSTROKE) and without (S19M0) the stroke phantom, respectively.

| |SSTROKE _ |Snng}M0| } :

A|Smn| = — |SH0M0 (1)
Z‘L‘S‘mn = |LS;?OKE_LSJ;EMO . (2)

The most responding S-parameters to the stroke at the specific position can be deduced from
those images. The characteristic patterns in both amplitude and phase images indicate the
strongest responses in transmission coefficients.
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Figure 9.4, Response of the system ((a) relative change in the modulus of S-matrix and (b) change in the phase of S-matrix in
degrees) to a presence of the hemorrhagic stroke phantom at 23 different positions (y axes) in the phantom of human head.

9.4 Application of Image Reconstruction Algorithm to Measured Data

A reconstruction algorithm based on Gauss-Newton algorithm with Tikhonov regularization [17]
was used to reconstruct the dielectric image in the central plane of the antennas from the
measured S parameters. This algorithm is based on deterministic optimization procedure,
assuming linear behavior of outcome in every iteration when only a small change in dielectric
properties is introduced. In order to reduce the building time of the Jacobian matrix, the so
called adjoint method was used [18]. The value of the Tikhonov parameter was determined
using the procedure described in [17].

9.5 Image Reconstruction Procedure

The image reconstruction procedure includes solution of forward problem (computation of
electromagnetic field distribution and S-matrix), extraction of E-fields and S-matrix, computation
of Jacobian, and computation of step in dielectric properties of the material domains. To model
the propagation of E-field in the forward step, the 3D numerical version of the real measuring
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system was modeled in COMSOL Multiphysics (Figure 9.2 (a)). Models of the real antennas
together with SMA ports were used in the numerical model. Special attention was payed to
correctly discretize all the model components. Finally, EM field was computed using the finite
element method in 3D. All three components of E-field were extracted and used in the inverse
step. In order to precisely represent the real-world scenario, any special assumption either
simplification in the computational procedure of EM field was not made. Therefore, the
framework presented in this paper can be easily adapted to the other realistic scenario by simply
replacing the numerical model. Computation of the forward problem is the most
computationally extensive procedure and takes about 150 minutes for all 10 antenna ports on
the current PC (i7-6700 - 3.4 GHz, 64GB DDR4 RAM - 2133 MHz). The reconstruction algorithm
was implemented in MATLAB.
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Figure 9.5, Results (a, b) of iterative reconstruction procedure for hemorrhagic stroke phantom at position P7 (marked by white
circle) and evolution (c, d) of relative permittivity and conductivity over the iterations (i = 1 for the first iteration, i = 10 for the
tenth iteration) on the line going through the center of the stroke phantom (marked by dashed white lines). Actual values of
both relative permittivity and conductivity are marked by solid black lines in graphs (c) and (d).

In an attempt to achieve the actual values of complex permittivity in the region of interest,
10 iterations of the reconstruction algorithm were performed. Since the image reconstruction
takes more than 25 hours for 10 iterations, the maximal number of iterations allowed was set
to 10. Better results could be possibly achieved with higher number of iterations. However, as it
can be seen from Figure 9.5 (c, d) there is only a small change in the dielectric parameters over
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the last few iterations. Results of the reconstruction in a plane going through the center of the
antennas for hemorrhagic stroke at position P7 are shown in Figure 9.5.

Even though values of relative permittivity and conductivity in the reconstructed images did not
reach the actual values and shape of the stroke, the biggest change in those quantities can be
observed in the area of the stroke phantom (white circle). Nine different unique positions of the
stroke phantom inside the head phantom were selected, and the measured data were processed
with the image reconstruction algorithm. In order to show the results of the reconstruction for
all the positions of the stroke in one image, 350 values of relative permittivity and conductivity
differing the most from the background matching liquid were detected in all 9 images and its
positions plotted together for every stroke phantom position, see Figure 9.6 (a) and (b). In this
figure, the threshold used to allow the binarization is based on the assumption that the size of
the stroke phantom is known. And so, the size of the area covered by the dots of the specific
color in Figure 9.6 is equaled to the size of the area of the cross-section of the stroke phantom.
Positions of the stroke phantom can be better recognized from images depicting conductivity.
Since the quantitative information is lost in Figure 9.6, the maximal values of dielectric
parameters are listed in Table 9.2.
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Figure 9.6, Detection of position of the strokes from reconstructed images. Circles mark the actual position of the stroke; dots
of adequate color show the detected positions.

Table 9.2, Maximal values of dielectric parameters for the selected positions of the stroke phantom after the reconstruction.

Position P1 pP3 P7 P8 P11 P18 P19 P22 P23
max €, (-) 48.13 51.34 46.30 47.60 44.87 44.71 44.71 45.23 44.48
max o (S/m) 1.42 1.32 1.39 1.38 1.30 1.23 1.24 1.22 1.24

9.6 Discussion

The MWI systems are very sensitive to the quality of conducted microwave measurement. There
are many cofounders, including temperature drift of measuring devices, changes in complex
permittivity of phantoms due to the changes in temperature, evaporation and possible leak of
liquids during stroke phantom replacement procedure, appearance of bubbles in the liquid
phantoms, and quality of multiport calibration procedure, that the experimenter has to deal
with during the measuring procedure. All those sources of noise negatively impact the quality
of reconstructed images. Conservative estimates of the differences between the dielectric
properties of brain tissues and areas affected by strokes were considered. It can be assumed
that a higher contrast in the dielectric properties of the head phantom and stroke phantoms
would yield in better reconstruction results.
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The number of antennas/channels of the presented system was determined by the dimensions
of the human head/head phantom and the antenna element. For the used antenna elements,
only limited size reductions can be achieved. Metamaterial-based structures such as described
in [19-21] could be suitable for systems with a higher number of the antenna elements.

The forward problem in every iteration is solved for every antenna element. This can be done in
parallel and thus reduce the total computational time. Further reduction of the computational
time could be achieved by using the Finite Differences in Time-Domain Method (FDTD) which
can be accelerated using GPU. If a broadband formulation of FDTD is used, it is possible to obtain
results for multiple frequencies in a single simulation without a significant computational time
increase.

In this work, imaging results for only 9 stroke phantom positions are presented, although there
are in total of 23 positions available. This step is only motivated by the clarity of the imaging
results presented. The 9 positions considered were carefully selected based on the geometric
symmetry of the head phantom and antenna array. In other words, the imaging results for each
of the remaining 14 positions would not differ much from the results corresponding to one of
the 9 positions.

9.7 Conclusion

The prototype of the MWT system allowing systematic evaluation of human brain stroke
detection and classification approaches has been presented in this paper. In order to prove the
capabilities of the presented system, hemorrhagic phantom of human brain stroke was prepared
and the experimental measurements were conducted with this stroke sequentially placed at 23
different positions in the head phantom. Achieved results support the statements of another
groups working in this field that the detection and differentiation of the strokes by means of
microwave technique should be possible at least in the laboratory conditions. In our future work,
we are going to improve our system in several ways to deal with some major known issues such
as low sensitivity, spatial resolution, and sensitivity to noise. A 2.5 D anatomically realistic head
phantom consisting of three solid layers with shape and dielectric properties corresponding to
skin, skull, and cerebrospinal fluid is currently under development. We also plan to combine the
reconstructed images with detection and classification by algorithms of machine learning.
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10.Thesis Conclusion

This dissertation thesis was focused mainly on contribution to new prospective technological
trends of MWT in medical imaging and diagnostics, especially to its theory and near future
clinical applications. | decided to concentrate mostly on the deterministic iterative approaches.
These approaches seem to be the one of the most promising for medical application of MWT.

In this chapter | would like to summarize the main results described in my dissertation thesis,
which | consider to be my own “dissertable” contributions to the here discussed topics. It
consists of following main closely interconnected parts:

e Design of special antenna systems for microwave tomography (Chapter 3, 5 and 9)

e Complex permittivity measurement of human tissues (Chapter 6)

e  Study of reconstruction algorithms for microwave tomography and its implementation
(Chapter 2, 7 and 8)

e Development of a system for brain stroke detection and classification (Chapter 2, 4
and 9)

e Development of temperature dependent model of dielectric properties of an agar
phantom for testing of a system combining MHTS and MWT (Chapter 5)

10.1 Summary
The work here described comes out from main research projects in which | was involved during
my doctoral studies (see please at the end of this chapter).

In Chapter 1: “Microwave Imaging: State of the Art”, | described the state of the art in the area
of medical applications of microwaves in medical diagnostics and specified main aims of this
dissertation thesis.

Consequently, chapters 2 to 9 bring my original (i.e. dissertable) contributions to the discussed
scientific topics.

Chapter 2: “Image Reconstruction Algorithm: Iterative Algorithm with Gauss Newton
Optimization” describes the basics and implementation of the imaging algorithm implemented
in the frame of this dissertation.

Chapter 3: “Antenna Elements for Microwave Tomography” consist of two main parts. In the
first part four different antennas were compared with respect to its suitability for use in
microwave tomography system (two microstrip patch antennas, wire monopole antenna and
waveguide antenna). Aim of this work was to recommend an antenna element for the next
generation of our microwave tomography system. Several criterions were defined here and they
were evaluated for every tested antenna. While microwave patch antennas fulfil the best most
of our criteria, waveguide antenna has the most suitable radiation pattern.

In the second part of this chapter the novel type of bowtie slot antenna (whose radiation is
comparable to a waveguide antenna in terms of symmetry) was proposed and described.
Furthermore, this antenna is equipped with a ground plane that limits the radiation outside the
imaging area. We consider the proposed antenna as a suitable alternative to the waveguide
antenna.

In the Chapter 4: “Laboratory Microwave Imaging System for Detection and Classification of
Strokes”, there is a description of a prototype of microwave imaging system for brain stroke
detection and differentiation, which was developed with my active participation at the Faculty
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of Biomedical Engineering of the Czech Technical University in Prague. This prototype composes
of measuring container with eight bowtie antennas, vector network analyser and PC with
appropriate software. 3D printed measuring container was filled with liquid phantom of human
head. Two different phantoms of brain stroke were prepared (haemorrhagic and necrotic) and
moved over 25 different positions in measuring container and thereby covering almost all
possible areas in the brain phantom. Gauss-newton iterative reconstruction algorithm
incorporating computation of EM field in 3D numerical model in every iteration and adjoint
method of computation of Jacobian was implemented and applied to measured S parameters.
Approximate position of strokes of both types can be observed from reconstructed images of
conductivity based on synthetic as well as measured data even after one iteration of the
algorithm. Since EM field for empty measuring container can be computed in advance for the
first iteration, those results can be obtained in couple of seconds. Furthermore, a tendency to
rise or decrease in conductivity in the region of stroke can also be observed from these images,
which is important information for differentiation of the strokes.

In the Chapter 5: “Temperature Dependent Complex Permittivity Model of Agar Phantom for
Microwave Temperature Distribution Monitoring During Microwave Hyperthermia Treatment”,
utilization potential of microwave tomography for temperature monitoring during microwave
hyperthermia treatment was discussed. Although temperature in the region is consequently
derived from relative change in measured complex permittivity in the heated region, proper
temperature dependent model of complex permittivity of human tissues must be known. In
order to allow testing of a prototypes, tissue simulating materials are used instead of real tissues
and from that reason complex permittivity of agar phantom material was measured and a
frequency and temperature dependent model of dielectric properties was created.

Chapter 6: “Dielectric Measurement of Biological Tissues: Challenges and Common Practices” is
based on paper published in Diagnostics 2018, 8, 40. It is stated here, that EM medical
technologies are expanding for both diagnostics and therapy. As these technologies are low-cost
and minimally invasive, they have been the focus of significant research efforts in recent years.
Such technologies are often based on the assumption that there is a contrast in the dielectric
properties of different tissue types or that the properties of particular tissues fall within a defined
range. Thus, accurate knowledge of the dielectric properties of biological tissues is fundamental
to EM medical technologies. Over the past decades, numerous studies were conducted to
expand the dielectric repository of biological tissues. However, dielectric data is not yet available
for every tissue type and at every temperature and frequency. For this reason, dielectric
measurements sometimes may be performed by researchers who are not specialists in the
acquisition of tissue dielectric properties. To this end, this paper reviews the tissue dielectric
measurement process performed with an open-ended coaxial probe. Given the high number of
factors, including equipment- and tissue-related confounders, that can increase the
measurement uncertainty or introduce errors into the tissue dielectric data, this work discusses
each step of the coaxial probe measurement procedure, highlighting common practices,
challenges, and techniques for controlling and compensating for confounders.

Chapter 7: “Real-time brain stroke detection through a learning-by-examples technique—An
experimental assessment” is based on paper published in Microwave and Optical Technology
Letters, 2017;59:2796—2799. The real-time detection of brain strokes is addressed within the
Learning-by-Examples (LBE) framework. Starting from scattering measurements at microwave
regime, a support vector machine (SVM) is exploited to build a robust decision function able to
infer in real-time whether a stroke is present or not in the patient head. The proposed approach
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is validated in a laboratory-controlled environment by considering experimental measurements
for both training and testing SVM phases. The obtained results prove that a very high detection
accuracy can be yielded even though using a limited amount of training data.

Chapter 8: “Instantaneous Brain Stroke Classification and Localization from Real Scattering Data”
is based on paper published in Microwave and Optical Technology Letters, 2019;61, 805—-808.
This chapter presents a 2-step Learning-by-Examples approach for the real-time classification of
hemorrhagic/ ischemic brain strokes and their successive localization from microwave scattering
data collected around the human head. An experimental assessment against laboratory-
controlled data was performed to assess the potentialities of the proposed approach towards a
reliable monitoring and instantaneous diagnosis clinical protocol.

Chapter 9: “Microwave Tomography System for Methodical Testing of Human Brain Stroke
Detection Approaches” is based on the paper published in International Journal of Antennas and
Propagation Volume 2019, Article ID 4074862 (9 pages). In this chapter, a prototype of a
laboratory microwave imaging system, suitable to methodically test the ability to image, detect,
and classify human brain strokes by using microwave technology, is presented. It consists of an
antenna array holder equipped with ten newly developed slot bowtie antennas, a 2.5 D
reconfigurable and replaceable human head phantom, stroke phantoms, and related measuring
technology and software. This prototype was designed to allow measurement of a complete S-
matrix of the antenna array. The reconfigurable and replaceable phantom has currently 23
different predefined positions for stroke phantom placement. This setting allows repeated
measurements for the stroke phantoms of different types, sizes/shapes, and at different
positions. It is therefore suitable for large-scale measurements with high variability of measured
data for stroke detection and classification based on machine learning methods. To verify the
functionality of the measuring system, S-parameters were measured for a hemorrhagic
phantom sequentially placed on 23 different positions and distributions of dielectric parameters
were reconstructed using the Gauss-Newton iterative reconstruction algorithm. The results
correlate well with the actual position of the stroke phantom and its type.

10.2 Conclusion

In my opinion my doctoral thesis fulfilled the main goals. Initially there was my own research
inspired by the COST Action TD1301: “Development of a European-based Collaborative Network
to Accelerate Technological and Clinical in the Area of Medical Microwave Imaging”. Major part
of the research work within this dissertation thesis has been done in the frame of the research
projects granted from the Czech Science Foundation, number 17-20498J): “Non-invasive
temperature estimation inside of human body based on physical aspects of ultra-wideband
microwave channel” and the German Science Foundation (DFG) in the project HE 6015/2-1. In
part it was supported by CTU grant SGS17/182/0HK3/3T/13, too.
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